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This work describes the condition of anodic alumina films aged during nickel etio-porphyrin 
hydrodemetallation. The films were examined in cross section by Transmission Electron Micros- 
copy (TEM) and were depth profiled by X-ray Photoelectron Spectroscopy (XPS). The use ofanodic 
alumina films with ideal porous structures allows examination by TEM of the mode of metal 
deposition inside single pores. TEM micrographs provide strong evidence of Ni present in the form 
of relatively large discrete crystallites rather than as a uniform layer on the pore walls as well as 
many other structural details impossible to extract from the examination of aged conventional 
alumina catalyst supports. (~ 1991 Academic Press, Inc. 

1. INTRODUCTION 

Residuum hydroprocessing catalysts con- 
sist of transition metal sulfides, typically Mo 
or W promoted with Co or Ni, dispersed on 
a high surface area support, usually A1203 . 
During hydrodemetallation metals from the 
residuum feedstocks are deposited on the 
catalysts as metal sulfides. Hydroprocess- 
ing catalysts typically accumulate large 
amounts of contaminants during their work- 
ing life. Of these contaminants metal depos- 
its have been found to increase steadily with 
time on stream. Carbonaceous deposits on 
the catalyst build up rapidly to a steady- 
state level. The working form of the hydro- 
demetallation catalyst thus results from a 
complex interplay between the original cata- 
lytic materials (Co, Mo, and A1203) and the 
deposited or incorporated components (Ni, 
V, C, S, N, and A1203). 
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It has been postulated that metal sulfides 
accumulate in a uniform manner at the mi- 
croscopic scale, building up layer by layer 
and effectively blocking access to the sur- 
face of the catalyst (1, 2). The model of 
microscopically uniform metal deposition 
has not been demonstrated by direct exami- 
nation of the catalyst surface. Experimental 
results and models of nonuniform metal de- 
position have been reported (3-5). There is 
direct microscopic evidence from Transmis- 
sion Electron Microscopy (TEM), as well as 
indirect spectroscopic evidence, that Ni and 
V sulfides deposit on HDM catalysts as 
large, spatially dispersed crystallites. 

The objective of this work is to use anodi- 
cally prepared alumina films, with an ideal 
porous structure, to obtain (by TEM) a vi- 
sual picture of the metal deposition phenom- 
ena along the length of a single pore. These 
results are compared with those for a micro- 
porous "y-AI203 catalyst support, with low 
promoter levels. We have previously de- 
scribed the use of low surface area porous 
anodic alumina films in the study of catalyst 
deactivation during heavy Arabian resid- 
uum hydrotreating (6). In this study we use 
as an HDM reactant nickel etio-porphyrin 
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PORE CENTER DISTANCE 

F t G .  1. I d e a l i z e d  p o r o u s  t y p e  a n o d i c  o x i d e  s t r u c t u r e  

(7). 

(Ni-EP), which is representative of the por- 
phyrinic species present in heavy residua. 
TEM is used to obtain a visual picture of 
pore blockage and to identify the deposited 
crystallites within the pores. 

2. E X P E R I M E N T A L  

Alumina Support Preparation 

The porous model alumina supports used 
in this study consist of thin layers of porous 
anodic alumina films, unpromoted except 
by residual P from the anodic preparation 
procedure, on an A1 substrate. Their ideal- 
ized structure is shown in Fig. 1. 

They were prepared by anodizing pure AI 
discs (½ in. diameter, International Foils, 
Placentia, CA), in an electrochemical cell, 
using graphite cathodes (Princeton Applied 
Research, NJ). The electrolytes were pre- 
pared from analytical grade reagents 
(Baker) and distilled water. Electrolyte re- 
circulation was achieved via an external 
peristaltic pump. In order to obtain films 
with pore sizes of 1000 A, AI discs were 
anodized at 90 V for 1 h in a 0.4 M H3PO 4 
electrolyte at room temperature. This pro- 
duced a 1.5-/~m-thick porous film. At the 
conclusion of the anodization process, sam- 
ples were thoroughly washed with distilled 
water and stored until the aging experiment. 

