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The aging of alumina-supported Pt-containing reforming catalysts by ‘‘coke’’ deposition has
previously been extensively investigated. In the present work, a large number of techniques includ-
ing optical and electron microscopy have been used to determine both the localization and the
structure of the so-called ‘“‘coke’ (carbonaceous deposits) formed during the normal operation of
these catalysts. The coke is not uniformly deposited on the surface of the catalysts. Its structure
is not uniform for a given catalyst, and depends on the operating conditions (especially the H,/
hydrocarbon ratio) as well as the composition of the metallic phase (pure platinum or multimetallic
alloy). The structure is always rather well organized (pregraphitic) even at the onset of coke

deposition.  © 1990 Academic Press, Inc.

1. INTRODUCTION

Catalytic reforming (1) is a process for
transforming virgin naphtha into high-oc-
tane gasoline. For technical and economic
reasons, it is advantageous to run the re-
forming unit under severe conditions, i.e.,
high temperatures and low hydrogen partial
pressure, and accordingly, to maximize
the yields of desirable products, especially
aromatics. Catalyst stability thus becomes
a very important parameter. The search
for higher stabilities has led to the replace-
ment of platinum-based catalysts by multi-
metallic catalysts, in which other elements
such as rhenium, iridium, tin, and germa-
nium are combined with platinum.

In principle, the deactivation of these
catalysts can be related first to carbon-
aceous deposits, and secondly to sintering
of the metal. Since it was previously shown
(2) that the sintering of platinum is slow
and is inhibited by chlorination of the car-
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rier and the addition of other metals, it
is apparent that coke formation plays a
determining role in catalyst deactivation.

It is generally assumed that coke is
formed from highly dehydrogenated mole-
cules, the reaction occurring either at the
catalyst surface or in the gas phase (3-6).
The precise location of the coke on the
metal or carrier has not been established.
However, both acidic and metallic catalyst
activities are affected by coke formation
(7-10). Information related to the coke
structure indicates the presence of both
amorphous and organized carbon (11/-13).
This work aims to describe two important
features of the coke deposit, namely its
localization and structure (I4).

After evaluating the effects of coke de-
posits on the catalytic functions, we first
consider a global description, at the scale
of one or more pellets, by determining the
overall surface area and porosity using
optical microscopy and ion or electron
microprobes (these methods allow a quan-
titative evaluation of the distribution inside
the pellets). To obtain higher spatial resolu-
tion, we used both conventional and scan-
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ning transmission electron microscopy
(CTEM and STEM, respectively).

As to the structural characterization of
coke, both X-ray and electron diffraction
are applied, either to the catalysts as such,
or to the coke isolated after selective disso-
lution of the alumina carrier by dilute hy-
drofluoric acid under controlled conditions.
Raman laser spectroscopy (/3) also proved
to be very effective for characterizing the
coke, even at very low carbon content.

2. EXPERIMENTAL
2.1. PREPARATION OF FRESH CATALYSTS

Monometallic catalysts were prepared
using hexachloroplatinic acid as the im-
pregnating salt, in the presence of hydro-
chloric acid. The alumina support is a 7y,-
alumina. The surface area is 234 m> g~!
and the pore volume equal to 0.64 cm® g~ 1.
After impregnation, the catalyst precursor
was dried, calcined in air at 703 K for 2
hr, and then reduced in pure flowing hydro-
gen at 573 K. It was again reduced in the
catalyst test unit.

Two different techniques were used for
preparation of the supported bimetallic cat-
alysts, namely (i) co-impregnation of the
two metallic precursors for the preparation
of the Pt-Ir bimetallic catalyst, (ii) impreg-
nation in two steps for the other fresh
catalysts (Pt-In, Pt-Ge, Pt-Sn, Pt-Re),
the platinum precursor being impregnated
first.

Further information is given in Table 1.

2.2. PREPARATION OF COKED CATALYSTS
AND CATALYTIC TESTING

The coked catalyst samples were pre-
pared (20) and catalytic tests carried out in
the same apparatus. Two different tests
were performed (see Table 2). Two purified
feeds dried on molecular sieves (4A and
13X) were used according to the desired re-
action with n-heptane or benzene/n-hep-
tane. The working conditions were deter-
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TABLE 1
Preparation of Bimetallic Catalysts
Catalyst Precursor for Reference
second metal

Pt-Ir H,IrClg (15)
Pt-In InCl (16)
Pt-Ge germanium oxalate 7)
Pt-Sn SnCl, 18)
Pt-Re ammonium perrhenate 19)

mined by temperature, flow rate, overall
pressure, and H,/hydrocarbon (HC) molar
ratio. For isomerization/cracking, the cata-
lysts were coked under condition 1 (Table 2)
for variable periods. These conditions were
more severe (higher temperature, lower H,/
HC ratio) than the test conditions, so that
coking during the test could be neglected.
Benzene hydrogenation was carried out
after coking under condition 2.

