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Poisoning of Pt/y-A120r catalysts by carbonaceous matter has been studied by means of a con- 
ventional transmission electron microscope (TEM). Two locations of the same carbonaceous mat- 
ter were found. First, small stacks of aromatic ring structures less than IO 8, in size are deposited 
more or less flat on the ahrmina crystal faces (the alumina individual crystal shape is an association 
of {ll I}, { 1101, fl#), and possibly {112)). Then the same carbonaceous units gather to form porous 
carbon particles. Only the units localized upon alumina are assumed to form shells able to poison 
the catalyst by covering its surface. 

Naphtha reforming implies several reac- 
tions promoted by a bifunctional Pt/y-A40~ 
or Pt-other metal/A1203 catalyst. It is well- 
known that the acid sites of alumina are 
mainly responsible for the cracking and 
isomerization of crude naphtha, while the 
metallic function acts in the hydroge- 
nation-dehydrogenation, hydrogenolysis, 
and dehydrocyclization processes. Both 
functions are necessary also for isomeriza- 
tion and dehydrocyclization. At the same 
time, carbonaceous material is deposited 
on the catalyst, decreasing its activity and 
modifying its selectivity. This carbon can 
be considered as an undesirable product of 
reforming. 

It has been stated that soon after the pro- 
cess starts a carbonaceous overlayer ap- 
pears on Pt (I) and that some time later, the 
acid function of alumina is more affected by 
carbon deposition (2). The location and na- 
ture of this carbonaceous matter is almost 
unknown. The aim of the present work is to 
investigate the location of carbon relative 
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to the catalyst and to characterize both 
products by means of a conventional trans- 
mission electron microscope (TEM). The 
principle is to image the catalyst and the 
carbon separately by means of dark-field 
techniques. It will be shown that very small 
stacks of aromatic ring structures (less than 
10 A in size) are deposited on the surfaces 
of the individual catalyst particles, thus 
forming a shell, whereas some of these car- 
bon units gather also into porous aggregates 
a few thousand angstroms in size in the 
catalyst. 

EXPERIMENTAL 

A Pt/~-A&03-C1 catalyst containing 
0.38% Pt and 0.9% Cl was used. It was pre- 
pared by impregnating samples of alumina 
Cyanamid Ketjen C.K. 300 following the 
method of Castro et al. (3). The specific 
area of the support was 200 m2/g, the pore 
volume 0.48 cm3/g, and the catalyst ob- 
tained had 82% dispersion as measured by 
the method of Benson and Boudart (4). 

The runs to coke the catalyst were per- 
formed in bench-scale equipment that has 
already been described (5). 

The following samples were prepared: (i) 
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clean alumina; (ii) fresh catalyst; (iii) cata- 
lyst having been run under standard indus- 
trial conditions (P = 30 kg/cm2, HZ/naphtha 
= 8, T = 758 K, WHSV = 6 h-r) for a 
period of 500 h; the feed was a Cs-C9 naph- 
tha cut and the percentage of carbon at the 
end of the run was 1.5%; (iv) catalyst hav- 
ing been run under deactivation conditions, 
i.e., first a 7-h run during which the catalyst 
works at standard industrial conditions; 
then, the pressure is decreased to 10 kg/cm2 
and the hydrogen-to-naphtha ratio lowered 
to 4; finally a return to the initial values for 
the last 7 h. The feed was a C~Z-C~~ paraffin 
mixture and the carbon percentage at the 
end of the run was 6.8%; (v) fresh catalyst 
heated at 923 K in air for 6 h to sinter Pt; 
(vi) 6.8% coked catalyst heat-treated at 
1173 K under vacuum. 

TEM Techniques (EM 400 Philips 
Microscope with Ionic Pumping: Clean 
Vacuum). 

A more or less crystalline material gives 
rise to at least one or a few scattered beams 
when it is struck by the incident electron 
beam inside the TEM. Each crystallite as- 
sociated in a polycrystalline material gives 
rise to its own scattered beams specific to 
its relative orientation to the incident beam. 
If a given hkl beam of one crystallite is se- 
lected for imaging, the crystallite appears in 
the image as a bright domain in dark field 
(DF). Such techniques were developed and 
employed for a long time for identifying pla- 
nar aromatic ring structures (6, 7). They do 
not need to be discussed here except for 
their principle. The aromatic structures are 
similar to small graphitic layers. Each of 
them (even single layers) gives rise to six 10 
and six 11 scattered beams corresponding 
to the hexagonal symmetry. If such struc- 
tures are piled up in parallel (even by 2), 
they give rise to an additional 002 beam cor- 
responding to the interlayer spacing. The 
principle of the tilted dark-field mode was 
applied here for imaging both y-alumina 
and carbon and, incidentally, sintered plati- 
num. 