In addition to the sample described above 
a microporous T-A1203 sample with low pro- 

moter levels (American Cyanamid, Stam- 
ford, CT) was used for comparative studies. 
The physical properties of all the catalysts 
used in this study are summarized in Table 
1. Industrial hydrotreating catalysts are typ- 
ically characterized by a bimodal pore size 
distribution, with macropore diameters up 
to 1000 ,~ and micropore diameters of 
around 100 A. The catalyst support used in 
this study has a unimodal pore size distribu- 
tion, with a mean pore diameter of 85 ,~. 

Hydrodemetallation 

The model compound used in this investi- 
gation was nickel etio-porphyrin (Ni-EP, 
Midcentury Chemicals, Posen, IL). The 
etio-porphyrin is believed to be representa- 
tive of the porphyrinic species found in 
crude oils, which typically contain 10-15% 
of the metals. This porphyrin has been pre- 
viously used by the MIT group in their HDM 
studies (5, 8-11). 

Squalane (2,6,10,15,19,23-Hexamethyl- 
tetracosane, Sigma Chemical Co., St. 
Louis, MO), an isoparaffin, was used as the 
liquid carrier since it is free of S, N, and 
metal compounds, has a relatively high boil- 
ing point, a negligible vapor pressure at re- 
action conditions, and yet is a liquid at room 
temperature. 

The experiments were carried out in a 2 
liter stirred autoclave. The reactor system is 
described fully by Limbach (12) and Smith 

T A B L E  1 

S a m p l e s  U s e d  in  t h i s  S t u d y  

Sample Material Physical properties 
no. 

1,2 y-AI203 with low levels Particle size of 75-88 ,am, 
of Ni, Co, and Mo 258 m2/g, pore diameter 
promoter, of 85 A, {5.68 wt~ Co, 

0.32 wt~ NL 15.25 wt@;" 
Si. 0.18 wt% P, and 0.24 
wt% Mo. 

3,4 Anodic alumina film, 1.5-~m-thick film, |000 /~ 
grown in 0.4 M pore diameter, 5 mZ/g, 
H3PO 4 electrolyte at 1.8 g/cm 3, 3.4 wt% P, 
9t) V for 1 h. pore density of 30 pores/ 

,am 2, 
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(13). The model alumina supports (Sample 
4) and 3.1 g of a low promoter microporous 
y-Al203 (Sample 2) were aged simultane- 
ously in a series of eight batch HDM experi- 
ments. The microporous y-AI203 powder 
was slurried in approximately 550 g of squa- 
lane in the stirred autoclave. Eight planar 
pieces of the model alumina support, each 
about 0.8 cm z, were held in four baskets 
fixed to the bottom of the autoclave impel- 
ler, which was rotated at 1500 rpm. The total 
surface area of the microporous y-Al203 
powder was more than 1000 times that of the 
model alumina supports. So the observed 
HDM reaction rates are due to the catalytic 
effect of the microporous y-Al203 support. 
Separate experiments confirmed that ther- 
mal reactions are not significant. To ensure 
consistency with other experiments con- 
ducted with CoMo/y-AI203 catalysts, the 
alumina samples were presulfided. The sul- 
tiding consisted of drying the catalyst at 
110°C under a flow of He. The sulfiding was 
achieved with a mixture of 10 mol% H2S/H 2 
flowing at a rate of I00 cc/min. The tempera- 
ture was held at 175°C for 6 h, raised to the 
final temperature of 315°C at a rate of 60°C/ 
h, then maintained at this temperature for 
l h .  