The carbon content of a coked catalyst
was determined by combustion under oxy-
gen. The coke percentage is defined as the
mass of carbon deposited for 100 g of fresh
catalyst.

TABLE 2

Operating Conditions for Catalytic Tests of the
Metallic and Acidic Functions

Test Reaction Coking conditions
conditions
Isomeri- Benzene 1 2
zation hydrogenation
cracking
Temperature 623 373 723 803
(K)
Overall 3.5 0.5 0.5 0.4
pressure
(MPa)
H,/HC 14 237 2 1
Molar ratio
PPH“ (gg™" 3.5 1.5¢ 3.5 20
hrh)
Feed nCy nC; (87.4%) nCy  nC, (87.4%)
+ CgHg + C¢Hg

(12.6%) (12.6%)

a PPH : g of feed injected per g of catalyst and per hour.
5 HC = CeHy.
¢ HC/CgHg..
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2.3. DETERMINATION OF SURFACE AREA
AND PORE VOLUME

Conventional methods (21, 22) were em-
ployed. The adsorption isotherm for N, at
77 K were measured using a Carlo Erba
sorptometer. This allowed the determina-
tion of both the specific area (BET method)
and the porosity, using two types of pore
model (slit and cylindrical pores). High-
pressure mercury porosimetry was also
used to determine the porosity between 3.5
nm and 300 um. L.ow-pressure mercury por-
osimetry gave the grain density (d,, and he-
lium pycnometry (23) gave the structural
density (d,), a very important parameter at
high coke contents.

2.4. SELECTIVE DISSOLUTION OF
ALUMINA CARRIER

The alumina carrier was eliminated by di-
lute hydrofluoric acid. The carbonaceous
deposits were found to be insoluble in this
medium, and their structure is unaffected
(24).

Large amounts of catalyst had to be
treated for some experiments, in which we
used (40 wt% HF) mixed with fuming (37
wt%) HCI at 60°C. Dilute 10 wt% HF was
used for the electron microscopy samples.

2.5. X-RAY DIFFRACTION

A Siemens D 501 automatic diffrac-
tometer was used, with a copper anticath-
ode and a scintillation counter. The spectra
were recorded using continuous rotation or
a step-by-step procedure.

2.6. ELECTRON MICROPROBE

The carbon concentrations along diame-
ters in the equatorial sections of the catalyst
pellets or spheres were obtained with a
Camebax electron microprobe. Due to low
sensitivity, long counting times were neces-
sary (spatial resolution 5 uwm).

2.7. IoN MICROPROBE (SIMS)

The analyses were made with an IMS 3F
SIMS (Cameca) instrument. Sample prepa-
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ration was identical to that for the electron
microprobe. O3 lons were selected as pri-
mary ions. A 10-um spatial resolution could
be reached with high sensitivity.

2.8. OrTICAL MICROSCOPY

A Polyvar-Met microscope was used
(Reichert Jung). The samples were first
crushed in ethanol. Some drops of the sus-
pension were deposited and evaporated ona
glass. Observations were made in reflection
mode.

2.9. ELECTRON MICROSCOPY

The following measurements were taken.

Normal imaging mode: both a JEOL 120
CX Conventiona} Transmission Electron
Microscope (CTEM) and a VGHBS Vac-
cuum Generator HB5 Scanning Transmis-
sion Electron Microscope (STEM) were
used.

Electron energy loss spectroscopy
(STEM). Spatial resolution is about 2 nm.
Carbon sensitivity is very high (better than
100 atoms). Special precautions were ob-
served to avoid contamination on the alu-
mina carrier alone and on the fresh cata-
lysts.

Electron diffraction, in selected area
mode (CTEM) or in microdiffraction mode
(STEM) (with spatial resolution varying
continuously from 2 nm to 1 um) (25).

