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The main goal of this work is to prepare, characterize, and determine the catalytic properties 
of molybdena supported y-alumina extrudates with four Mo profiles. Concerning preparation, a 
procedure was established allowing us to prepare (both axially and radially) egg-shell, egg-white, 
egg-yolk, and uniform profiles with the same, relatively high, Mo loading. The preparation of the 
egg-shell and uniform profiles was achieved by impregnating y-alumina extrudates with acidic and 
alkaline ammonium heptamolybdate solution, respectively. Moreover, it was found that an egg- 
white (egg-yolk) profile may be achieved from an egg-shell (uniform) profile by successive pore 
volume or simple nondry impregnations of the Mo-supported extrudates with NH4OH aqueous 
solutions. A qualitative mechanism, based on the relative rates of desorption and diffusion of the 
MoO~ ions occuring in the NH4OH impregnation, was developed to interpret the influence of 
desorption time, concentration of NH4OH solution, drying, and mode of impregnation on the 
characteristics of the egg-white and egg-yolk profiles obtained. The physicochemical characteriza- 
tion of the Mo/y-alumina extrudateg for which radial profiles have been achieved, done by using a 
number of techniques, showed a progressive increase of the "Mo supported-support" interactions 
and Mo dispersion following the order egg-yolk < uniform < egg-white < egg-shell. A similar trend 
(uniform < egg-yolk < egg-white < egg shell) was obtained for the number of active sites as 
estimated by the amount of the adsorbed NO. The trends mentioned above were related with the 
values of the preparative parameters used for obtaining each profile. Kinetic experiments were 
done, using the hds of thiophene as a probe reaction, over the characterized samples being in the 
form of extrudates and powders produced by crushing the extrudates. It was found that hds activity 
was mainly determined by the number and the quality of active centers and not by the type of Mo 
profile, though these suggested the presence of no significant diffusional effects. The relative yield 
of butane, produced by the hydrogenation of the unsaturated hydrocarbons formed during hds, 
increased with the distance of the maximum of the Mo profile from the periphery of the extrudate 
to its center. Finally, it is important to note that the most active radial profile proved to be the egg- 
white for hds and the egg-yolk for hydrogenation. © 1992 Academic Press, Inc. 

INTRODUCTION 

In  the f r a m e w o r k  of  a resea rch  p rogram 
recen t ly  u n d e r t a k e n  in our  l abora tory ,  a 
ve ry  s imple  t echn ique  was deve loped  

a l lowing the d e t e r m i n a t i o n  of axial macro-  
d i s t r ibu t ions  in ex t ruda tes  (1). Us ing  this 
t e chn ique  we s tudied in detail  the inf luence  

of the i m p r e g n a t i o n  pa rame te r s  on the char- 

To whom correspondence should be addressed. 

acter is t ics  of the Mo axial profiles ob t a ined  
on  the y - a l umi na  ex t ruda tes .  It was  found  

that  a decrease  in p H  as well as an inc rease  
in the c onc e n t r a t i on  of the m o l y b d a t e  solu- 
t ions,  of  the impregna t ion  t empera tu re ,  and  
of the rate of  d ry ing  caused  a p rogress ive  

t r ans fo rma t ion  of the Mo profile f rom uni-  

form to egg-shell.  The  opposi te  t rend  was  

ob ta ined  by doping  y - a l umi na  ex t ruda tes  

with F -  ions or by  us ing NH4F  , H3PO4, and  
citric acid as compet i to rs .  A n  inc rease  of 
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the impregnation time until a critical value 
favoured the progressive transformation of 
the Mo profile from egg-shell to uniform. An 
additional increase in the impregnation time 
caused the opposite effect. Finally, no con- 
siderable effect on the Mo profile was ob- 
served by changing the volume of the im- 
pregnating solution. Most of the above 
results, being in agreement with the litera- 
ture (2, 3), were explained on the basis of 
equations derived adopting a very simple 
macrodistribution model (4). The equations 
derived showed that similar axial and radial 
Mo profiles should be expected under the 
same experimental conditions, and this pre- 
diction was experimentally confirmed. 
Moreover, the above study showed that 
only two Mo profiles, namely, egg-shell and 
uniform, may be obtained by regulating the 
values of the formentioned impregnating pa- 
rameters. It is obvious that alternative meth- 
ods should be developed in order for egg- 
white and egg-yolk profiles to be achieved. 

The present paper describes the continua- 
tion of our effort to obtain and study all 
types of Mo/7-A1203 axial and radial pro- 
files. Concerning the axial profiles we exam- 
ined the influence of the impregnating pa- 
rameters on the amount of Mo deposited 
on 9,-alumina. We have also attempted to 
prepare all Mo/y-A1203 macrodistributions. 
Based on the results reported in a previous 
publication (I), as well as on the results ob- 
tained in the present study on axial profiles, 
we attempted to prepare all the Mo/y-Al20 ~ 
radial profiles. EDX microanalysis was used 
to investigate the profile type achieved. The 
profiles were characterized in order to ex- 
amine whether the change in the preparative 
parameters, necessary to obtain different ra- 
dial macrodistributions, influenced the 
structure and the texture of the active phase 
achieved in each profile (dispersity, interac- 
tion with the support, etc.). This type of 
information is of importance, for the design 
of catalyst preparation with specific ma- 
crodistribution. In this process, the "micro- 
scopic characteristics" of the active phase, 
in relationship with the number and the qual- 

ity of the active centers, should not be ig- 
nored. The characterization of the oxidic 
phase included measurements of the specific 
surface area (SSA) using N2 adsorption as 
well as the determination of the dispersity 
and the "MOO3 phase-support interac- 
tions" by X-ray photoelectron spectros- 
copy (XPS) and temperature programmed 
reduction (TPR), respectively. The active 
surface in the reduced Mo state was deter- 
mined using NO adsorption. 

Finally, using the hydrodesulfurization of 
thiophene as a probe reaction, it was at- 
tempted to relate the catalytic activity and 
selectivity with the radial profiles achieved. 

EXPERIMENTAL 

SUBSTANCES-SOLUTIONS 

,/-alumina pellets of 7 mm length and 3.2 
mm diameter were used in the present 
study. The composition of the pellets was y- 
A120 ~ , 97%; SiO2,0.05%; and Na20,0.7%. 
The specific surface area (SSA) and the av- 
erage pore diameter were respectively 120 
m 2 g-~ and 110 A. The water pore volume 
was 0.35 cm 3 g-1. 

Ammonium heptamolybdate, (NH4) 6 
M O 7 0 2 4  " 4 H 2 0  , obtained from Riedel de 
Haen (99%), was used for the preparation 
of the molybdate aqueous solutions. The pH 
of these solutions was adjusted at pH values 
lower or higher than the point of zero charge 
of ,/-A1203, being equal to 5.3, by adding 
HNO 3 or NH4OH, as needed. 

AXIAL PROFILES 

Preparation 

The preparation of egg-shell and uniform 
axial profiles was done following the proce- 
dure described in our previous paper (1). 
In order to prepare egg-white and egg-yolk 
axial profiles a procedure similar to that 
used for the preparation of egg-shell and 
uniform axial profiles, respectively, was fol- 
lowed. The main difference is that following 
impregnation with AHM solution and drying 
at 120°C for 2 h we have done either succes- 
sive dry impregnations with 0.1 N NH4OH 
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followed by drying at 10°C for 2 h or a simple 
nondry impregnation with 20 ml NH4OH 
(0.1 N, pH = 10) for a time period (1-12 h) 
at 25°C followed by filtration and drying at 
120°C for 2 h. It was found that during the 
impregnations with NH4OH-supported Mo 
species were desorbed from the support 
surface. 