In addition, lattice fringe techniques (ab- 
breviated as LF) were applied also to alu- 
mina and carbon. They consist (8) in allow- 
ing a given hkl beam to interfere with the 
incident beam so as to obtain in the image 
bright and dark hkl fringes with the dhkr pe- 
riod. Such an image visualizes the projec- 
tion of the hkl family of lattice planes along 
the TEM optical axis. Since the Bragg angle 
for electrons is very small (- 1” for 100 kV), 
the hkl images both in DF and LF corre- 
spond to families of planes nearly normal to 
the observation plane. More classical tech- 
niques were also used, such as selected 
area electron diffraction (SAD) and bright 
field (BF). 

RESULTS 

Alumina and Platinum 

SAD patterns are Debye-Scherrer ones 
(Figs. la and b) showing dots when larger 
crystallites are present inside the field-limit- 
ing aperture. They show the normal succes- 
sion of rings for y-alumina with the ex- 
pected intensities (see Table 1). The 
corresponding bright-field image (Fig. lc) 
shows aggregates of very small individual 
particles more or less contrasted. This con- 
trast arises from the fact that most of the 
alumina-scattered beams are withdrawn by 
the objective aperture set paraxial. 

The darkest particles are thus single crys- 
tals fulfilling better the Bragg condition for 
one of the scattered beams withdrawn. Fig- 
ures 2a, b, c show the radial exploration of 

TABLE 1 

ASTM Data for -y-Alumina 

hkl 

111 4.56 40 
220 2.80 20 
311 2.39 80 
222 2.28 50 
400 1.971 100 
511 1.52 30 
440 1.395 100 
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FIG. 1. (a) Schematic drawing of y-alumina SAD pattern. (b) SAD pattern. (c) Bright field. 

FIG. 2. Same field of a catalyst containing 6.8% of carbon. (a) Bright field, (b) 400 alumina dark field, 
(c) 440 alumina dark field. 



TEM STUDY OF CARBONACEOUS DEPOSITS 259 

the reciprocal space of alumina by a small lllll \ 110” 

aperture. This aperture is represented as 
the largest dark circle in the SAD pattern of 
Fig. la. Its diameter expressed in terms of 
the scattering vector IsI = l/&l is 0.20 A-‘. 
Figure 2a is the bright field whereas Fig. 2b 
corresponds to 400 and Fig. 2c to 440 of 
alumina. Single crystals strongly light up in 
Fig. 2b whereas others become dark in Fig. 
2c indicating different crystallographic ori- 
entations. If some single crystals remain lit 
up in both micrographs, it is probably be- 
cause the aperture is too large to select only 
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400 or 440 and intersects also a portion of 
311 or 222. Anyway, by comparing bright- 
and dark-field images it is demonstrated 
that each bright crystal in dark field corre- 
sponds to a single particle in bright field. It 
can be concluded that the aggregates ob- 
served are made of small single crystals 30- 
80 A in size (the most frequent value is 
50 A). 

Since such single crystals are very small, 
it is thus difficult to know what their crys- 
talline shape is, i.e., which faces occur in 
their morphology. The Donnay-Harker law 
states that the external shape of a single 
crystal depends on the symmetry group of 
its atomic structure. For y-alumina this 
group is OL (10). The succession of X-ray 
reflections is thus 111, 220, 311, 222, and 
400. The corresponding solids are the octa- 
hedron { 11 l}, rhombododecahedron { 1 lo}, 
trapezohedron {113}, and cube { IOO}. The 
external shape of a single crystal should be 
a combination of these four solids, but the 
more developed faces should be that of an 
octahedron. Despite the smallness of the 
single crystals we can restore the precise 
shape by using bright- and dark-field modes 
and lattice fringe imaging as well. An octa- 
hedron lying along (111) cannot give lattice 
fulfilling the 111 Bragg condition since all 
(111) planes are too much oblique (0 Bragg 
angles in electron diffraction are smaller 
than 2 or 3 degrees). Consequently all crys- 
tals lying on the (111) face will have an hex- 
agonal outline and will be free of the 111 lat- 
tice fringes (4.56 A in period). These crystals 

FIG. 3. Schematic drawing of the outline of a y- 
alumina single crystal. 