3. RESULTS

3.1. CaTaLYTIC CONSEQUENCES OF COKE
DEPOSITION

For the isomerization/cracking test on the
monometallic catalyst (Pt (0.6%)/Cl (1.6%)/
Al,O5), n-heptane conversion as a function
of coke content is plotted in Fig. 1. (The
coke deposition reaction was carried out be-
tween 10 and 90 min to obtain the required
coke contents). It can be observed that (1)
a large mass of carbon is deposited in the
initial operating period, (2) the same
amounts of coke deposited after a certain
operating time interval have a lesser effect
on catalyst activity than if deposited from
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F1G. 1. Variation of catalyst activity and percentage
of coke deposited with coking time.

the onset of coking, and (3) selectivity is
altered (Fig. 2). Among the products of the
isomerization/cracking test, which ranged
from methane to heptane and its isomers,
we were specifically interested in the fami-
lies (C; + Cy and (C; + C,) and in the
isomers of n-heptane. In fact, the pair (C,
+ C,) is more easily obtained by the mono-
functional metallic hydrogenolysis reaction
(26). By contrast, the hydrocarbons (C; +
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C,) are obtained preferentially by the hydro-
cracking reaction involving a bifunctional
mechanism (27). While selectivity (number
of moles of X obtained per 100 moles of »n-
heptane input) for (C, + C,) and for (C; +
C,) decreases significantly, the isomeriza-
tion selectivity (2-methylhexane and 3-
methylhexane) increases.

The variation in benzene hydrogenation
offers an indication of the effect of coke
deposition on the metallic function (Fig. 3).
A sharp drop in activity is observed for the
benzene hydrogenation reaction.

3.2. ANALYSIS OF THE MACROSCOPIC
DiSTRIBUTION OF COKE

Following the coking reactions, different
colours of the catalyst grains can be ob-
served. Whereas the fresh and reduced cata-
lyst is greyish in colour, visual observation
usually shows a very deep and uniform
black for the used catalyst. For slightly
coked catalysts, however, a darkish brown
colour is observed. We therefore decided
to observe several catalysts with different
coke percentages by optical microscopy.

3.2.1. Observation by Optical Microscopy

Plate 1 shows a comparison of the fresh
specimen with two coked catalysts, namely
Pt (0.6%)/Cl1 (1.6%)/Al,O, with coke at 1.5%
and 16.5% and coking conditions 1 (Table
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Fi1G. 3. Variation in catalyst activity for benzene
hydrogenation during coking.

2). The fresh catalyst shows whitish crystals
of uniform colour. on the slightly coked
sample (1.5%) next to the small greyish de-
posits large black blocks some 50 um in size
now appear; these are never found in the
fresh catalyst. As the percentage of coke
increases (16.5%), the dark areas increase
to produce the darker aspect of the catalyst.
The dark zones which increase with the
coke percentage are defined as coked re-
gions. The brighter zones correspond to
grains that are probably less coked.

3.2.2. Analysis of the Carbon Distribution
in the Extrudate by Electron
Microprobe

Given the weak response of carbon, we
analyzed a monometallic catalyst (Pt
(0.61%0)/Cl1 (1.47%) deposited on y_-alumina
and containing 9.46% coke (coking condi-
tions 1 (Table 2)). The sample analysis is
shown in Fig. 4.

An average signal of 2300 counts was ob-
tained on carbon for the coked sample. The
background noise is about 260 counts on the
corresponding fresh catalyst and in the same
conditions. The concentration profile re-
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veals many discontinuities. Two types of
region can be distinguished:

(i) Fairly extensive zones (A in Fig. 4)
measuring about 60 um, where the signal
detected is higher than the average value
observed on the overall extrudate. Large
areas are therefore found where the percent-
age of coke is higher than the average per-
centage of the deposited coke.

(ii) Smaller zones of about 10-20 um (B
in Fig. 4) producing intense peaks indicating
a higher carbon concentration. These peaks
imply the presence of large coke deposits
(around 10 wm) given the weak response of
carbon.

3.2.3. Coke Distribution Observed by Ion
Microprobe

We used this instrument to analyze a
coked bimetallic catalyst (1.15% coke, cok-
ing conditions 1 (Table 2)) based on platinum
and iridium (Pt (0.58%)/Ir (0.08%)/Cl
(1.51%)). The concentration profiles are
shown in Fig. 5.

The aluminum signal shows few distur-
bances and defines the ‘‘roughness’’ on the
extrudate surface. The profiles on platinum,
iridium, and chlorine perfectly follow the
aluminum signal, indicating a homogeneous
distribution of the active elements within
the extrudates at least at the scale of the ion
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trudate determined by electron microprobe.
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PLATE 1. Views of coked catalysts at different magnifications: (A) Fresh catalyst; (B) 1.5% coke; (C)
16.5% coke.
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FiG. 5. Distribution profile of coke obtained by ion microprobe: (1) Al; (2) C; (3) Ir; (4) Pt; (5) Cl.

microprobe. For the carbon profile, how-
ever, very wide irregularities are observed
in the signal intensity, as in the analysis ob-
tained by electron microprobe.