Determination of  Axial Profiles and Total 
Mo (w) Amount  Deposited on the 
y-Alumina Surface 

The dried extrudates were divided into 10 
slices of equal thickness (0.7 mm) using a 
cutting tool made in the laboratory (1). The 
slices located at the same distance from the 
center of the cylinders were then separated 
and weighed. Molybdena was extracted by 
treating each sample (ca. 0.2 g) with 2 cm 3 
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) (5). 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 (/~mol m-2), N, determined in the 
slice at distance X from an edge of the extru- 
dates. Furthermore, we could determine 
also the total Mo (w) amount deposited on 
the y-alumina surface. 

RADIAL PROFILES 

Kinetics o f  Desorption of  Supported 
Mo (vI) Species 

The experiments concerning the axial 
profiles showed that egg-white and egg-yolk 
profiles may be obtained starting from egg- 
shell and uniform profiles, respectively, and 
desorbing the Mo(W)-supported species lo- 
cated in the periphery of the extrudates by 
impregnation with NH4OH aqueous solu- 
tions. Knowledge of the kinetics of desorp- 
tion of the Mo (v~)-supported species is antici- 
pated to be helpful for the preparation of 
the corresponding radial profiles. 

In order to study the kinetics with respect 
to the preparation of egg-yolk profile from 

uniform profile, a uniform profile was pre- 
pared by impregnating 20 uncovered (1) ex- 
trudates (ca. 2 g) in 20 ml of AHM aqueous 
solutions, (Co = 1.5 M, pH = 10) for reduced 
impregnation time, ri, equal to 10 (rj= tilt ~ , 
t~ and t~ represent respectively the impregna- 
tion time and the time required in order for 
the liquid imbibition to be accomplished. 
The latter was found equal to 6 rain and 21 
sec for axial and radial imbibition, respec- 
tively (1)). Following filtration the extru- 
dates were dried at room temperature for 20 
h and then at 120°C for 2 h. This procedure 
resulted in a uniform profile (1). 

The extrudates thus prepared were im- 
pregnated in 20 ml NH4OH (0.1 N, pH = 10) 
and the suspension was rotated in a rotary 
evaporator in order to determine the kinet- 
ics of desorption. The Mo concentration of 
the aqueous phase was measured in 30-min 
intervals (5). At the same time two extru- 
dates were removed, wiped with a tissue 
paper, and dried at 120°C for 2 h. Using 
an optical microscope the resulting radial 
profile was observed. It was found that as 
the reduced desorption time, rd, increased 
the uniform profile was progressively trans- 
formed into egg-yolk profile (rd = t J t l ,  
t d : desorption time). 

A similar procedure was followed for the 
preparation of an egg-white profile from an 
egg-shell. The latter was achieved through 
impregnation of the extrudates in AHM 
aqueous solutions (Co = 0.9 M, pH = 5.5). 
Concerning the desorption of the Mo (w) spe- 
cies, it was found that as the reduced de- 
sorption time increased the egg-shell profile 
was progressively transformed into egg- 
white. 

The same type of experiments were re- 
peated using extrudates covered by a plastic 
tube (1) for the determination of the kinetics 
of desorption of Mo (vt) species in the case 
of axial profiles. 

Preparation 

The procedure described below for the 
preparation of radial Mo profiles was estab- 
lished taking into account both the results 
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obtained from the experiments mentioned 
above and the recently reported results of 
the study on axial profiles (1). The close 
dependence of this procedure on the results 
mentioned above are detailed in the "Re- 
sults and Discussion" section. The prepara- 
tion of radial profiles involved the following 
steps: pretreatment of the extrudates, im- 
pregnation, desorption, and calcination. 

Pretreatment of the extrudates. Twenty- 
five (25) g of uncovered extrudates were 
placed in a plastic netting immersed in 250 
ml bidistilled water thermostated at 25°C un- 
der stirring. Following "impregnation" for 
0.5 h the extrudates were removed, dried at 
120°C for 2 h and then calcined at 540°C for 
6h.  

Impregnation. Twenty-five (25) g of un- 
covered, already pretreated, extrudates 
were placed in a plastic netting immersed in 
250 ml of an AHM aqueous solution of a 
certain concentration (Co = 0.7-1.5 M) ther- 
mostatted at 25°C under stirring. The re- 
duced impregnation time, ~-~, was equal to 
10, whereas the pH of the impregnating solu- 
tion was equal to 4.5 and 5.5 for the prepara- 
tion of egg-shell and egg-white profiles, re- 
spectively, and equal to 10.0 for the 
preparation of uniform and egg-yolk pro- 
files. Following impregnation the extrudates 
were removed and dried first at 25°C for 20 
h and then at 120°C for 2 h (uniform or egg- 
yolk profiles) or only at 120°C for 2 h (egg- 
shell or egg-white profiles). Depending on 
the macrodistribution desired, the impreg- 
nation procedure was performed once (uni- 
form), twice (egg-shell), or three times (egg- 
white and egg-yolk). It should be noted that 
after the impregnation step only uniform or 
egg-shell profiles can be achieved with dif- 
ferent Mo loadings, which depend on the 
number of impregnations and the impregnat- 
ing solution concentration (1). 

Mo desorption. Extrudates, on which a 
uniform (after three impregnations) or an 
egg-shell profile (after three impregnations) 
had been obtained in the impregnation step, 
were immersed in 250 ml of NH4OH solution 
(0.1 N, pH = 10). The system was rotated 

in a rotary evaporator for the time periods 
required, as determined from the kinetics of 
Mo desorption. Following extraction with 
NH4OH the extrudates were removed and 
dried at 120°C for 2 h. Starting with uniform 
or egg-shell profiles this procedure resulted 
in egg-yolk or egg-white profiles, respec- 
tively. 

Calcination. All the specimens prepared 
were air-calcined at 300°C for 1 h and then 
at 550°C for 5 h. 

Characterization 

SEM-EDX analysis. The SEM-EDX sys- 
tem used was an ISI DS-130 scanning elec- 
tron microscope coupled with an Si(Li) X- 
ray detector and a Kevex 800II processor 
for energy-dispersive X-ray analysis. The 
extrudates studied were embedded in Aral- 
dite resin and cut by a microtome in order 
to get smooth cross sections of the cylin- 
ders. The classical ZAF method with 
Gaussian deconvolution was used for ob- 
taining quantitative results. The analysis 
step was 0.3 mm on the diameter of the cross 
sections, whereas the corresponding time 
was equal to 200 s/point. Next, the analysis 
of the entire cross section was done. 