give only 440 reflections in their electron 
diffraction patterns; they will be recognized 
as those which are lit up in 440 dark field 
(see Fig. 2~). Crystals lying on the rhombo- 
dodecahedron (110) face always give two 
families of planes fulfilling the 111 Bragg 
condition since such a crystal has two fami- 
lies of (111) planes perpendicular to the ob- 
servation plane. All the crystals lying on 
(110) should give two sets of 111 fringes 
making the octahedron face angle, i.e., 
-I lo” (see Fig. 4 in the center and Fig. 3). 
The general outline of the crystals will be 
an irregular hexagon with 110” and 130” an- 
gles (Fig. 3). It can be seen in Fig. 4 that 
when an angle in a particle containing 
fringes can be evaluated from its outline, it 
is always larger or smaller, but never equal 
to 120”. The occurrence of cube faces has to 
be assumed for explaining the angles of 
110”. Figure 4 shows that the fringes are 
parallel to the edges of the particle since 
they make a 110” angle between them; this 
demonstrates that the corresponding edges 
are the projection of (111) octahedron faces 
(see Fig. 3). This is possible only ifthe hex- 
agonal outline is completed by the profile of 
a cube face (100). Finally, many particles 
show only one set of fringes (see Fig. 4). 
There are two possibilities: either the crys- 
tal is misoriented by its neighbors or it lies 
on another face. Only (I 12) of a trapezohe- 
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FIG. 4. Catalyst having run 500 h. 111 Alumina lattice fringes. 

dron fulfills the I1 1 Bragg condition which 
brings (771) alone perpendicular to the ob- 
servation plane. 

From such reasoning we may reasonably 
assume that particles have a composite 
shape made up of octahedron (dominating) 
and rhombododecahedron associated with 
relatively small facets of cube and trapezo- 
hedron. 

Platinum deposited on the catalyst was 
not observed with certainty except for sin- 
tered samples heat-treated under vacuum at 
1173 K. For most samples the alumina-scat- 
tered beams produced are too numerous for 
obtaining the platinum 11 l-scattered beam 
alone (see Table 1) in dark field, even with 
the smallest available objective aperture. 
Thus platinum crystals cannot be distin- 
guished from alumina. However, in the 
heat-treated catalyst considered here and 
for an unknown reason, the beams scat- 

tered by alumina are so faint that individual 
platinum crystals light up very strongly in 
111 Pt DF. By comparing these Pt particles 
to those observed in BF images of the 500-h 
run catalyst, it can reasonably be assumed 
that they are clusters of Pt (Fig. 5). Figure 5 
corresponds to a part of a through-focus se- 
ries demonstrating that the dark particles 
are not phase objects since they do not dis- 
appear as the focus is changed. In addition, 
such particles are found in a decreasing 
number when the samples observed be- 
come closer to the fresh catalyst. It is pos- 
tulated that Pt exists in the fresh catalyst in 
a highly dispersed form that makes uncer- 
tain its identification over an alumina sup- 
port. 

Carbonaceous Matter 

The scattered beams produced by any 
carbonaceous matter, even when it has a 
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FIG. 5. Catalyst having run 500 h. Bright field showing clusters of platinum. 

very poor crystalline organization, are at 
least those of aromatic planar structures 
whether single or piled up. If such struc- 
tures are piled up by twos, the first scat- 
tered beam produced is the 002 one. It lies 
between 11 lAi203 and 220A1*03. Figure 1 
shows that 002 cannot pass alone through 
the large 0.20-A-i aperture. It is always as- 
sociated with 11 lA1203. However, 11 1A1203 is 
always very faint, since most of the parti- 
cles tend to lie on their (111) faces. For all 
these particles the 111 reflection is missing 
in the SAD pattern. In the area delimited by 
the intermediate image aperture (diameter 
less than 1 pm> a majority of single crystals 
do not issue 111 beams for this reason. On 
the contrary, a majority of aromatic ring 
structures yield the 002 reflection. The 002 
carbon DF images should thus be stronger 
than the alumina ones. The comparison be- 
tween the BF and DF micrographs in Figs. 
6a and b shows that the intense bright do- 
mains appearing in 002 carbon DF images 
first are localized differently and then have 
a much smaller size (-l,O A) than the alu- 
mina crystals (-30-80 A). Some of them 
are localized around the outlines of the alu- 
mina small single crystal preferably to the 

faces parallel to the observation plane (in- 
sets in Fig. 6). Others are gathered in the 
particle marked by an arrow in Fig. 6a. Fig- 
ure 6 is representative of the images corre- 
sponding to the sample containing 6.8% of 
carbon. It suggests the occurrence of two 
types of carbonaceous matter. 