Each batch HDM experiment was initi- 
ated by cooling the reactor to 60°C. A con- 
centrated slurry of Ni-EP in squalane was 
then added to the reactor to provide a start- 
ing Ni-EP concentration of 200 ppm Ni. The 
reactor was then purged with helium, hydro- 
gen, and a 10 mol% H2S/H2 mixture (100 cc/ 
min, each for 30 min), pressurized to 1500 
psi, and heated to 320°C over a period of 
about 3 h. Once the reactor had reached 
steady-state conditions, Ni-EP concentra- 
tions were monitored by periodic sampling 
over the duration of the batch experiments, 
which was approximately 25 h. Each batch 
experiment resulted in the deposition of ap- 
proximately 3.4-4.0 wt% Ni on the micro- 
porous y-AI203, as calculated by a Ni mate- 
rial balance. In the first batch experiment, 
however, the starting Ni-EP concentration 
was 68 ppm Ni, and the deposited metal was 

TABLE 2 

Summary of Analytical Techniques Used 

Sample Treatment TEM XPS 
no. 

1 Fresh Fig. 2 
2 Aged Fig. 3 
3 Fresh Fig. 4 Ref (6) 
4 Aged Figs. 5-8 Figs. 9 and 10 

approximately 0.7 wt% Ni. At the conclu- 
sion of the series of eight experiments the 
reactor was disassembled, and the alumina 
samples were quickly transferred to an in- 
ert-atmosphere glove box, where they were 
cleaned and stored prior to analysis. 

3. ANALYTICAL TECHNIQUES 

Table 2 summarizes the analytical tech- 
niques used on aged and fresh samples con- 
sidered in this study as well as those used 
by us (6) earlier. Two techniques were used 
for the analysis of aged and fresh films, 
namely TEM and X-ray Photoelectron 
Spectroscopy (XPS). Each method requires 
different sample preparation techniques, 
which are briefly summarized below. 

TEM 

Various techniques have been developed 
and used to examine surface films of AI in 
TEM. Replicas and stripped films enable as- 
sessment of the topography and morphology 
from a plan view (14), while replicas of frac- 
tured sections have been used extensively 
to study cross-sectional structures (15, 16). 
The application of ultramicrotomy to the 
electron optical examination of the surface 
films of AI has been reported by several 
investigators (17, 18). The model alumina 
support, Sample 4 was ultramicrotomed to 
give a cross-sectional view of the pores us- 
ing the method described by Furneaux et al. 
(17). The procedure used to obtain a ultrami- 
crotomed section of the microporous T- 
AI203 alumina support, Sample 2 is reported 
in (13). 
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XPS 

Sample 4 was affixed to a sample button 
using conductive silver paint and introduced 
into the ESCALAB (I) surface analysis in- 
strument. This instrument operates under 
ultrahigh vacuum (UHV) conditions; in this 
case the operating pressure was approxi- 
mately 5 x 10 -9 torr. XPS data were col- 
lected using nonmonochromatic MgKa 
(1253.6 eV) radiation from a dual anode X- 
ray source operating at 14 kV, 20 mA. The 
photoelectrons were collected at an angle 
normal to the plane of the surface. A survey 
scan and elemental scans for the C,,,2, 
Alzp3/2, A12p~,2, S2p3/2, 52p,/2, Ols, and Ni2p3, 2 re- 
g ions  were collected. After analysis, the 
sample was etched using a large-spot argon 
ion gun operating at 5 kV, 65 ttA for gradu- 
ally increasing duration. 

All the data were analyzed to find the peak 
areas and positions; these values are not 
reported here for the sake of brevity. The 
peak areas were subsequently corrected for 
instrumental and theoretical variations us- 
ing sensitivity factors. Peak positions were 
corrected for charging effects by referencing 
to the A12p3,~, Al2p,~ peaks at 74.6 eV. 

4. RESULTS AND DISCUSSION 

TEM 

The TEM analysis of the fresh and aged 
microporous y-AI203 has been described 
fully by Smith and Wei (5). Figure 2 shows 
a TEM micrograph of Sample I, the low- 
p r o m o t e r  T-AI203 substrate, which was 
used for comparative studies. This sample 
has not been sulfided, and has not been sub- 
jected to hydrodemetallation. Needle-like 
alumina platelets of an approximate diame- 
ter of 30 A and lengths up to 500 ,~, in ran- 
dom orientation often overlapping, are the 
main features of this micrograph. Pores re- 
sulting from a random stacking of these 
platelets would therefore have random 
shapes and are impossible to identify in this 
micrograph. 