X-ray photoelectron spectroscopy (XPS). 
Photoelectron spectra were acquired with a 
Leybold LHS 10 spectrometer working in 
the AE = constant mode at a pass energy of 
20 eV. The spectrometer was equipped with 
a magnesium anode X-ray excitation source 
(MgKo~ -- 1253.6 eV) operated at 12 kV and 
10 mA. The powdered extrudates were 
mounted on small stainless-steel holders on 
a standard long rod placed in an introduction 
chamber and outgassed at 10 -5 Torr before 
being moved into the turbopumped analysis 
chamber. The pressure in this chamber was 
maintained below 3 x 10 -9 Torr during data 
acquisition. Several 20-eV energy regions of 
the photoelectrons of interest were scanned. 
Each spectral region was signal averaged 
for a number of scans in order to obtain 
satisfactory signal-to-noise ratios. Although 
surface charging was observed in all sam- 
ples, accurate binding energies (BE) could 
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be determined by charge referencing with 
Cls peak at 284.6 eV. 

Infrared spectroscopy (FTIR). Infrared 
experiments were carried out in a special 
cell assembled with greaseless stopcocks 
and KBr windows, which permitted either 
static or dynamic treatments. The powdered 
extrudates, were pressed into very thin wa- 
fers (thickness: 10.0-11.6 mg cm-2). These 
samples were heated at 500°C, outgassed for 
1 h, contacted with 100 Torr H 2 for 1 h, and 
then outgassed for 0.5 h. After cooling to 
room temperature, these were contacted 
with 35 Torr NO for 0.5 h and then the spec- 
tra were recorded on a Nicolet ZDXFTIR 
spectrophotometer at a resolution of 2 
c m -  1. 

Optical microscope observation. The op- 
tical microscope (Olympus Laboratory Mi- 
croscope) was used for a preliminary defi- 
nition of the type and the thickness of Mo 
macrodistributions. The extrudates studied 
were first immersed in an aqueous hydra- 
zine-hydrochloric acid solution for 0.5 h. 
Next, the extrudates were cut into halves 
with a stainless razor blade, in order to 
expose their cross section. A well defined 
blue colour was found to be present in 
the extrudate regions where molybdenum 
oxide was deposited and leaching of molyb- 
denum to the external solution did not 
o c c u r .  

Specific surface area measurements 
(SSA). The SSA of the catalysts were 
determined using a well known flow tech- 
nique. This technique involves the uptake 
of an adsorbate from a flowing mixture of 
the adsorbate in an inert gas. Pure nitrogen 
(Linde special) and helium (Linde 99.996%) 
were used as adsorbate and inert gas, re- 
spectively, in a laboratory-constructed ap- 
paratus. The amount of nitrogen adsorbed 
at liquid-nitrogen temperature and at three 
different partial pressures was determined 
using a thermal conductivity detector 
of a gas chromatograph (Varian Series 
1700). 

Temperature programmed reduction 
(TPR). The TPR experiments were per- 

formed using a laboratory constructed 
equipment in which the ideas of the Rog- 
ers-Amenomiya-Robertson arrangement 
(6) have been followed. A weighed quantity 
of powdered extrudate (0.05 g) was placed 
in a quartz reactor and the reducing gas mix- 
ture (Hz/Ar : 5/95 v/v) was passed through it 
for 2 h with a flow rate of 40 ml rain-J at 
room temperature. Next, the temperature 
was increased to 900°C at a constant rate of 
12°C rain-1. Reduction led to a decrease of 
the hydrogen concentration in the gas mix- 
ture, detected by a thermal conductivity de- 
tector. The reducing gas mixture was dried 
in a cold trap (ca. -95°C) before reaching 
the catharometer. 

Activity and Selectivity Measurements 

The catalytic tests were performed in a 
differential fixed bed reactor operating un- 
der atmospheric pressure. The hydrodesul- 
furization of thiophene (hds) and the hydro- 
genation of the produced olefins (hyd) were 
used as probe reactions. The catalysts in the 
form of extrudate or powder (one extrudate 
or one crushed extrudate) were presulfided 
in situ as follows: the reactor temperature 
was increased up to 400°C at a rate of 10°C 
min-1 under argon stream. Next, a mixture 
of H2S/H 2 (15/85 v/v) was fed for 2 h with a 
flow rate of 20 ml rain -1. The amount of 
the adsorbed H2S remaining after sulfidation 
was removed by flushing the sample with 
argon for 1 h at the same temperature. The 
reactor was next fed with the reaction mix- 
ture prepared by passing hydrogen through 
a simple flow evaporator filled with liquid 
thiophene at 0°C. The temperature was low- 
ered to 250°C. After an aging period of 12 
h under the reaction mixture stream, the 
conversion of thiophene, X~, and the rela- 
tive yield of butane, Yb, were determined at 
300, 325, and 350°C. A gas chromatograph 
(Pye Umicam) equipped with a flame ioniza- 
tion detector, a Chromosil 310 column (Su- 
pelco), and an integrator-recorder (Shi- 
madzu C-RGA) was used to analyse the 
effluent of the reactor. 
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FiG. 1. Variation of the amount of Mo (vi) deposited 
on the support surface with the most important impreg- 
nation parameters: (a) variation with pH; (b) Variation 
with the initial Mo (vI) concentration of the impregnating 
solution; (c) Variation with impregnation time. (O, 
C o = 0.02 M; *, Co = 0.7 M). 

RESULTS AND DISCUSSION 

AXIAL PROFILES 

Amount of Mo (vl) Species Deposited on 
the y-Alumina Surface 

Figure 1 illustrates the variation of the 
amount of Mo (v~) deposited on the support 
surface with the most important impregna- 
tion parameters, i.e., pH, concentration, 
and impregnation time. It may be seen that 
an increase in the Mo (w) concentration of 
the impregnating solution and a decrease in 
its pH caused an increase in the amount of 

the deposited Mo (v~). It should be noted that 
an increase of the Mo (v~) concentration 
above a critical value caused undesired pre- 
cipitation of Mo Ivy) species in the solution. 
It is well known (7-9) that the concentration 
of the A1OH~2 surface groups increases at 
pH values lower than the pzc which was 
found to be at pH 5.3. The A1OH~ groups 
are suggested to be the adsorption sites for 
the Mo (vI) species (10-12). At low pH val- 
ues, therefore, it is anticipated that the 
Mo (vD deposited shall be higher, as con- 
firmed by the results shown in Fig. la. Con- 
cerning the influence of the impregnating 
time, it may be noted that a considerable 
increase in the Mo (vt) loading may be ob- 
tained by increasing the z i value from zero 
to 240. Further increase of the impregnating 
time did not have any appreciable effect on 
the Mo (vI) loading. It should be mentioned 
that the values of pH, CMo and zi resulting 
to high (low) Mo (v~) loading favoured the 
formation of egg-shell (uniform) profile (1). 
It is therefore necessary to develop alterna- 
tive methods, for instance, successive im- 
pregnations, if uniform profiles with high 
Mo loading are needed. 

Preparation of Egg-Shell and 
Egg-White Profiles 

In Fig. 2 the achievement of egg-white 
profiles from an egg-shell profile by succes- 
sive pore volume impregnations with 
NH4OH may be seen. Ten (10) NH4OH im- 
pregnations were needed for an acceptable 
egg-white profile (Fig. 2, curve (c)). This 
method, therefore, is rather difficult to be 
suggested for industrial-scale application. 
The short impregnation time selected (see 
Fig. lc) resulted in relatively low Mo (vI) 
loading in the initial profile (Fig. 2, curve 
(a)) and thus to low Mo (vI) loading (1.3% 
MOO3) in the final egg-white profile (Fig. 2, 
curve (c)), despite the fact that the values 
selected for pH and solution concentration 
favoured relatively high Mo (vI3 loading (see 
Figs. la and lb). These findings were taken 
into consideration in the next preparation of 
egg-white profiles from an egg-shell profile. 
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FIG. 2. Achievement of egg-white profiles from an 
egg-shell profile by successive pore volume impregna- 
tions with 0.1 N NH4OH: (a) egg-shell profile (C~ao = 
0.7 M, pH = 4.5, T = 25°C, r i = 10, Mo loading = 
1.3% MOO3); (b) four successive impregnations; (c) 10 
successive impregnations (Mo loading = 1.3% MOO3). 