Decoration Around the Alumina 
Crystallites 

The insets in Fig. 6, representing en- 
larged details of Fig. 6b, emphasize the po- 
sitions of the bright domains as a decora- 
tion around the contours of the alumina 
single crystals. Each of these bright do- 
mains less than 10 A in size could represent 
the image of aromatic planar ring structures 
less than 12 rings piled up by 2 or 3. Such 
units (basic structural units, BSU) are simi- 
lar to those found in most carbonaceous 
materials (6, 7). Decoration around alu- 
mina crystals can be thus attributed to sin- 
gle BSU deposited on the alumina crystal 
faces (Fig. 7). DF images demonstrate that 
BSU lie preferably with their aromatic lay- 
ers parallel to the alumina crystal faces 
since only those which are seen edge-on 
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FIG. 6. Same field of a catalyst containing 6.8% of carbon. (a) Bright field, (b) 002 carbon dark field 
(insets are enlargements of details of Fig. 6b, the lowest one corresponds to the white square). 

can be bright. In Fig. 7 the hexagonal out- of aromatic layers twisted +22”, more than 
line only will be thus underlined by bright one edge of the irregular hexagons can be 
domains. Since the BSU lying on the alu- decorated by bright domains, especially if 
mina faces parallel to the observation plane the BSU do not lie exactly parallel to the 
do not fulfill the carbon 002 Bragg reflec- alumina faces. As the objective aperture is 
tion, they are dark in the image. As the displaced along the 002 ring in the SAD pat- 
0.20-A-l aperture selects all the 002 beams tern, bright domains become dark whereas 
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Fro. 7. Schematic representation of an incomplete 
shell of carbonaceous matter around alumina single 
crystals. 

others light up around the alumina con- 
tours. 

The assumption of a shell of carbona- 
ceous BSU lying more or less flat on the 
alumina single crystal faces (Fig. 7) has to 
be discussed and confirmed by other exper- 
iments since the occurrence of bright do- 
mains decorating the outlines of the alu- 
mina crystal can be due to two kinds of 
spurious effect: first a contribution of the 
supporting film itself made of amorphous 
carbon; then a parasitic contribution of ei- 
ther 111 Ar20,-scattered beams despite their 
very low intensity. 

(1) The observations were repeated by 
using self-supported samples: poisoned cat- 
alyst deposited on perforated carbon films 
(microgrids). The withdrawal of all the sup- 
porting carbon does not change the images. 

FIG. 8. Dark-field images of a catalyst containing 6.8% of carbon self-supported (deposited on a 
microgrid). (a) 0.20-A-* aperture centered on 0.26 .&-I (co~s~nding to 3.85 A). (b) Aperture centered 
on 0.30 A-r (corresponding to 3.35 A). (c) The aperture centered on 0.34 Ai-’ (corresponding to 2.94 
A). (d) Aperture centered on 0.40 A-r (corresponding to 2.25 A). 
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Thus there is no artefact due to the carbon 
supporting film. 

(2) Two kinds of experiments were car- 
ried out for either minimizing or withdraw- 
ing the contribution of 1 ll~,~o) to DF im- 
ages. 

A first series of micrographs was taken 
by displacing radially the 0.20-A-l aperture 
from the vicinity of the incident beam to 
220.~o~ (see Fig. 1). By doing so, the aper- 
ture lets through first 11 lA1203 and 002cart,on, 
then 11 l,~o~, 220,~~~, and mainly O02,,,t,,, , 
and finally 002cart,on and 220ArZo3. Figure 8 
illustrates the images corresponding to four 
positions of the aperture. Though the 
bright-domain patterns are the same in all 
the micrographs, the number of bright do- 
mains changes from one to the other. This 
is because first the piled-up aromatic struc- 
tures are known to have usually widely 
spread interlayer spacing values (7), and 
then because the particle is self-supported, 
its orientation changes slightly relative to 
the incident beam during the series of expo- 
sures. This explains why the bright do- 
mains indicated by an arrow tend to vanish 
from a to b, then to light up again in c more 
than in d. Despite this, it is clear that the 
same bright domains can be seen in all the 

four micrographs. Since the 002-scattered 
beam of carbon represents the only com- 
mon feature to the four micrographs, the 
bright dots common to all of them are nec- 
essarily carbon BSU. It has to be consid- 
ered also that usually in alumina dark-field 
images, the entire single crystal is lit up (see 
Fig. 2). This gives entirely different images 
containing bright domains about 30-80 A in 
size instead of 10 A. 

