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Résumé — Étude de mécanismes de l’activité des catalyseurs d’hydrocraquage avec fort cokage —
La désactivation des catalyseurs par cokage a un impact direct sur la viabilité économique des procédés
de raffinage d’hydrocarbures lourds, tels que la liquéfaction du charbon et l’hydrotraitement des résidus
pétroliers. Le cokage est responsable de la perte rapide de l’activité du catalyseur qui a lieu
principalement au début de l’hydrocraquage. Dans ce travail, les effets sur l’activité catalytique liés aux
dépôts de carbone ont été étudiés sur un catalyseur à base d’argile de type chrome-montmorillonite.
L’activité catalytique lors de l’hydrocraquage d’un extrait de charbon a été évaluée par la méthode de
distribution des points d’ébullition des produits et réactifs. Ces derniers furent analysés par
thermogravimétrie (TGA), puis caractérisés par chromatographie d'exclusion stérique (SEC) et
spectroscopie de fluorescence. Lors de deux expériences successives de 2 heures chacune et pour
lesquelles le catalyseur fût réutilisé, il a été constaté que la Cr-montmorillonite conservait toute son
activité. Ceci en dépit d’un dépôt important de carbone, d’une diminution de sa surface d’échange et
d’une obstruction apparente de ses pores. Certaines observations peuvent contribuer à l’explication de
cette persistance de l’activité catalytique. Tout d’abord, des indications suggèrent l’aspect dynamique des
dépôts de carbone, qui échangeraient continuellement de la matière avec la phase liquide, permettant
ainsi à l’activité catalytique de perdurer. Ensuite, une analyse par microscopie électronique à balayage
(MEB) de la Cr-montmorillonite, exposée lors des expériences, montre un dépôt localisé sur certaines
zones du catalyseur, laissant ainsi une partie de la surface relativement libre. Enfin, les résultats de MEB
couplé à un spectromètre X, suggèrent aussi que les dépôts sont plus clairsemés sur les zones où la phase
active du catalyseur est en forte concentration. L’hydrogénation au niveau des sites actifs rendrait les
dépôts plus solubles dans la phase liquide, libérant ainsi les zones adjacentes aux sites actifs.
Abstract — Mechanisms of Catalytic Activity in Heavily Coated Hydrocracking Catalysts — Catalyst
deactivation by coke deposition has a direct impact on the economic viability of heavy hydrocarbon
upgrading processes, such as coal liquefaction and oil residue hydroprocessing. Coke deposition is
responsible for rapid loss of catalytic activity and it mostly takes place in the early stages of
hydrocracking. The effect of carbonaceous deposition on the catalytic activity of a chromium pillared
montmorillonite has been studied in the present work. Its catalytic activity in hydrocracking a coal
extract was evaluated based on the boiling point distributions of feed and products obtained by
thermogravimetric analysis (TGA), and their characterisation by size exclusion chromatography (SEC)
and UV-Fluorescence spectroscopy (UV-F). A large deposition on the catalyst was observed after two
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successive 2-hour long runs in which the catalyst recovered from the first run was reused in the second.
The pillared clay retained its activity even though it showed high carbon loading, a large drop in surface
area and complete apparent pore blockage. Some observations may contribute to explain this persistent
catalytic activity. First, there is evidence suggesting the dynamic nature of the carbonaceous deposits,
which continuously exchange material with the liquid, allowing catalytic activity to continue. Secondly,
Scanning Electron Microscopy (SEM) on the used Cr montmorillonite has shown preferential deposition
on some regions of the catalyst, which leaves a fraction of the surface relatively exposed. Finally,
evidence from SEM coupled to X-ray microanalysis also suggest that deposits are thinner in areas where
the active phase of the catalyst is present in higher concentrations. Hydrogenation on the active sites
would make the deposits more soluble in the liquid clearing a surrounding area from deposits.