The  resul ts  are  i l lus t ra ted in Fig. 3. I t  m a y  
be  seen  tha t  a s imple  n o n d r y  N H 4 O H  im- 
p regna t ion  of  ex t ruda t e s ,  on which  an egg- 
shell profi le had been  ach i eved  (Fig. 3, cu rve  
(a)), was  sufficient for  obta in ing  an egg- 
whi te  dis t r ibut ion.  M o r e o v e r ,  it m a y  be 
no ted  tha t  the de so rp t i on  t ime is a crit ical 
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FIG. 3. Achievement of egg-white profiles from an 
egg-shell profile by simple non-dry impregnation with 
0.1 N NH4OH: (a) egg-shell profile (CMo = 0.7 M, 
pH = 4.5, r i = 240, T = 25°C, Vsolution/Vpore s = 2 0 ,  

Mo loading = 6.2 %MOO3); (b) rd = 10 (Mo loading = 
5.5 %MOO3); (c) rd = 50 (Mo loading = 3.9 %MOO3); 
(d) r d = 80 (Mo loading = 3.4 %MOO3); (e) r d = 120 
(Mo loading = 2.0 %MOO3). 

A B B A 

Fro. 4. Schematic representation of the mechanism 
of formation of an egg-white profile from an egg-shell 
profile: (a) desorption, (b) diffusion of the desorbed 
MoO 2- ions, (c) readsorption. 

p a r a m e t e r .  In  fact ,  for  ~'d = 50, a fine egg- 
whi te  profile was  ob ta ined  (Fig. 3, cu rve  
(c)). Fu r the r  inc rease  in the deso rp t ion  t ime  
caused  a p rog re s s ive  t r a n s f o r m a t i o n  o f  the  
egg-whi te  into an a lmos t  un i fo rm profi le  
( c o m p a r e  Fig. 3, cu rve  (c) with cu rves  (d) 
and (e)). Final ly ,  it should be  no ted  tha t  the  
inc rease  in the impregna t ion  t ime  f r o m  T i = 
10 to ~'i = 240 a l lowed for  the depos i t ion  o f  
quite large a m o u n t  o f  M o  (vt) on the suppor t  
sur face  in the initial egg-shel l  profi le (6.2% 
M o O  3 cu rve  (a) in Fig. 3) and the re fo re ,  in 
the final egg-whi te  profi le  (3.9% M o O  3 in 
cu rve  (c), Fig. 3). 

Nex t ,  it should be  a t t e m p t e d  to expla in  
the fact  tha t  the deso rp t ion  o f  the M o  (vI) 
species  f rom the suppor t  sur face ,  taking 
p lace  dur ing the dry  or  n o n d r y  impregna t i on  
with N H 4 O H ,  caused  the t r a n s f o r m a t i o n  o f  
an egg-shell  into an egg-whi te  profile.  As  
m a y  be seen  in Fig. 4 ( regions A) the  ra te  o f  
desorp t ion  o f M o  (w) spec ies  should be  m u c h  
higher  at the ou te r  regions  than  the  in ter ior  
o f  the ex t ruda tes .  

Tak ing  into accoun t  the initial egg-shell  
profi les (Fig. 2 and 3), it m a y  be sugges ted  
that  all o f  the M o  (v~) spec ies  were  p rac t ica l ly  
de so rbed  f rom the ou te r  regions  of  the  ex-  
t rudates .  The  m o l y b d e n u m  spec ies ,  which  
in alkal ine p H  values  are  p r e d o m i n a n t l y  
M o O  2- ions (9-11), should diffuse t h rough  
the liquid phase  into regions  wi th  l ower  
Mo (v~) concen t ra t ion .  Such  regions  are  the  
ex te rna l  solut ion and the in ter ior  o f  the ex-  
t ruda tes .  The  m o l y b d a t e s  in the in ter ior  are  
r e a d s o r b e d  on the y -a lumina  sur face ,  
main ly  on regions  ve ry  c lose  to the  ou te r  
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A B A 

Fro. 5. Schematic representation of the mechanism 
of formation of an egg-yolk profile from a uniform pro- 
file: (a) desorption, (b) diffusion of the desorbed MoO]- 
ions to the external solution. 

regions of the extrudates (regions B, Fig. 4), 
thus yielding an egg-white profile. Consider- 
ing that the concentration of the external 
solution for ra = 0 is equal to zero, the initial 
rate of diffusion towards the external solu- 
tion is considerably higher than the rate to- 
wards the interior of the extrudate. For this 
reason, the first result of the impregnation 
with NH4OH is simply the decrease in the 
Mo loading in the A regions of the extru- 
dates (compare curve (a) with curve (b) in 
Fig. 3). The rate of diffusion towards the 
external solution decreased with increasing 
time, whereas more MOO]- ions diffused 
and were readsorbed on the regions B, caus- 
ing the formation of an egg-white profile 
(Fig. 3, curve (c)). Further increase in the 
desorption time allowed for the MoOq 2 to 
diffuse and be readsorbed in the region C 
(Fig. 4), thus causing a progressive transfor- 
mation of the egg-white into a uniform pro- 
file (Fig. 3, curve (e)). 

In the case of dry impregnation with 
NH4OH solution it may be argued that a 
similar qualitative model is valid with the 
only difference that there is no diffusion out- 
side the extrudate. In order to explain why 
a rather large number of dry impregnations 
was required for obtaining an egg-white pro- 
file, the pH variation of the impregnating 
solution inside the pores should be taken 
into account. In fact, as the point of zero 
charge of both alumina (5.3) and molybde- 
num oxide (2.6) (13) are lower than the pH 
of the NH4OH solution, the latter decreased 
as the solution penetrated the pores of the 
extrudates (14-16). In such a case the rate 

of desorption of molybdenum-oxo species 
is very low. Past a number of successive 
impregnations with the NH4OH solution the 
catalyst surface groups (-OH) in the outer 
part of the extrudate (region A) were fully 
deprotonated and thus no pH change oc- 
curred, which would lead to an increase of 
the desorption rate. In Fig. 2, curve (c) it 
may be seen that 10 successive impregna- 
tions with NHeOH aqueous solutions were 
required in order for a considerable de- 
crease of the Mo loading in the A regions to 
be achieved. 