Two different regions can be distin-
guished, namely areas quite free of coke
(zones A) where the carbon signal is very
low, and areas (zones B) where, on the con-
trary, the peak signal, close to the maximum
observed, reaches a size of about 20 to 100

wm,

3.2.4. Sorptometry Studies

This study concerned seven monometal-
lic catalysts (Pt (0.55%)) coked to increasing
contents (Table 3). The coking conditions
were identical for the first six samples A~F
but for sample G with a very high coke con-
centration (27.31%), we used more severe
coking conditions. The results obtained on
the samples are shown in Table 3. On the
whole, the pore volume and specific area
can be seen to decrease with increasing per-
centage of coke. The grain density in-

creases, while the structural density de-
creases.

Considering the pore volume and surface
area as a function of coke percentage (Fig.
6), we can observe a practically linear de-
crease in the pore volume. Simultaneously,
the surface area decreases sharply at low
coke contents, and then changes only
slightly at a high carbon concentration.

The pore distribution is also strongly af-
fected by coking (Fig. 7). On catalyst G, all
the pore sizes are affected by the coke. An
increase in the number of pores smaller than
50 A, resulting from the filling of the larger
channels, can also be observed.

An examination of the variation in struc-
tural density with coke deposition is inter-
esting, because it serves to calculate the
density of the coke deposited. Let us con-
sider the coked catalyst model shown in dia-
gram A in Fig. 8. For 1 cm? of catalyst, we
have the equations

Ven + Ve =1 (D
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TABLE 3
Definition of Catalysts Investigated and Results of Sorptometry Studies
Catalyst®

A? B? ct D E? F? G*
Percentage of coke deposited 0 1.63 3.63 8.52 12.56 22.55 27.31
Total Pore Volume (cm’ g~ 1) 0.60 0.62 0.61 0.49 0.52 0.40 0.39
Grain density 1.12 1.02 1.02 1.14 1.21 1.43 1.46
Structural density 3.39 2.67 2.58 2.36 2.68 2.61 2.50
Surface area (m? g~!) 203 196 186.5 169 171 180 173

Cylindrical pore model
Surface area (m? g™!) 234 227 214 178 167 188 160
Volume (cm®g™!) 0.64 0.61 0.61 0.54 0.52 0.44 0.39
Slit pore model

Surface area (m? g~1) 194 187 176 150 146 146 125
Volume (cm® g~ 0.64 0.60 0.60 0.54 0.52 0.43 0.40

@ Pt (0.55%)/y.~ALO;.

b Coking conditions. Temperature: 803 K, PPH (defined in Table 2): 3.5, H,/HC: 1, P: 5 bar, feed injected:

nC7 .

¢ Coking conditions. Temperature: 803 K, PPH (C¢Hy): 0.5, H,/C¢Hj: 1.6, P: 5 bar, feed injected: nC; + C Hg.

MCN + MC = dsc * Po (2)
(pp = 1gem™)
MCN
ETEE dsn ' (3)
Ven Po
MC T '
Moy 100 7 @

where

Ven: volume of fresh catalyst

Vc: volume of coke

Myt mass of fresh catalyst

M mass of coke

dg: structural density of coked catalyst
d,: structural density of fresh catalyst
7: percentage of coke.

We obtain the coke density p. = Mq/V,
given by the formula
1 T+ 1 1

— =7 - 5
Pc T dscpo T dsnp() ( )

The results obtained by application of this
formula to catalysts B—G are shown in Table

4. For low coke contents, the value of p, is
especially low. As the coke content rises, p,
increases. This variation cannot be ex-
plained by a structural change of the coke
during coking, especially in the light of the
density values for certain carbonaceous
products such as benzene (density 0.87), an-
thracene (density 1.28), and graphite (den-
sity 2.26).

The only possible explanation is pore
plugging without filling. Consider the coked
catalyst model in diagram B of Fig. 8. In

TABLE 4

Coke Density Calculated for Different Coked
Catalysts

Percentage of coke d, p. (g cm™?)