Figure 3 is a TEM micrograph of Sample 
2, the low-promoter "y-A1203 carrier loaded 

to about 25 wt% Ni due to Ni-EP hydrode- 
metallation. Comparison of Fig. 3 with Fig. 
2 shows that the presence of Ni sulfide at 
this loading introduces a new feature to the 
TEM micrograph, namely dark spots, which 
are spatially dispersed Ni3S2 crystallites. 
The characteristic average dimension of the 
crystallites in Fig. 3 is estimated to be 250 
~.  Given the average pore diameter of 85 
(see Table 1), it is inevitable that crystallite 
growth is not bound by the size of the pores. 
No specific orientational relationship be- 
tween the alumina platelets and the crystal- 
lites is readily apparent. Crystallite overlap 
is frequent and no universal crystal shape 
can be identified. Assuming a sample thick- 
ness of 70 nm, the number of crystallites 
per unit volume is estimated as 5 x 10 -6  

crystals/nm 3. When multiplied with the ob- 
served crystallite diameter this value yields 
a total metal loading of about 12 wt% Ni 
or 55% of the bulk measured value, good 
agreement given the uncertainties involved 
in making the TEM estimates. The observa- 
tion corresponds to approximately 80,000 
nm: of alumina surface area per Ni3S2 crys- 
tallite. 

Figure 4 shows a TEM micrograph of the 
microtomed section of Sample 3. The AI 
metal and the porous oxide layer are easily 
distinguished in this micrograph. The metal 
being the dense region extending the lower 
part of the micrograph and the porous oxide 
layer on top of the metal, extending the 
width of the micrograph. Some damage 
seems to have resulted from microtoming in 
the form of fragmentation of the oxide layer, 
but the oxide layer seems to have retained 
its idealized form shown in Fig. 1. The oxide 
layer thickness can be measured from this 
micrograph to be 1.5/xm. The region above 
the porous oxide layer consisting of the em- 
bedding material, used in the microtoming 
process, seems to have adhered to the po- 
rous oxide layer reasonably well, but seems 
to have penetrated the pores to a very lim- 
ited depth if at all. 

Figure 5 is a low magnification TEM mi- 
crograph of Sample 4. The existence of a 
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FIG. 2. TEM micrograph of Sample 1 (fresh ~/-A1203) 

FIG. 3. TEM micrograph os Sample 2 (aged 7-A1203). 
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FIG. 4. TEM micrograph of Sample 3 (fresh anodic alumina film). 

relatively thick layer of ca. 0.1-0.2/xm on 
the exposed surface of the film is clearly 
evident. This layer is clearly absent in Sam- 
ple 3 shown in Fig. 4 and is believed to 
be primarily of carbonaceous nature. This 
relatively thin layer has adhered in some 
parts to the embedding material and has sub- 
sequently separated during the microtoming 
process in some regions. Closer examina- 
tion of the film further removed from the 
surface of the oxide film shows some regions 
of high electron transparency separated by 
regions of dense material believed to result 
from wrinkling, which may have occurred 
during microtoming. 

Figure 6 is the higher magnification micro- 
graph of the bulk region of Sample 4. The 
dominant feature in this micrograph is a 
large number of regularly shaped crystallites 
distributed throughout the film. About 180 
crystallites were identified in an area of 1.42 
X 106 nm 2 (944 nm x 1500 nm) in the lower 
left-hand side of Fig. 6. Assuming a sample 
thickness of 100 nm gives 1.3 × 10 -6 crystal- 
lite/nm 3 as compared to a value of 5 x 10 -6 

crystallite/nm 3 calculated for Sample 2. Us- 
ing the values of specific surface area and 
bulk density listed in Table 1 gives 7,000 
nm2/crystallite for Sample 4, as compared 
to 80,000 nm2/crystallite for Sample 2. 
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FIG. 5. TEM micrograph of Sample 4 (aged anodic alumina film). 