Preparation of Uniform and 
Egg- Yolk Profiles 

Taking into account the model described 
above, we attempted to tailor the prepara- 
tion of an egg-yolk profile. We started with 
a uniform profile and we tried to remove, 
by impregnating with NH4OH solution, the 
deposited Mo (vr~ from the region A of the 
extrudates (Fig. 5). According to the fore- 
mentioned model, two steps are involved: 
(i) desorption of the supported Mo (w~ spe- 
cies and (ii) diffusion of the MOO]- ions from 
the extrudate into the bulk solution. Due to 
the fact that the initial Mo loading is almost 
constant over the entire extrudate, the rate 
of desorption should be the same in all parts 
of the extrudates. However, taking into ac- 
count the pH change of NH4OH solution as 
it penetrated in the pores of extrudates, it 
may be suggested that a pH gradient was 
developed decreasing from the outer part 
to the interior of the extrudate. This pH 
gradient resulted in higher desorption and 
removal rates of Mo (w) species from the 
outer part (region A) than from the interior 
(region B) of the extrudates. For an appro- 
priate desorption time, therefore the forma- 
tion of an egg-yolk profile from a uniform 
profile may be anticipated. The results 
shown in Fig. 6 confirmed our predictions. 
For % values in the range 30-80 egg-yolk 
profiles have been obtained. It may be seen 
that up to a critical value of 7d the width of 
the egg-yolk profile decreased with increas- 
ing desorption time in accordance with the 
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pregnated these extrudates with 0.1 N 
NH4OH, but this time without drying after 
the impregnation step with AHM needed to 
obtain the initial uniform Mo profile. The 
results illustrated in Fig. 7(a,b,c) confirmed 
our predictions; instead of an egg-yolk pro- 
file, a uniform profile with low Mo (w> loading 
was obtained in both cases. The experimen- 
tal results have clearly shown that the stabi- 
lisation of the supported Mo before impreg- 
nating with NH4OH, the concentration of 

FIG. 6. Ach i evemen t  of  egg-yolk profiles from a uni- 
form profile by simple non-dry  impregnat ion with 0.1 
N NH4OH: (a) uniform profile (CMo : 0.7 M, pH = 10, 
ri = 240, T = 25°C V s o l u t i o n / V p o r e  s = 2 0 ,  Mo loading = 
3 . 1 % M o O  3) (b) rd = 30 (Mo loading = 2.1%MOO3) (c) 
~'d = 50 (Mo loading = 1.9 %MoO 3) (d) r d = 80 (Mo 
loading = 1.5 %MOO3) (e) rd = 120 (Mo loading = 0.74 
%MOO3). 

model proposed. However, further increase 
of the desorption time, leading to elimina- 
tion of the pH gradient, resulted in the re- 
moval of the Mo (vI) deposited even in the 
interior of the extrudates and yielded a uni- 
form profile with very low Mo loading (Fig. 
6, curve (e)). 

The experimental results so far show that 
the desorption time is a critical parameter. 
According to the model proposed the values 
of 1 d used in order for obtaining an egg- 
yolk profile should depend on the desorption 
rate. Increase of the desorption rate is ex- 
pected to cause an increase of the Mo (vI) 

concentration in the liquid phase within the 
extrudate, and consequently an increase in 
the diffusion rate to the bulk solution. The 
two rates become equal at the steady state. 
It was therefore anticipated that at desorp- 
tion times where an egg-yolk profile was 
obtained, a uniform profile should be ob- 
tained by increasing the rate of desorption. 
Two experiments have been done in order 
to study the effect of the rate of desorption. 
First, we impregnated extrudates with a uni- 
form profile with a concentrated (7 N) 
NH4OH aqueous solution. Second, we im- 
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Fl(~. 7. Influence of  the concentrat ion of the NH4OH 
aqueous  solution and of drying on the Mo profile 
achieved.  (a) Influence of  the NH4OH concentrat ion:  
~ ,  7 N NH4OH, rd = 30; ©, 0.1 N NH4OH, r d = 30. 
(b) Influence of  drying before desorption: G, 7- d = 50 
dried; [5, r d = 50 nondried extrudates .  (c) Influence of 
drying after desorption: O, drying at 120°C for 2 h; [3, 
drying at 25°C for 20 h. 
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the NH4OH solution as well as the desorp- 
tion time should be carefully regulated in 
order for an egg-yolk profile to be achieved. 
Concerning the latter parameter, it should 
be noted that desorption, diffusion, and re- 
adsorption continued during the step of dry- 
ing after the impregnation with NH4OH. 
Prolonged drying at relatively low tempera- 
ture favouring the formation of uniform pro- 
files (Fig. 7c) should therefore be avoided. 

General Remarks 

Careful examination of the experimental 
results plotted in Figs. 2, 3, and 6 showed 
that the methods established may result in 
egg-white and egg-yolk profiles from egg- 
shell and uniform profiles, respectively, but 
the Mo (w) loading obtained is rather low. 
This is particularly true for the uniform and 
egg-yolk profiles. As already mentioned, the 
proper regulation of the impregnation pa- 
rameters resulted to some increase of the 
final Mo (v~) loading but in the cases where 
higher Mo (vI) loading is required, the appli- 
cation of successive AHM impregnations 
followed by drying seems to be inevitable. 
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FtG. 8. Kinetics of desorption of Mo (vI) species dur- 
ing impregnation with 0. ] N NH40H aqueous solution 
related with the achievement of egg-white and egg-yolk 
profiles from egg-shell and uniform profiles, respec- 
tively. (Yd = ([/~moles Mo/g],d-0/[/~moles Mo/g],d) x 
100,) O, egg-shell --~ egg-white (axial); *, uniform --> 
egg-yolk (axial); A, egg-shell--* egg-white (radial); [1, 
uniform ~ egg-yolk (radial). 
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Fro. 9. Typical examples  of  the  prepared MOO3/T- 
AI203 axial profiles: A, egg-shell profile (CMo = 0.9 M, 
pH = 4.5, r i = 1, T = 25°C, drying at 120°C for 2 h, Mo 
loading = 5.2% MOO3); *, uniform profile (Cuo = 1 M, 
pH = 10, ~i = 1, T = 25°C, drying at 25°C for 20 h and 
then at 120°C for 2 h, Mo loading = 5.6% MOO3); O, 
egg-white profile (CMo = 1.5 M, pH = 5.5, ~'i = 1, drying 
at 120°C for 2 h, rd = 60, drying after desorpt ion at 
120°C for 2 h, Mo loading = 5.3% MOO3); Q, egg-yolk 
profile (C~o = 1.25 M, pH = 10, ~i = l,  drying at 25°C 
for 20 h, and then at 120°C for 2 h, r~ = 60, drying after 
desorpt ion at 120°C for 2 h, Mo loading = 14% MOO3). 

A further task of the present work was the 
achievement of the four Mo macrodistribu- 
tions described here with equal Mo (w) load- 
ing. This was necessary, since the relation- 
ship between the type of the profile achieved 
and the catalytic properties should be fur- 
ther investigated. For this purpose, it is im- 
portant to know not only the Mo (v~) loading 
in the initial egg-shell or uniform profiles, 
but also the amount of the Mo (v~) left on 
the support surface after a given desorption 
time. To this end, the results illustrated in 
Fig. 8 showing the dependence of the per- 
centage of the mount desorbed, Yd, on the 
desorption time, ~d, are apparently very use- 
ful. Concerning the axial profiles, it may be 
noted that the "rate"  of the Mo (wt removal 
was slightly higher for the Mo (w) desorbed 
from the egg-shell than from the uniform 
profile, as was anticipated. These results 
were used for the preparation of Mo(V~)/y - 
AI203 catalysts with almost the same Mo (v~) 
loading in all Mo profiles. A typical example 
is shown in Fig. 9. 
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RADIAL PROFILES 

Preparation 

As already mentioned for egg-shell and 
uniform macrodistributions, it was found 
that similar axial and radial profiles were 
obtained under the same experimental con- 
ditions (1). 