1.63 2.67 0.19

3.63 2.58 0.34

8.52 2.36 0.52

12.56 2.68 1
22.55 2.61 1.29
27.31 2.50 1.27
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FIG. 6. Variation in pore volume and surface area as a function of coke percentage.

comparison with the foregoing equations, it This expression again shows the terms of
is necessary to consider the void pore vol- Eq. (5), but with a corrective term added
ume Vy isolated from the rest of the catalyst. equal to Vy/M. If the isolated volume Vy is

The new equations are therefore determined from the first coke percentages,
_ .. andremains constant, the increase in depos-
Ven + Ve + Vy = 1 1) ited coke (M) tends to diminish the effect
My + Mo = dg. - pg (2") ofthefactor Vy/M.. Thus the apparent den-
(0 = 1gcm=Y) sity of the coke given by Eq. (5) approaches
Po= 18 the true density of the coke as the carbon

M . content increases (Table 4).

N _ 4. - py (3 nt incr s ( )

VCN
M T , , 3.3. LocALIZATION OF COKE ON A
=To0 " T “) MICROSCOPIC SCALE

Two types of techniques were used,
namely conventional transmission electron
1 _7+1 1 Vv sry microscopy and electron energy loss spec-

- =5 - - ‘ ( )
Pe T dsch T dsnpo MC troscopy.

The expression for p, thus becomes
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3.3.1. Conventional High-Resolution
Microscopy

We successively examined the fresh cata-
lyst and the coked catalyst containing 27.3%
coke (sample G, Table 3).

Plate 2 gives a general view of the fresh
catalyst. The support consists mainly of
plate-like particles 30 to 50 nm long, 5 to 10
nm wide, and 3 to 5 nm thick. These parti-
cles are gathered together in noncomposite
clusters, making up the catalyst micro-
grains. With an inclined beam and at high
resolution, the crystallographic planes (222)
and (400) (d = 0.228 and 0.198 nm respec-
tively) of the alumina are revealed (Plate 3).
For the coked catalyst (Plate 4), three types
of zone can be distinguished.

In a coke-free zone (Plate 4, Zone A) the
sample is identical in all respects to the fresh
catalyst. Any coke present in these zones
must be in the form of a very thin layer.

Slightly-coked zones (Plate 4, Zone B)
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PLATE 2. General view of fresh catalyst by conventional transmission electron microscopy (CTEM).



507

CARBONACEOUS DEPOSITS

“3sA[e1es UO BUNUN[E JO (00F) PUT (777) Soueld orydesdoqreisAi) ¢ 3LvId

' (007)
- \1



*2d 020101 UOI13[D AQ I1SATEIRD PIN0I JO MIIA § A

—
=
[Ba]
=
<
Z
et
a9
8]




509

CARBONACEOUS DEPOSITS

- Ad02S0ISIW HOL)[d [PUOTIUIAUOD AG PIMIIA UOZ PaNOO A[YSIH "¢ I1VId

‘v 10
3aisino




510

clearly highlight a Iayer of pregraphitic car-
bon. This layer only exists in places and the
carbon is generally poorly organized. The
coherent regions only measure a few A, and
the crystallographic (002) distances appear
to be greater than those of graphite (0.35 to
0.37 nm against 0.335 nm for graphite). The
fact that this carbon can be visualized im-
plies a thickness of few atomic layers. Cer-
tain zones reveal a much better organized
carbon. These zones are identified by black
arrows in Plate 4. Despite the nonrectilinear
projections, the crystallographic planes
(corresponding to graphitic sheets) extend
over about 15 A and offer a characteristic
image of a small crystallite. These lamellae
in the process of organization may grow

ESPINAT ET AL.

three-dimensionally, and the coke could
thus completely cover the support (Plate 4,
Zone C).

In highly coked zones, the support is bur-
ied in the coke (Plate S) which is up to sev-
eral hundred A thick. Here also the coke
is poorly organized or amorphous. Note in
addition the presence of a platinum crystal-
lite, with the metal imperfectly dispersed.
The metal appears to be covered with coke
and fairly well organized structures can also
be seen in its vicinity.

3.3.2. Analysis of a Coked Catalyst by
Electron Energy Loss Spectroscopy

The sample was identical to that in Sec.
3.3.1. Several zones measuring about 5 nm

Amorphous Carbon

T I
| UL L |

284V [T

s L

PLATE 6. Analysis of a coked catalyst by electron energy loss spectroscopy (EELS).
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were analyzed by electron energy loss spec-
troscopy (Plate 6). For zone 2, with a very
similar aspect of the previous A-region
(Plate 4), the energy loss spectrum shows
only two peaks, the elastic peak and the
plasmon peak. By contrast, zone 3, identical
to zones B or C (Plate 4), clearly shows
the K edge of the carbon (284 eV) and the
clearly-defined EXELFS oscillations. The
comparison of this spectrum with the one
obtained on an amorphous carbon (Plate 6)
clearly shows a specific EXELFS structure,
mainly displaying two more intense peaks at
290 and 316 eV. These observations confirm
the local existence of a rather well organized
carbonaceous deposit.