INTRODUCTION
Three main mechanisms leading to catalyst deactivation have
been identified: deactivation by coke deposition or “fouling”,
by metals and by pore mouth constriction and blockage
[1, 2]. Coke deposition occurs in the early stages of
hydroprocessing and it reaches a pseudo steady state,
whereas deactivation by metal deposits continues over a
longer time scale [2-4]. Pore blockage becomes relevant at
later stages and it is irreversible, forcing the end of the run
and the regeneration or replacement of the catalyst.
The effect of coke deposition on the deactivation process
is more marked than that of metal deposits. The deactivation
effect of metals has been qualitatively described as very
weak on hydrogenation and weak on the cracking function.
By contrast, the effect of coke deposition on the catalytic
activity was regarded as strong on hydrogenation and very
strong on cracking [5]. The study of catalyst deactivation in
the present work focuses on deactivation by coke deposition.
The pore size of hydrocracking catalysts was reported to
be an important factor in hydrocracking and heteroatom
removal of asphaltenes and preasphaltenes [6]. Larger pores
improve the access to the catalyst by the larger molecules
present in these feeds. In an attempt to design materials
which can accommodate larger molecules, pillared clays
were tested in this laboratory [7, 8]. In these compounds, the
separation between clay layers is modified by inserting an
ion, which must provide both structural stability and an adequate gap between layers to allow the reactants to diffuse into
the catalyst. These catalysts exhibit a high permanent porosity. A lower pillar density leads to bigger galleries in the catalyst, which would favour the access of larger molecules into
the catalyst pores. However, a high pillar density provides
higher mechanical stability. Hence catalyst design must
involve a compromise between these two factors.
Pillared clays have been tested in several applications: as
catalysts for heavy oil upgrading [9-11], polyethylene catalytic
cracking [12], denox processes [13], clean up of aqueous environments [14, 15] and sorption of humic substances [16].

In an earlier screening study, some pillared clays
showed promising levels of activity as catalysts for coal
and oil hydrocracking [7, 8]. In these studies, a chromium
montmorillonite was identified as one of the most effective
catalysts among them in reducing the molecular sizes in
the feedstock [7].
A new set of pillared clays were developed in subsequent
work [17]. These catalysts included tin and chromium-pillared laponites and montmorillonites prepared by different
methods. Their hydrocracking performances have been presented elsewhere [17]. This work aims to study in more detail
the effect of carbonaceous deposition on CM3, one of the Crmontmorillonites tested. Possible explanations for its sustained activity despite the heavy carbonaceous coating are
suggested in this paper.
1 EXPERIMENTAL
1.1 Hydrocracking Experiments
The hydrocracking reactions were carried out in a microbomb reactor described in previous work [19]. The experimental conditions applied to catalyst testing were 19 MPa
hydrogen pressure and 440°C. A coal liquefaction extract
from a pilot plant operated by British Coal at Point of Ayr,
Wales, in the late 80’s and early 90’s was used as feed in this
work. The Point of Ayr (PoA) liquid extract has been extensively analysed in previous work in this laboratory [31, 32].
1 g of sample and 250 mg of catalyst were used in each
run. The reactor was immersed in a fluidised sand bath heater
where it reached 440ºC, being subsequently kept at that temperature for two hours. After this period, the reactor was
removed from the sand bath, cooled down to ambient temperature and depressurised. It was then washed with a mixture of
chloroform and methanol (4:1 v/v) to recover all liquid and
solid products. This reaction mixture in CHCl3/CH3OH
was filtered to separate the soluble products from the
solids, consisting of catalyst coated with carbonaceous
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deposits. Millipore glass filter holder with Whatman No. 1
qualitative filter paper was used. The catalyst was thoroughly
washed with chloroform:methanol mixture in order to
remove the soluble materials. Afterwards, it was dried in a
vacuum oven at 60°C for 3 hours to eliminate
CHCl3/CH3OH and weighed. The carbonaceous content of
the solids was measured by thermogravimetric analysis
(TGA) as described below. Scanning electron microscopy
(SEM) was also run on the coated catalyst sample.
Regarding the soluble products, the CHCl3/CH3OH mixture was evaporated using a rotary evaporator until a
CHCl3/CH3OH content lower than 1% is reached. The sample
weight was then recorded. Small portions of this sample are
used for TGA-based boiling point determination, size exclusion chromatography (SEC) and UV-fluorescence (UV-F).
The catalysts coated with carbonaceous materials were
reused in a second two-hour experiment to hydrocrack fresh
Point of Ayr liquefaction extract, following the same experimental procedure described above. These experiments aimed
to simulate in a batch reactor the conditions found in commercial operation, where coated catalyst is continuously
exposed to fresh feed.
The synthesis of the Cr-montmorillonite, which was performed by a partner group at Aston University, has been
described elsewhere [17]. A commercial NiMo/Al2O3 (PBC90) was employed as reference catalyst.
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suring the fraction evaporated as a function of temperature. A
calibration which relates the temperature on the TGA pan at
which volatilisation occurs with boiling point is used. This
method overcomes limitations of the standard simulated distillation based on gas chromatography (GC), as this coal
extract contains a heavier fraction composed by materials too
large to elute through a GC column. The carbonaceous content of the used catalysts was also determined by TGA [19].
1.3 UV-Fluorescence Spectroscopy
Synchronous, emission and excitation UV-fluorescence (UVF) spectra have been obtained in a Perkin-Elmer LS50
Luminescence Spectrometer operated in the static-cell mode.
To record the emission spectrum the sample was excited at a
constant wavelength and the emission recorded in the full
range of wavelengths. The excitation spectrum was obtained
by varying the excitation frequency while keeping the recording wavelength fixed. In the synchronous spectrum both
excitation and emission are simultaneously varied. In this
case, the wavelength difference between excitation and emission is kept constant at 20 nm. In this mode, fluorescence of
sample solutions in NMP has been measured between 250
and 800 nm. The samples were scanned at 240 nm/min.
1.4 Size Exclusion Chromatography