Figure 7 is high magnification TEM micro- 
graph of Sample 4. This micrograph depicts 
the area at the bottom of a pore. Material 
of different thickness appears with different 
brightness. Material comprising the pore 
wall appears darkest, while the area com- 
prising the pore space appear brightest. The 
circular section of the hemispherical barrier 
layer separating the metal and the bulk po- 
rous oxide is clearly visible in the lower left 
hand side of the micrograph. The cell size 
can be accurately measured in this micro- 
graph to be ca. 1700 A. Considering the fact 
that the pore has been sheared in a direction 
perpendicular to the walls, this seems to 

have brought the walls closer together par- 
ticularly at distant locations from the metal/ 
oxide interface. The pore diameter mea- 
sured at the lowest region of the pore is 840 
,~. It is unclear whether the fact that the pore 
diameter falls short of 1000 ,~ previously 
reported (6) is due to the truncated nature 
of the porous films formed in H3PO 4 electro- 
lyte or whether it is due to large variations 
in pore dimensions measured from film sec- 
tions resulting from irregular fractures re- 
ported by O'Sullivan and Wood (/6). Virtu- 
ally no crystal overlap is observed, 
indicative perhaps of the high degree of ori- 
entation existing between the crystals and 
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FIG. 6. TEM micrograph of Sample 4 (aged anodic alumina film) at higher magnification. 

the pore wall. Crystal/oxide overlap is, 
however, apparent in several instances 
(crystallite D). Most importantly the crys- 
tals are physically attached to the pore wall 
(see crystallites A, B, C, E, F, G, H, and J), 
extending into the pore space. Less empha- 
sis can be placed on the distance between 
crystals, since crystals could have poten- 
tially been displaced from their original posi- 
tions relative to the pore wall (see crystallite 
I). The distance between crystallites A and 
B in Fig. 7, which seem to have remained 
attached to the pore wall, is 1100 A. 

For the purpose of an even closer visual 

examination of these features, it was found 
instructive to optically magnify regions of 
the micrograph shown in Fig. 6. This magni- 
fication is depicted in Fig. 8. A total of ca. 
50 crystallites were identified in this figure 
and their size was determined. The crystal 
size was taken to be the largest dimension 
of the crystal that could be identified. The 
distribution was found to be normal with an 
average crystal size of 250 ,~. Crystallite 
geometry is remarkably uniform. In many 
instances crystallites appear completely de- 
tached and isolated from the anodic alumina 
substrate. This can give much clearer insight 
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FIG. 7. High magnification TEM micrograph of the cross section of a single pore in sample 4 (aged 
anodic alumina film). 

into the crystallite shape and any possible 
preferred direction of growth as compared 
to the Sample 2, shown in Fig. 3, in which 
crystallites overlap regularly and often over- 
grow the pores present in the y-Al203 sub- 
strate. 

XPS 

Etching of Sample 4 caused the gradual 
removal of the alumina film. No data are 
available to estimate the relative etching 
rates of the films constituent's elements. 
However, it is expected on the basis of 

atomic weight values that the etching rate 
should roughly follow the trends C, O < AI, 
S < Ni. Bearing this in mind, C, Almetal/ 
Aloxid ~, S, and Ni species concentration plot- 
ted as a function of etch-time are shown in 
Fig. 9. 

Figure 9a shows that the C concentration 
as a function of etch-time. The sharp drop 
in the concentration of carbonaceous depos- 
its as a function of etch-time supports the 
earlier observation of a relatively dense 
layer (ca. 0.1-0.2/zm thick) believed to be 
primarily carbonaceous on the exterior of 
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FIG. 8. Optical magnification of a region shown in Fig. 6. 
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Sample 4. This is also in accord with the fact 
that coking in hydrotreating catalysts starts 
at the exterior of the catalyst particle 
(19-21). 

Figure 9b shows the ratio of A1 present in 
metallic to the AI present in the oxide form 
as a function of etch-time. A gradual in- 
crease in metallic A1 levels corresponds to 
the uncovering of AI substrate. 