3.4. ANALYSIS OF THE COKE STRUCTURE

The analysis of the coke localization re-
vealed the existence of carbonaceous de-
posits of varying thickness on the catalyst,
in a large size range from a few dozen mi-
crons to a few A. Electron microscopy
showed that the coke could be organized to
some extent. We shall now clarify this point

~N
[ ]
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by directly analyzing the used catalyst or
the coke after dissolution of the catalyst
support.

3.4.1. X-Ray Diffraction Analysis

3.4.1.1. Analysis of coked catalyst. The
diffraction patterns of three specimens (Pt
(0.55%)/v.-Al,O,), S1, S2, and S3, with in-
creasing coke percentages are shown in Fig.
9. Sample S1 is the fresh catalyst, and cata-
lysts S2 and S3 have coke contents of 11.5
and 27.3% respectively. Sample S3 is very
similar to specimen G (Table 3); S2 was
coked following coking conditions 1 (Table
2). The overall diffractogram shows an in-
crease in the signal due to carbon scattered
intensity. This is especially intense at the
low angles. A characteristic band at about
20 = 25 degrees (d = 3.56 A distinguishes
the spectra of the coked catalysts from that
of the fresh catalyst. It corresponds to the
line (002) of pregraphitic carbon (dyy, =
3.35 A). This measurement confirms the de-
gree of organization of the coke that was
identified by electron energy loss spectros-
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copy. In the diffraction spectra (Fig. 9),
however, the carbon signal remains very
weak even at high coke ratios, and is often
masked by the signal of alumina.

3.4.1.2. Analysis of residual coke after
acid attack. For this study, we considered
a catalyst (Pt (0.55%)/Al,0;/coking condi-
tions 1 (Table 2)) containing 5.6% coke,
from which the alumina support was re-
moved by acid attack (Section 2.4).

The diffraction pattern obtained is shown
in Fig. 10. Note first an intense diffraction
band corresponding to line (002) well-known
in carbonaceous compounds, and represent-
ing the stacking of the graphite sheets. We
succeeded in determining the spacing be-
tween these sheets, which measured 3.5 A.
Using the Scherrer equation (Ly, = AA#
cos ) we calculated the size of the crystal-
line regions (002) to be close to 30 A, corre-
sponding to about ten superimposed sheets.

On an expanded scale (B), it is possible
to distinguish other lines. By referring to
the positions of the Bragg peaks of graphite
(Fig. 10) one can observe that the diffraction
spectrum of the coke is quite similar to that
given by graphite. Apart from the band cor-

responding to line (002), the most intense
band lies at 20 = 43.25 degrees, ord = 2.09
A. This corresponds to the sum of the two
bands corresponding to (100) and (101). We
thus verified a crystallographic organization
of the particle along these two directions
((100) and (101)).

3.4.2. Local Characterization of Coke by
High-Resolution Imaging and Electron
Diffraction

The carbon residue from acid attack of the
previous catalyst used for X-ray diffraction
study was observed.

3.4.2.1. Electron diffraction on selected
area of coke. Several crystals resulting from
acid attack were deposited on the sample
grid and analyzed by electron diffraction of
a selected area. The different situations en-
countered are summarized by the four dia-
grams in Plate 7.

The first, A, shows three diffuse rings cor-
responding to the graphite planes (002),
(100), and (110). They closely reflect a pow-
der diagram, but with a preferential orienta-
tion corresponding to the spotting of the two
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rings (002) and (100). The zone analyzed is
hence formed of many monocrystals.

The second diagram, B, reveals a prefer-
ential growth in the graphitic plane. The
change from diagram A is clearly visible.
The rings (100) and (110) are spotted and ring
(002) simultaneously disappears. Moreover,
note that ring (100) is no longer perfectly
circular, but becomes elliptical. This reflects
the existence of a turbostratic carbon. The
graphitic planes exhibit a slight mutual rota-
tion about axis 001.

Diagram C is formed of points located on
a hexagon, indicating the hexagonal struc-
ture of graphite. The region analyzed is
therefore probably well crystallized. A dou-
bling of the diffraction spots (see arrows)
is also observed, recalling twinning. Also
visible are the spots (002) for which axis 001
is not the zone axis. This may reflect an
ordered coke growth.

Case D shows two very intense spots
(002). Contrary to case B above, the stack-
ing of sheets is faster than the growth in the
plane.