1.2 Conversion
Assessment of the catalysts was based on their ability to
hydrocrack the fraction of the feed with boiling point above
450ºC into lighter materials. Conversion has been defined in
previous work [8, 18] as:
Conversion =

w feed i( f> 450 ºC ) feed − wliq i( f> 450 ºCC )liq − wsol iΔfcarb
w feed i( f> 450 ºC ) feed

(1)

where wfeed, wliq and wsol are the weights of feed, liquid products, and solids recovered after hydrocracking respectively.
(f>450°C)feed and (f>450°C)liq are the fractions of material with
boiling point above 450°C (“>450°C”) in the feed (38%) and
liquid products respectively. Δfcarb is the fraction of carbonaceous layer due to “new” deposition on the catalyst, i.e. without taking into account the amount of carbonaceous material
present on the catalyst at the beginning of the run. This definition of conversion includes the solids deposited on the catalyst as part of the “>450°C” fraction in the products. This
correction is performed to avoid obtaining apparently high
conversions just by removal of “>450°C” material as
deposits on the catalyst rather than by actual hydrocracking.
The “>450°C” fractions in feed and products were determined by TGA employing a simulated distillation method
developed in this laboratory [19]. Briefly, the method consists in heating the sample under a flow of helium and mea-

The size exclusion chromatography (SEC) system and its calibrations have been described elsewhere [20, 21]. Briefly, a
polystyrene/polydivinylbenzene SEC “Mixed-A” column
from Polymer Laboratories Ltd was used in this work. The
eluent was N-methyl pyrrolidinone (NMP) at a flow rate of
0.5 mL/min. Detection was performed by ultraviolet absorption at five wavelengths 280, 300, 350, 370 and 450 nm and
evaporative light scattering. The area under the chromatograms was normalised employing software developed in
this laboratory in order to facilitate comparison between runs
in which different sample concentrations were used.
1.5 Surface Area Measurements
A Micromeritics 2000 ASAP surface area analyser was used
in surface area measurements. Approximately 200 mg of
sample were used for each analysis. The standard method
based on the adsorption of nitrogen on the surface was
applied [22]. Beforehand, the samples were dried overnight
at 150°C in a vacuum oven in order to remove moisture and
adsorbed gases from the catalyst pores. The method developed by Brunauer, Emmett and Teller (BET method) to calculate the surface area was applied. Pore size distributions
were obtained by the BHJ method (developed by Barret,
Halenda and Joyner) based on the desorption isotherm.
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1.6 Scanning Electron Microscopy and X-ray
Microanalysis
A JEOL JSM 840 scanning electron microscope (SEM) has
been employed. Its maximum resolution is 10 nm and it is
capable of quantifying elements present in the sample by X-ray
microanalysis to an accuracy of within 0.1%. Elemental data
can be presented either as a table showing the composition in
a given number of points over the sample or as maps of surface concentration of the elements.
The samples were coated beforehand with a thin layer of
carbon to improve electrical conductivity over the surface.
This layer is sufficiently thin (150 Å) and uniform to avoid
confusion with the carbonaceous deposition during the
hydrocracking process.
X-ray microanalysis has been carried out on the catalyst
surface to identify the elemental composition of the sample.
The X-ray analysis is performed over a 0.8 m sided square