It is, therefore, reasonable to investigate 
whether the impregnation with NH4OH 
used in the case of axial profiles for the prep- 
aration of egg-white (egg-yolk) profiles from 
egg-shell (uniform) profiles may be also ap- 
plied for radial profiles. This issue was in- 
vestigated through the experiments de- 
scribed in the "Kinetics of Desorption of 
Supported Mo (w) species" of the experi- 
mental part. These experiments allowed us 
to observe, using an optical microscope, the 
changes on an egg-shell or uniform radial 
profiles as the desorption time increased. As 
in the case of axial profiles, it was found that 
as the desorption time increased a uniform 
profile was progressively transformed into 
an egg-yolk profile (Fig. 10). For the same 
reasons, an egg-shell profile was merged 
into an egg-white one. Moreover, these ex- 
periments allowed the determination of the 
amount of the Mo (v~ left on the support sur- 
face past a certain desorption time. As al- 
ready mentioned, for axial profiles this pa- 
rameter was necessary in order to design 
the preparation of egg-white and egg-yolk 
radial profiles with a desired Mo (v~l loading. 
Figure 8 shows that the "ra te"  of Mo (w/ 
removal was higher for radial than axial pro- 
files. This finding was expected, because the 
surface area from where the MoO42- ions 
diffused into the bulk solution is 2n-r 2 + 
2zrrl for radial and 2n-r 2 for axial profiles (r 
and I represent the radius and the length of 
the extrudate, respectively). 

The experience accumulated during our 
work on axial profiles, as well as our prelimi- 
nary results on radial profiles presented 
above, proved to be very useful in establish- 
ing the procedure and in determining the 
conditions for the preparation of all types of 
Mo radial profiles. Following the procedure 

described in the experimental part, we were 
able to prepare the four Mo radial profiles 
with the desired, almost the same, Mo (vI) 
loading, (Figs. l l a  to d). A loading of 
12-14% MOO3, typically encountered in 
the industrial Mo-supported hydrodesulfur- 
ization catalysts, was chosen. 

It should be mentioned that a simple im- 
pregnation was sufficient in order for an 
amount of Mo (w) corresponding to 13.1% 
MoO 3 to be deposited in the case of the 
uniform profile. This occurred because the 
alkaline pH of the solution (pH = 10) made 
it possible for the deposition to be done fi'om 
a very concentrated but stable solution (CMo 
= 1.13 M). In contrast to that, the low pH 
did not allow the preparation of a very con- 
centrated Mo (v~) solution in the case of the 
egg-shell profile. A double successive im- 
pregnation was therefore necessary in order 
to deposit a quantity corresponding to 12% 
MoO 3 . Finally, the fact that a portion of the 
supported Mo was removed during NH4OH 
impregnation imposed the need for three 
successive impregnations for the prepara- 
tion of the egg-white and egg-yolk profiles. 

Characterization 

In the following, we discuss the results 
of physicochemical characterization of the 
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FIG. 10. Progressive transformation of a uniform pro- 
file into egg-yolk after impregnation with NH4OH solu- 
tion radially. 
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FIG. 11. Radial Mo/y-alumina profiles achieved in the present  work: (a) egg-shell profile [CMo = 0.74 
M, pH = 4.5, r i = 10 (two successive impregnations), drying at 120°C for 2 h and calcination at 300°C 
for 1 h, and then at 550°C for 5 h, Mo loading = 12% MOO3]; (b) uniform profile [CMo = 1.13 M, 
pH = 10, ri = 10 (simple impregnation), drying at 25°C for 20 h and then at 120°C for 2 h, calcination 
at 300°C for 1 h and then at 550°C for 5h, Mo loading = 13% MOO3); (c) egg-white profile [CMo = 0.82 M, 
pH = 5.5, T i = 10 (three successive impregnations), drying before desorption at 120°C for 2 h, "rd = 90, 
drying after desorption at 120°C for 2 h, calcination, Mo loading = 13.7% MOO3]; (d) egg-yolk profile 
[CMo = 1.25 M, pH = 10, ri = 10 (three successive impregnations), drying before desorption at 25°C 
for 20 h and then at 120°C for 2 h, impregnation for "rd = 246, drying after each desorption at 120°C for 
2 h, calcination, Mo loading = 14% MOO3]. 

radial profiles prepared. As was stated in the 
experimental part of this article, the charac- 
terization done was performed on oxidic 
(XPS, TPR, BET) and reduced (NO adsorp- 
tion) state, whereas the catalytic tests were 
performed in the sulfided state. Taking into 
account that Mo dispersion is different in 
the reduced and sulfided state as compared 
with that in the oxidic one, the above ap- 
proach could create some questions. How- 
ever, one cannot expect that the reduction 
or sulfidation should change the trends re- 
lated to the dispersity or active sites popu- 
lation. 

The X-ray photoelectron spectra of the 
Mo (vI) 3d photoelectrons recorded for the 
radial profiles prepared are illustrated in Fig. 
12. In all cases the typical doublet, with 
binding energies at about 233.3 eV (Mo3d 

5/2) and 236.3 eV (Mo3d 3/2) may be seen 
indicating the presence of the supported 
MoCW)(17-20). Careful examination of the 
spectra showed that the binding energies in 
the case of the egg-shell profile were higher 
compared to those of the other profiles. This 
is a strong indication that the "Mo (v° sup- 
ported species-support" interactions are 
relatively strong in the egg-shell profile. In 
order to explain this observation we should 
consider that the deposition of the Mo cv~) 
ions on the ,/-alumina surface may be ef- 
fected through the following processes: (i) 
adsorption of the Mo (vI) species during im- 
pregnation and (ii) precipitation of these 
species during the step of drying. The ratio 
of the adsorbed to the precipitated Mo (w~, 

(vl) (vi) Mo a /Mop , depends on the value of the 
impregnation parameters, mainly on pH and 
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concentration of the impregnating solution. 
Low pH is related with relatively high den- 
sity of adsorption sites (10-12), whereas low 
Mo (w) concentration does not favour precip- 
itation. These conditions, encountered in 
the preparation of the egg-shell profile, re- 
sulted in the increase of the Moa(VI)/Mo (VD 
ratio, and thus of the Mo (v~) amount which 
interacted strongly with the support surface. 
Extrapolation of the above explanation to 
the other profiles suggested the following 
classification of the profiles in the order 
of increasing "supported Mo-support" in- 
teractions: egg-shell (pH i = 4.5, CMo = 
0.74 M) > egg-white (pH~ = 5.5, CMo = 
0.82 M, pH d = 10) > uniform (pHi = 10, 
CMo = 1.13 M) > egg-yolk(pH i = 10, CMo = 
1.25 M, pH d = 10). 