Figure 9c shows the Ni concentration as 
function of etch-time on a C free basis. A 
sharp drop-off at the beginning of etching 
corresponds to a decrease in concentration 
of Ni species at the very surface of the origi- 
nal film. Beyond the initial sharp drop in 
Ni concentration, which is believed to be 
representative of the carbonaceous over- 
layer, the gradual increase and the subse- 
quent decrease in Ni concentration as a 
function of etching time probably reflects a 
similar general trend in Ni profile within the 
film. The film surface Ni species are pre- 
dominantly trivalent oxides and the film 
bulk Ni species univalent, as is evidenced 
by an examination of Ni2p3,2 spectrum before 
and after etching shown in Fig. 10. This hy- 
pothesis is supported by the satellite struc- 
ture (higher BE shoulder) in the Ni2m,2 spec- 
tra before etching, as well as the NiEp~,~ peak 
position. 

Figure 9d shows the S concentration as 
function of etch-time on a C free basis. A 
trend similar to that observed in Ni profile 

is evident here, though beyond the initial 
sharp drop, the gradual increase and the 
subsequent decrease are less pronounced 
than that observed in Ni profile. Further 
evidence of extensive surface oxidation was 
observed in the S speciation. The $2p3,~ and 
S2p,,~ spectrum indicate that about half of the 
film's surface S species are sulfates; sulfides 
speciation is predominant throughout the in- 
terior of the film. 

Thus a general reduction trend appears to 
accompany the etching procedure. Whether 
this evidence of reduction reflects the actual 
chemical speciation through the film or is a 
by-product of the etching process itself is 
impossible to determine from these data. 

O, P levels on a C free remained relatively 
constant at ca. 63 atomic % and 3 atomic %, 
respectively. 

5. CONCLUSIONS 

Our major conclusions from our studies 
using porous anodic alumina films in a model 
hydrodemetallation experiment are: 

1. Metal deposition was studied in porous 
anodic alumina films. TEM showed regu- 
larly shaped crystallites deposited through- 
out the film. The mean crystallite size was 
determined to be about 250 ,& in two differ- 
ent substrates of widely varying mean pore 
size and structure. The number of crystal- 
lites per unit volume was found to be compa- 
rable in aged T-AI203 and aged anodic alu- 

140 
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Binding Energy m eV 

FIG. I0. Ni2p2~ z spectra before and after etching the 
aged anodic film. 
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mina films, while alumina surface area per 
crystallite estimated for aged T-AI203 was 
10 times higher than that in aged anodic alu- 
mina films. Crystallites were found to attach 
themselves to the pore wall and extend into 
the pore space in the case of aged anodic 
alumina films. A region of ca. 0.1-0.2/zm 
was identified at the oxide film-bulk inter- 
face and is believed to be of primarily car- 
bonaceous nature. 

2. The TEM study of aged y-AI203 as well 
as that of aged anodic alumina substrates 
provides strong evidence in support of a 
nonuniform metal deposition mechanism. 

3. XPS was used in conjunction with re- 
peated Ar etching on the aged anodic alu- 
mina films. The Almetal/Aloxid e ratio as a func- 
tion of etch-time suggests that the depth 
profiled was only a fraction of the total oxide 
film thickness. The C depth profile confirms 
the existence of a heavy coked region at 
the initial surface. Repeated argon etching 
decreases the C concentration in this region 
considerably. Ni and S concentrations as a 
function of etch-time were obtained using 
XPS. 

Our experimental results seem to suggest 
(as pointed out by one of the referees) an 
apparent insensitivity of the Ni deposition 
reaction to the pore structure and surface 
area of the two aluminas used in this study, 
whose surface texture, type of sites, and 
promoters are expected to be quite differ- 
ent. Without further experiments aimed spe- 
cifically at resolving this issue it would be 
speculative for us to make any firm state- 
ments, at this point, as to why this might be 
the case or to elaborate on the implications 
of this behavior on the HDM reaction mech- 
anism. 
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