and it penetrates 3 to 4 μm under its surface. The SEM and
X-ray microscopy detectors are located in different positions.
As a consequence, some zones of the SEM micrograph
which appear dark may show signal in the elemental distribution and vice versa.
2 RESULTS AND DISCUSSION
2.1 Activity of the CM3 Cr-montmorillonite
As mentioned above, several pillared clays have been tested
as hydrocracking catalysts [17]. Catalysts were evaluated in
terms of conversions of the material with boiling point
above 450ºC into lighter products. Molecular mass distributions and relative sizes of fused aromatic rings in the products were determined by SEC and UV-F respectively. The
Cr-montmorillonite CM3 was the best performing among
the pillared clays tested and was therefore selected for further studies on the mechanisms of its catalytic activity carried out in this paper. Two successive 2-hour long experiments were carried out; the catalyst recovered from the first
run was reused, without removal of the deposits, in a second 2-hour experiment. The conversions achieved in those
experiments are shown in Table 1. Conversions obtained
employing a commercial NiMo/Al2O3 are also shown for
comparison.
A large deposition of carbonaceous material on the fresh
CM3 was observed during the first run. Carbonaceous
deposits represented 35% of the total solids recovered after
this run, the remaining 65% being catalyst. When the CM3
catalyst was reused, conversion increased from 29% (fresh
catalyst) to 45%. Although the increase in conversion
observed in the second run may appear counter-intuitive,
this is a consequence of the large deposition observed in the
first run. It must be noted that according to the definition of

conversion applied in this work, material deposited on the
catalyst is not counted as converted. As mentioned above,
this is in order to distinguish active hydrocracking catalysts
from materials on which a large fraction of the feed would
simply be adsorbed. Therefore, the conversion is relatively
small in the first run, when the deposition is large, at the
point of being only marginally better than that found in the
non-catalysed run. A smaller deposition (4%) took place on
the already coated catalyst. A similar effect was observed
for the commercial NiMo/Al2O3. The level of conversion
achieved with CM3 in the second run was as high as that
obtained with NiMo/Al2O3.
TABLE 1
Conversion and deposition on the catalyst for CM3 and NiMo/Al2O3 in
two successive two-hour long runs
1st run
Catalyst

2nd run

Carbonaceous
Carbonaceous
Conversion
Conversion
deposits (Δfcarb)
deposits (Δfcarb)

CM3

35

29

4

45

NiMo/Al2O3

26

36

16

45

No catalyst

-

21

-

-

The activity of CM3 as hydrocracking catalyst is also supported by UV-F and SEC analyses of the products. The SEC
chromatograms of the Point of Ayr liquefaction extract

0.009
PoAe
0.008

Intensity (arb.)
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CM3 - 1st use

0.007

CM3 - 2nd use

0.006

No catalyst

0.005

NiMo - 1st use
NiMo - 2nd use

0.004
0.003
0.002
0.001

0
12
-0.001

14

16

18

20

22

24

Elution time (min)

Figure 1
SEC chromatogram of the feed (POAe) and hydrocracking
products from runs using NiMo/Al2O3, CM3 and no catalyst.
Only detection by UV absorbance at 300 nm is shown.
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Figure 3

Synchronous UV-F spectra of the feed (PoAe) and
hydrocracking products from runs using CM3 and no
catalyst.

Pore size distributions of fresh NiMo/Al2O3 and CM3.