All these results show a certain heteroge-
neity of the structure of the coke deposited
on the catalyst. To clarify all these data, it
was decided to produce an even more local
image of the coke structure using electron
microdiffraction.

3.4.2.2. Coke analyzed by electron mi-
crodiffraction. Plate 8 shows the analysis
conducted on six distinct zones of a coke
deposit collected after acid attack.

The first three pictures show the two rings
(100) and (110). In the first diagram, how-
ever, both rings appear circular, whereas
in the second, third, and fourth, the rings
become elliptical. This reveals an inclina-
tion of the zone analyzed in relation to the
incident electron beam. In the reciprocal
space, given the small sample sizes, we have
cylinders whose axis is parallel to the elec-
tron beam. If the sample is inclined, the
intersection of the diffraction plane with the
cylinder gives ellipses. This can be observed
with increasing inclination in pictures 2, 3,
and 4. However, we can see that pictures 1,
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2, and 3 are spotted, indicating an imperfect
organization of the planes, and confirming
the turbostratic character of the carbon de-
posited. This does not apply to pictures 4,
5, and 6, in which the order appears more
clearly. Picture 4 shows the carbon planes,
and planes (001) appear in pictures S and
6. In the latter case, the three-dimensional
order is visible simultaneously with a good
organization in the planes.

3.4.2.3. High-resolution images of coke
after dissolution. A number of interesting
views of the coke obtained by conventional
electron microscopy (Plate 9), showing
probably the largest deposits on the cata-
lysts, were selected. The first photograph
shows a carbonaceous deposit which cer-
tainly matched the shape of the pore, whose
traces can be identified. Some 20 planes
(002) were counted. The alumina has disap-
peared during dissolution, leaving these
sheets as a remainder from the volume that
they occupied.

The second picture also shows fairly recti-
linear planes. Each deposit has some 15 gra-
phitic planes, which agrees with the X-ray
diffraction results.

4. DISCUSSION

The results of the catalytic tests clearly
show that all the metallic and acidic func-
tions are affected by coking. A pronounced
loss of activity also occurs from the onset
of coking. This clearly demonstrates the im-
portance of catalyst conditioning, during
which the catalyst activity is reduced. This
loss of activity is not identical for the differ-
ent reactions occurring during reforming,
resulting in a change in selectivity. The sites
capable of promoting the cracking of the
molecules are more affected than those re-
sponsible for isomerization. For the metallic
function, the hydrogenolysing sites are
more poisoned than the benzene hydrogen-
ating sites.

Great heterogeneity also appears in the
coke distribution on the catalyst. As to the
coke distribution and texture, two essential
points stand out. The coke is not dispersed
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PLATE 8. Examples of coke microdiffraction after dissolution of alumina carrier.

in the form of a monolayer. On the contrary,
three-dimensional deposits appear from the
onset of coking. The highly heterogencous
character of the deposit on the scale of 1
um, as demonstrated by electron and ion
microprobes, extends to the scale of 1 nm.
The same applies on the microscopic scale.
On a very highly coked catalyst, it was pos-
sible to identify simultaneously zones bur-

ied in coke and, by contrast, zones that were
only slightly coked, if at all. Referring to
the Raman spectroscopy study (I/3) which
is more sensitive to the carbon content, it
appears that the coke deposits covering the
catalyst surface heterogeneously are pres-
ent at the beginning of coking. The deposits
which grow locally may plug the pores and
prevent molecules from reaching part of the
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PLATE 9. Conventional high-resolution microscopic view of coke after dissolution of alumina carrier.

catalyst. Two hypotheses can be considered
to explain this heterogeneity of coke depo-
sition.

The first is that the heterogeneous depos-
its depend on a specific local activity. It has
been pointed out that, if the support has
some macroporosity, the catalyst is more
stable (unpublished results from Institut
Frangais du Pétrole and patents). Another
possibility is a structural heterogeneity of
the alumina support. Observation of alu-
mina supports for catalysts shows that they
are generally microcrystalline. Thus the ex-
posed faces may be different (28) and corre-
spond to very different activities that are
more or less favorable to coking. Apart from
this inherent activity of the alumina, it is also
possible that a heterogeneous distribution of
the metallic phase and of the chlorine added
during impregnation occurs. Note, how-
ever, that based on the distribution curves of

the metallic elements, chlorine, and carbon
obtained by the ion microprobe, no wide
heterogeneity appeared on the macroscopic
scale. From this standpoint, a more detailed
analysis of the elemental composition and a
structural analysis would help to identify
any differences between coked and uncoked
regions.