The temperature programmed reduction 
curves, presented in Fig. 13, corroborated 
the above assumption. In agreement with 
the literature, two peaks appeared in these 

curves (21, 22). The first, centered at about 
550°C, was attributed to the reduction of 
the supported Mo (v~) being in the supported 
double layer whereas the second, centered 
at about 850°C, was attributed to the reduc- 
tion of the supported Mo (vI) monolayer, 
which interacted mainly with the support 
(23-26). A progressive shift of the second 
peak to higher reduction temperatures from 
the egg-yolk to the egg-shell profiles indi- 
cated a corresponding progressive increase 
in the "supported Mo(VI)-support ' ' interac- 
tions, thus confirming the order assumed 
above. With the exception of the egg-white 
profile a similar shift of the first reduction 
peak may be observed. In conclusion, the 
XPS but mainly the TPR results suggested a 
progressive increase of the "Mo supported- 
support" interactions from the egg-yolk to 
the egg-shell profile (27, 28). 

It is well known that deposition by ad- 
sorption results to better dispersion of the 
supported ions compared to the deposition 
taking place by precipitation (13). It is there- 
fore anticipated that the increase of the 
Mo~VI)/Mop (vI) ratio from the egg-yolk to egg- 
shell profile assumed above should also 
cause an analogous increase in the disper- 
sion of the supported Mo (vI). This prediction 
was indeed confirmed by the XPS measure- 
ments (Table 1). 

~ ~ , .  (a) 
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F]6. 13. TPR curves of the Mo/y-alumina radial pro- 
files achieved in the present work: (a) egg-shell profile, 
(b) egg-white profile, (c) uniform profile, (d) egg-yolk 
profile. 
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TABLE 1 

Mo Content,  Specific Surface Area (SSA), Dis- 
persion (D), and Values of  IANB ~ for the Radial Profiles 
Prepared 

Catalyst %MOO3 SSA D b IANB 

Egg-shell 12.0 114 13.440 12.000 
Egg-white 13.7 117 12.273 10.206 
Uniform 13.1 106 11.313 4.984 
Egg-yolk 14.0 119 9.870 7.724 
7-alumina - -  120 - -  - -  

a See text. 
b It is determined by D = ([Mo3d/lAl3d) * (NA1/NMo) 

The increase in the dispersion from the 
egg-yolk to the egg-shell profile is expected 
to have an influence on the number of active 
sites which can be estimated by NO adsorp- 
tion. In Fig. 14 the FT-IR spectra of the 

(bf 

(d) 
W A V E N U M B E R  ( e r a - l )  

FIG. 14. FT-IR spectra of the adsorbed NO for the 
Mo/T-alumina radial profiles achieved: (a) egg-white 
profile, (b) egg-shell profile, (c) egg-yolk profile, (d) 
uniform profile. 

adsorbed NO may be seen. Two bands ap- 
peared, centered at about 1815 and 1711 
cm -1, which indicated the presence of ad- 
sorbed NO (29). The integrated absorbance 
of the NO bands, (IANB), namely, the area 
under the bands, may be used for estimating 
the number of active sites (30, 31). The val- 
ues of IANB compiled in the Table 1 show 
that the trend followed is similar but not 
identical with that followed for dispersion. 
The only difference was that the value of the 
IANB obtained for the egg-yolk profile was 
higher than that of the uniform profile. The 
opposite was true for dispersion. To explain 
this observation it is necessary to note that 
the number of active sites depends on two 
parameters: (i) on the Mo surface which is 
proportional to dispersion and (ii) on the 
density of the active sites, namely, on the 
number of active sites per unit Mo (vI) surface 
area. The second parameter is affected from 
the kind of the supported Mo (v~) species. 
According to the literature, the sites respon- 
sible for the NO chemisorption are the coor- 
dinatively unsaturated sites of sulphided/ 
reduced Mo created from the tetrahedral 
Mo (v~) after sulfidation/or reduction (32-36). 
It was suggested that during the transforma- 
tion for the uniform to egg-yolk profile, 
mainly the Mo (w) supported octahedral spe- 
cies weakly bound on the support surface 
compared to the tetrahedral Mo (v~) species, 
were desorbed resulting to an increment of 
the ratio, tetrahedral Mo(V~)/octahedral 
Mo (v~) and thus to the relatively large NO 
adsorption in the egg-yolk profile (37). 

Activity 

In Fig. 15 the rate of hds of thiophene, 
determined at three different temperatures, 
against Mo dispersion is plotted. The broken 
lines refer to the hds on extrudates, whereas 
the solid lines refer to the hds on powders 
produced by crushing the extrudates. The 
absence of any correlation clearly showed 
that the catalytic activity does not depend 
on this simple °'geometrical" parameter. 
Contrary to that, with the exception of the 
egg-shell profile, a very good correlation 
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FIG. 15. Rate ofhds of thiophene determined at vari- 
ous temperatures against Mo dispersion. The values of 
temperatures are indicated: (----) reaction on extru- 
dates; ( ) reaction on powdered extrudates; (0,  egg- 
yolk; *, uniform; i ,  egg-white; A, egg-shell. 

FIG. 16. Rate of hds of thiophene determined at vari- 
ous temperatures against IANB. The values of temper- 
ature are indicated: (----) reaction on extrudates; ( ) 
reaction on powdered extrudates; *, uniform; 0 ,  egg- 
yolk; i ,  egg-white; A, egg-shell. 

was found between the rate of hds and 
IANB. It may therefore be suggested that 
the catalytic activity increased with the 
number of active sites (Fig. 16). Concerning 
the egg-shell profile that the observed rela- 
tively low activity should be attributed to 
low activity per active site, fact which in 
turn should be related with the strong 
Mo-support interactions found by the TPR 
and XPS experiments (38). 

Inspection of Figs. 15 and 16 showed that 
in all cases the rates measured with powders 
were higher than the measured with extru- 
dates. This fact suggested the prevalence of 
diffusional effects. The magnitude however 
of these effects was not sufficient to cause 

T A B L E 2  

Values of the Effectiveness Factor, "O, Determined 
for the hds of Thiophene over Mo Catalysts with Dif- 
ferent Mo Profiles 

Catalyst "0 

Egg-shell 0.848 
Egg-white 0.829 
Uniform 0.675 
Egg-yolk 0.719 

changes in the trend of the observed activity 
in the powder catalysts. In other words, the 
hds activity of extrudates was mainly deter- 
mined by the intrinsic activity, related to the 
number and quality of active centers, and 
not by the Mo macrodistribution achieved 
(39). The macrodistribution however, is ex- 
pected to affect the magnitude of the diffu- 
sional effects. In Table 2 the values of the 
effectiveness factor, 7, determined for the 
Mo profiles examined are summarized. 
Examination of the data shown in Ta- 
ble 2 showed that the observed trend 
~egg-shell > 7~egg-white > T]egg-yolk was anticipated 
because the magnitude of the diffusional ef- 
fects should increase as the maximum of the 
Mo profile shifted from the outer part to the 
center of the extrudate (40). However, the 
relatively low value obtained for the uniform 
profile was rather unexpected. In this case, 
it may be speculated that the preparation 
method followed, favouring deposition by 
precipitation, caused a partial clogging of 
the pores of the support. As a consequence 
the access of the reactant to the active mate- 
rial was hindered. This fact was corrobo- 
rated by the value of SSA measured for the 
uniform distribution (Table I), which was 
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FIG. 17. Relative yields obtained for Prl = butane z~, Pr2 = 1-butene ~ ,  Pr3 = trans-2-butene ~ ,  
and Pr4 = cis-2-butene ~ over powdered extrudates, at various temperatures: (a) 300°C, (b) 325°C, (c) 
350°C. The type of the Mo profile is indicated. 

found to be  l o w e r  than the S S A  va lues  for 
the other  macrodis tr ibut ions .  