(POAe) and the liquid products from the reaction catalysed
by CM3 and NiMo/Al2O3 are shown in Figure 1. The chromatogram of the hydrocracking products obtained without
catalyst is also shown for comparison. The excluded peak
disappeared and the retained peak shifted towards longer elution times (smaller molecular sizes) than that of the feed for
all products from the catalysed reactions. The shifts towards
smaller sizes achieved with the reused CM3 was not as large
as after the first use.
UV-F spectroscopy was applied in the qualitative analysis
of relative sizes of polynuclear aromatic rings in these samples. The synchronous UV-F spectra of the products from the
runs catalysed with CM3 showed shifts towards shorter
wavelengths than the spectrum of the feed (Fig. 2), indicating
a decrease in the size of aromatic rings in the products relative to the feed. The shift to shorter wavelengths was smaller
in the second run than in the first use of the catalyst, suggesting the presence of larger aromatic rings in the second run
products.
Summarising, CM3 proved to be still active after 4
hours of use, despite its high carbonaceous content. The
conversions achieved with the reused catalyst increased
relative to the first use, although the liquid products
obtained seemed to be slightly heavier. These results may
be due to the lower deposition levels in the second run,
which would leave a larger part of the “>450°C” fraction
in solution.

2.2 Effect of Coke Deposition on the Physical
Properties of the Catalysts
CM3 exhibited a larger surface area than the NiMo/Al2O3.
However, the pore size distribution of the fresh
NiMo/Al2O3 was much broader than that of CM3 as shown
in Figure 3. While the NiMo/Al2O3 showed a distribution
centred at 9 nm and expanding up to nearly 50 nm, a very
narrow pore diameter distribution was observed in the pillared clay. The fresh CM3 has a large pore volume in pore
diameters ranged from 3 to 5 nm, but negligible pore volume is found outside this range. A sharp drop in the surface area of the Cr-montmorillonite was observed after 4
hours in operation. The surface area of the catalyst recovered from the reactor was in the order of 1 m2/g, although
it must be noted that the experimental error in measuring
such a small surface area is large.
After 4 hours hydrocracking, the porosity of the pillared
clay decreased to about a thousandth of that of the fresh catalysts. The small pores appeared to have been blocked by the
deposits. No reliable total pore volume and average pore
diameter were obtained for the used pillared clay as their values were too small.
There is then an apparent contradiction between the sustained catalytic activity of the chromium montmorillonite catalyst and its drastic reduction in surface area and pore volume
within the first four hours on stream. Some observations that
may contribute to understand this phenomenon are presented
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Figure 5

Pore size distributions of fresh and coated NiMo/Al2O3.

Pore size distribution of the starting catalyst (coated
NiMo/Al2O3) and the catalysts recovered from the reactor
after 0, 10 and 30 minutes.

below. They include the dynamic nature of the carbonaceous
deposits, the preferential deposition on some regions of the
catalyst and the hydrogenating effect of the Cr active sites,
which clear from deposits a surrounding area. These explanations should be considered additional to the mechanism of
hydrogen shuttle through the carbonaceous layer proposed in
early work [30].
2.2.1 The Dynamic Nature of the Carbonaceous Deposits

Studies on the hydrocracking of coal extracts at different
reactions times using a commercial NiMo/Al2O3 catalyst
[18] suggest that the deposits are dynamic and a continuous exchange of large amounts of material between the liquid and the catalyst surface take place. The NiMo/Al2O3
catalyst was coated with a carbonaceous deposit beforehand in order to study the interaction between fresh feed
and a catalyst which has been on stream for some time.
Catalyst preparation and these experiments have been
described elsewhere [18].
Figure 4 shows the pore size distribution of the
NiMo/Al2O3 before and after coating. Although coating
produced a general decrease in the pore volume for all
pore diameters, the shape of the distribution remained
similar to that of the fresh catalyst. A sharper drop in pore
volume is observed in the region of pore diameters
between 4 and 8 nm. The maxima of both distributions
were at nearly 10 nm.