In the second series of experiments, a 
O.l-A-i-size aperture was used for DF 
imaging (small black circle in Fig. 1). This 
aperture lets through only the 002-scattered 
beam of carbon. The resolution of the 0.20- 
A-i aperture is about 7-8 A while the reso- 
lution of the 0.1-A-i aperture is only about 
20 A. The evaluation of the size of the 
bright domains (BSU) is thus no longer 
valid since they are smaller than the opti- 
mum possible resolution. Nevertheless, 
carbon BSU are still revealed with cer- 
tainty (Figs. 9a, b). They appear as diffuse 
bright domains about 20 A in size. Since the 
aperture intersects then the scattered 
beams of BSU misoriented only by a *II” 
twisting instead of a +22” one, a smaller 
number of domains appear bright. How- 
ever, they always decorate preferably the 

FIG. 9. The 002 carbon dark field of a self-supported catalyst containing 6.8% of carbon. Objective 
aperture 0.1-A-l. (a, b) Details from different micrographs. 
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d 

FIG. 10. Porous carbon particle observed in a catalyst containing 6.8% of carbon. (a, b) The 002 
carbon dark field. (a) Corresponds to the aperture in the position numbered 1 in (d). (b) Corresponds to 
the position numbered 2. (c) Model of porous carbon. (d) Positioning of the aperture in the SAD 
pattern. 

outlines of alumina crystals. These data 
demonstrate well the occurrence of carbo- 
naceous matter. 

Carbonaceous Particles 

The BSU units can be fixed not only on 
alumina crystals but can also gather into 
aggregates forming carbon particles such as 
that indicated by an arrow in Fig. 6a. In 002 

carbon DF, the bright domains are gathered 
into clusters (Figs. 10a and b) separated by 
dark areas. Such images are similar to those 
found in carbonaceous matter prepared by 
softening or from solid organic precursors 
(6, 7). A complete exploration of the car- 
bon reciprocal space including 002 DF mi- 
crographs leads us to imagine the porous 
model sketched in Fig. 1Oc and detailed in 
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other publications (6, 7). It is based mainly 
on the fact that for the position of the aper- 
ture numbered 1 in the SAD pattern of Fig. 
IOd, the clusters of bright dots of Fig. 10a 
correspond to the part of the pore wall 
numbered 1 (Fig. lOc), whereas the position 
numbered 2 corresponds to the pore wall 
numbered 2 (Fig. lob). The molecular ori- 
entation extent, i.e., the size of the pore 
wall, is the size of the clusters of bright 
domains numbered 1 and 2 in Figs. 10a and 
b. It is about 500 A in this case. It is not 
very different from that of the hydrogen- 
rich precursors studied in the laboratory 
(6, 7). 

CONCLUSION 

The model roughly sketched in Fig. 7, 
showing the formation of more or less in- 
complete shells of carbonaceous BSU on 
the alumina crystals, can be considered as 
valid and fits well with the data of the 
present paper. Each BSU is a stack of 2 or 3 
aromatic planar ring structures less than 12 
rings (less than 10 A in size) lying approxi- 
mately flat on the alumina crystal face. The 
exact diameter of the aromatic structures 
cannot be defined more precisely first be- 
cause of the limiting value of the resolution. 
The size of each aromatic layer stack can 
be smaller or equal to the resolution value. 
Then each stack can be surrounded by an 
unknown amount of nonaromatic func- 
tional groups that the TEM cannot see and 
which may enlarge considerably the size of 
the real carbonaceous individual units. This 
may also increase the misorientation of the 
aromatic layer planes relative to the alu- 
mina crystal, acting as a support. As an in- 
creasing quantity of such carbon units is 
deposited on alumina faces, the poisoning 
effect can be expected to increase. Pt is 
supposed to play an important part in the 
creation of intermediates for coke forma- 
tion so that the small BSU units of coke are 
formed in the interface. Then they are de- 

posited indifferently on any available faces 
of the alumina crystals similarly to pyrocar- 
bon deposits (II). Hence no special rela- 
tionship is to be expected between Pt and 
the carbon deposit and carbon is deposited 
everywhere on alumina. 

The porous carbon particles individual- 
ized in the catalyst probably play an insig- 
nificant role in poisoning since they are able 
to cover only a negligible amount of the to- 
tal catalyst surface. 
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