S e l e c t i v i t y  

Figure 17 i l lustrates  the re lat ive  y ie lds  ob- 
tained for butane,  1-butene,  t r a n s - 2 - b u t e n e ,  

and c i s - 2 - b u t e n e  in p o w d e r e d  extrudates  at 
three different t emperatures .  It m a y  be s e e n  
that at a g iven  temperature  the re lat ive  
y ie lds  are cons tant  i rrespec t ive  o f  the M o  
profile o f  ex trudates  f rom w h i c h  the p o w d e r  
was  produced .  This  s h o w e d  c learly  that the 
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differences in the relative yields achieved in 
extrudates at three different temperatures, 
(Fig. 18) should be attributed exclusively to 
the type of the Mo profile. Careful observa- 
tion of this figure showed that the change in 
the relative field of butane was the most 
important. The trend observed, namely, 
Yegg-yoIk > Yegg-white > Yegg-shell > Yuniform, 
should be explained. Taking into account 
that the relative yield of butane should be 
increased with the time that a molecule of 
an unsaturated hydrocarbon (produced by 
hds) remains inside the extrudate, the trend 
observed was rather expectable. In fact, in 
the first three profiles shown above, i.e., 
egg-yolk, egg-white, and egg-shell, the rela- 
tive yield of butane increased with the dis- 
tance of the maximum of the Mo profile from 
the periphery of the extrudate (Fig. 19), 
which was proportional to the molecules 
residence time in extrudate. 

With respect to the uniform profile the 
suggestional partial clogging of the pores 
during the preparation process was consis- 
tent with the ~) value obtained. Moreover, it 
may explain the low value of the relative 
yield because in this case the unsaturated 

hydrocarbons, produced mainly on the 
mouth of the pores and on the external sur- 
face, were relatively difficult to be hydroge- 
nated before being desorbed from the cata- 
lyst surface. 

Finally, it should be noted that the most 
active extrudates for hydrodesulfurization 
and hydrogenation were those where an egg- 
white and an egg-yolk Mo profile were 
achieved, respectively. The uniform profile 
exhibited the lowest activities for both reac- 
tions. 

CONCLUSIONS 

The most important findings of the pres- 
ent study may be summarised as follows: 

a. Concerning the axial Mo profiles on y- 
alumina extrudates, it was confirmed that 
impregnation of these extrudates with AHM 
solution resulted to egg-shell and uniform 
profiles. The type of the profiles achieved 
depends on the selective value of the im- 
pregnating parameters (pH, temperature, 
impregnation time, concentration of the im- 
pregnating solution . . . .  ). A proper regula- 
tion of these parameters, mainly of the im- 
pregnation time, allowed us to deposit 
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FIG. 18. Relative yields obtained for Prl  = butane ~ ,  Pr2 = 1-butene ~ ,  Pr3 = trans-2-bytene ~ ,  
Pr4 = cis-2-butene ~ over  pellet extrudates at various temperatures: (a) 300°C, (b) 325°C, (c) 350°C. 
The type of  Mo profile is indicated. 

relatively large amounts of Mo on the y- 
alumina surface. Moreover, it was found 
that an egg-white (egg-yolk) profile may be 
achieved from an egg-shell (uniform) profile 
by successive pore volume or simple nondry 

impregnations of the estrudates with 
NH40H aqueous solutions. During this im- 
pregnation, MOO]- ions were desorbed 
from the surface and were moved to the 
external solutions and to the interior of the 
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extrudates where they were redeposited. A 
qualitative mechanism based on the relative 
rates of desorption and diffusion of the 
MoO4 2- ions was developed to interpret the 
influence of desorption time, concentration 
of the NH4OH solution, drying (before and 
after Mo desorption), and the type of im- 
pregnation (dry or non-dry) on the charac- 

0.5 

0.4 

0.3 

350°C 

500°C 

0 . 2  p i i i i i 

0.0 0.2 0.4 0,6 0.8 1.0 1.2 

Egg--Shell 

Fro. 19. Dependence of the relative yield of butane 
on the distance of the maximum of the Mo profile from 
the periphery of the extrudate (F,. = R - r m a x / R ) .  The 
values of temperature are indicated: 0 ,  egg-yolk; II, 
egg-white; A, egg-shell. 

teristics (e.g., width) of the egg-white and 
egg-yolk profiles achieved. 

The above findings enabled us to prepare 
axially all types of the Mo profiles with al- 
most the same, quite large, Mo content. 

b. The application of the same procedure 
with that developed for the preparation of 
the Mo axial profiles as well as kinetic re- 
sults on Mo desorption permitted the prepa- 
ration of all types of Mo radial profiles with 
Mo content at the levels used in industrial 
applications. 

c. Detailed characterization of Mo/y-alu- 
mina powders, produced by crushing of ex- 
trudates on which the formentioned profiles 
were obtained, was done using XPS, TPR, 
BET, and FT-IR of adsorbed NO measure- 
ments. 

The binding energies obtained for the 
Mo3d3/2 and Mo3ds/2 photoelectrons and the 
TPR curves obtained suggested a progres- 
sive increase of the "Mo supported-sup- 
port" interactions following the order egg- 
yolk < uniform < egg-white < egg-shell. 
This was attributed to the progressive in- 
crease of the ratio Moa(VI)/Mop (vI) which de- 
pend on the values of some critical impreg- 
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nation parameters (mainly pH) selected for 
each preparation. The increase in the above- 
mentioned interactions from egg-yolk to 
egg-shell profile suggested an analogous in- 
crease for the Mo (v~) dispersion, and it was 
confirmed by XPS measurements. The pro- 
gressive increase in the Mo (w~ dispersion 
mentioned above was expected to cause an 
analogous increase in the number of active 
sites, estimated by the amount of the ad- 
sorbed NO. The trend obtained for the latter 
was similar but not identical to that achieved 
for the dispersion. The relatively high value 
obtained for the egg-yolk profile as com- 
pared to that obtained for the uniform profile 
was attributed to the relatively high values 
of the ratio "tetrahedral Mo/octahedral 
Mo" assumed for the egg-yolk profile. 

d. With the exception of egg-shell profile 
a very good correlation was observed be- 
tween the rate of hydrodesulfurization of 
thiophene and the amount of adsorbed NO, 
indicating that the activity increases with 
the number of active sites. The same trend 
in the rate was obtained over powder and the 
corresponding extrudate of catalysts. This 
result suggested that the hds activity of ex- 
trudates is mainly determined by the num- 
ber and quality of active centers and not by 
the type of the Mo profile. However, the 
observation that in all cases the value of the 
rate over powders was higher as compared 
with the corresponding value in extrudates 
suggested the presence of appreciable diffu- 
sional effects. The trend observed in the 
values of effectiveness factor, 'l'Jegg.shel I > 
T/egg-white > 7)egg-yolk, wa s  anticipated, whereas 
the relatively low value obtained for the uni- 
form distribution was attributed to the clos- 
ing of the pores of the support during Mo 
deposition. 

e. It was found that the relative yield of 
butane, produced by the hydrogenation of 
the hds unsaturated products, increased 
with the distance of the maximum of the Mo 
profile from the periphery of the extrudate 
to its center. The relatively low value ob- 
tained for the uniform profile was attributed 
to the forementioned clogging of the pores. 
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