The second hypothesis is that coke depo-
sition results exclusively from a random
process, in which the coke precursors grow
in the gas phase, as postulated by Trimm
(29) and Bortkevich et al. (5). They explain
the formation of these ‘tars’ by means of
Diels—Alder type reactions involving unsat-
urated hydrocarbons (olefins). The growth
of the coke in this case is a process of nucle-
ation, a process governed essentially by the
structure of the solid.

From the structural standpoint, the coke
exhibits a high degree of organization, since
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TABLE 5

Analysis of Polyaromatics in Reformates

Polyaromatics Fresh Coked
catalyst  catalyst
(ppm) (ppm)
a Me-naphthalene 1582 500
B Me-naphthalene 910 382
Higher aromatics up to 7700 4200
anthracene
Fluoranthene 13.4 <1
Benzo(a)pyrene 23.8 10.5
Benzo(b)fluoranthene 14.9 1.1
Benzo(ghi)perylene 30 11.3

X-ray diffraction revealed bands identical
to those observed for a graphite. A certain
heterogeneity of size and structure is identi-
fied in electron microscopy. Next to the
large deposits whose (001) planes are clearly
visible in conventional microscopy, a turbo-
stratic carbon is detected by microdiffrac-
tion. In diffraction mode on a selected area,
preferential growths in the plane or along the
(001) axis were found. Raman spectroscopy
(13) confirmed the pregraphitization of coke
on the catalysts investigated. Starting with
paraffinic compounds, a pregraphitic carbon
is thus obtained. However, an intermediate
step exists for the cyclization, which corre-
sponds to the formation of polyaromatic
compounds. We thus succeeded in identify-
ing different polyaromatic species present
in reformate and products (Table 5). Note
that the quantity of polyaromatics decreases
sharply after coking. It can be reasonably
assumed that a large part of these species
remains adsorbed on the catalyst as poisons.
These poisons can probably be desorbed
since they are present in the end product,
unlike the pregraphitic deposits that are irre-
versibly adsorbed. The structure of the coke
may depend on certain parameters, such as
the metallic function or the value of the H,/
HC (13). In particular, the increase in the
hydrogen pressure, (H,/HC) ratio on a
monometallic (Pt/Al,O;) catalyst, gives a
Raman spectrum (13) that is quite similar
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to the one obtained on the Pt-Ir bimetallic
catalyst. Thus the addition of the second
metal would have the same effect as an in-
crease in the hydrogen pressure, and hence
a decrease in coke precursors, as was pre-
viously postulated by Burch and Mitchell
(30) and by Coughlin et al. (31).

Based on the different observations made
on coke localization and structure, it can be
asserted that coke probably obeys a nucle-
ation mechanism. Seeds and unsaturated
molecules are developed in certain regions,
which then grow to produce the coke depos-
its observed. According to the well-known
mechanisms of nucleation and growth, a
smaller number of initial precursors favors
growth in the direction of larger deposits.
By contrast, if the catalyst first produces a
large number of precursors, the nucleation
rate is greater than the growth rate, giving
small scattered coke deposits. While it is
clear that an increase in the hydrogen pres-
sure generally decreases the quantity of the
more or less unsaturated species which are
the coke precursors, the question arises as
to whether the addition of a second metal
can also eliminate all the precursors or only
some of them selectively, i.e., those which
are very harmful for coking. For instance,
some authors (3, 4, 6) have shown that cer-
tain hydrocarbons are more coking than oth-
ers, while all of them have stressed the
harmful influence of pentane hydrocarbons.

5. CONCLUSIONS

We have demonstrated that the effect of
coking varies according to the catalytic re-
actions carried out, and that metallic or
acidic sites are affected differently accord-
ing to the type of reaction promoted.

The coke localization is very heteroge-
neous. Certain regions are covered by the
carbonaceous deposit, while others remain
uncovered. This is true both from the mac-
roscopic and microscopic standpoints. For
a better understanding of these differences,
it would be interesting to use electron mi-
croscopy to characterize the underlying alu-
mina support, both from the structural
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standpoint and from the standpoint of the
species present at the surface, such as the
metallic phase or the chlorine.

Structural heterogeneities of the carbon
were also identified. This appears to be well
organized, and its structure is strongly in-
fluenced by the H,/HC ratio.

Simultaneously, the effect of certain bi-
metallic pairs, such as Pt-Ir and Pt-Re,
closely resembles that of hydrogen. It would
be highly interesting to determine, as sug-
gested during the discussion, whether this
actually reflects a change in the production
of coke precursors. A fixed analysis of the
reaction products, and especially of the
polyaromatic compounds, should help to
clarify this matter.
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