100

The coated NiMo/Al2O3 was then used as catalyst in 0,
10 and 30 minute runs. After the “0 minute” (heat-up only)
hydrocracking run, significant changes in the pore size distribution of the catalyst were observed (Fig. 5). There was
a net decrease in the volume of pores around 10 nm while
a remarkable increase in volume was observed for pores of
5 nm in diameter and below. It seems that the initial deposition on the catalyst tended to produce pore mouth constriction and reduce the size of the larger pores.
The deposits showed a dynamic behaviour and the
reduction in pore diameter was partially reversed between
0 and 10 minutes. The volume of the smaller pores (below
5 nm) decreased and that of pores with diameters between
5 and 20 nm increased. This reflected on the average pore
diameter, which increased from 7.3 to 10 nm measured by
BET. The change in the pore size distribution was associated with a reduction in the amount of deposits. The total
surface area remained constant within these 10 minutes.
More complete data on surface area have been presented in
reference [18].
Between 10 and 30 minutes the volume of the larger
pores slightly decreased whereas that of the smaller ones
increased marginally. This is in line with other works suggesting a gradual built-up of carbonaceous deposits on the
catalyst after the initial deposition [23, 24]. The BET average pore diameter showed a small decrease from 10.2 to
9.4 nm and the surface area showed no changes.
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2.2.2 Preferential Deposition on Some Regions of
the Catalyst

Samples of CM3 after the first and second use have been
examined by scanning electron microscopy and X-ray
microanalysis. SEM and X ray microscopy of CM3 after the
1st use are shown in Figure 6. The large scale SEM image
(Fig. 6a) showed a relatively large extent of carbonaceous
deposition (in red in the micrograph). However, when the
scale is magnified it is possible to observe that the carbonaceous layer was preferentially deposited in some regions.
Figure 6b, shows the distribution of carbon in red and those
of Si and Al in green and blue respectively. Five points in
that micrograph were selected (Fig. 6c) to measure elemental composition by X-ray microscopy. This analysis revealed
C:Si ratios varying from 2.7 to 44.7, as indicated in Table 2.
This shows that the carbonaceous layer was not uniformly
distributed and that despite the large overall deposition some
areas of the catalyst were still accessible.
TABLE 2
Al:Si and C:Si ratio measured by X-ray microscopy in five points shown
in Figure 6c
Point No.

Al:Si ratio

C:Si ratio

1

0.31

6.2

2

0.12

23.0

3

0.31

23.5

4

0.20

2.7

5

0.21

44.7

2.2.3 Activity of Chromium Sites Clearing an Area
Surrounding the Active Site

The CM3 was reused and SEM and X-ray microscopy after
2nd use are presented in Figure 7. Figure 7a shows several
catalyst particles and the Cr concentration mapped in red. Cr
does not seem evenly distributed; there are some zones with
particularly high concentration. The carbonaceous deposition
is heavy in some regions as can be observed in the carbon
profile (Fig. 7b). Si, Al and O showed similar profiles among
themselves reflecting the composition of the clay particles
(Figs. 7c, d, and e, respectively).
A region centred in the zone of higher Cr concentration
was magnified. Figure 7f shows the carbonaceous deposits
(blue), the Cr concentration (red) and the silica in the clay
(green). At this smaller scale, it is obvious that the deposits
are not uniformly distributed.
The carbonaceous layer seems to be thinner in areas where
the Cr concentration is higher. This result is in line with
observations of preferential carbonaceous deposition on the
catalyst support presented in the literature [25-27]. A model
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proposed by Diez et al. [28] suggested that the hydrogenation
on the active sites clears a surrounding area from deposits.
Richardson et al. [29] found that this model successfully fitted the dependence of coke deposition on hydrogen pressure,
reaction time, feed to catalyst ratio and feed composition.
The lack of homogeneity in the deposits may suggest that
chromium has high hydrogenating activity, and may provide
an explanation for the persistent catalytic activity observed
even though the deposition levels were high.

CONCLUSIONS
CM3, a Cr-pillared montmorillonite, exhibited an interesting
level of hydrocracking activity, comparable to that of a
NiMo/Al2O3 commercially used. Surface area measurements
showed that this pillared clay catalyst had a larger surface
area than the commercial NiMo/Al2O3 used as reference.
However, it showed a much narrower pore diameter distribution, concentrated in the region between 3 and 5 nm.
After 4 hours in operation both the surface area and the
porosity of CM3 showed a marked decrease, consistent with
the large deposition of carbonaceous materials measured by
TGA. On the other hand, the NiMo/Al2O3 catalyst showed
more resistance to drops in surface area and pore blockage,
likely due to its larger pore size distribution.
Some observations that may help to understand the sustained activity of the CM3 are presented in this work.
Firstly, the carbonaceous layer is dynamic and an active
exchange with the bulk liquid takes place, at least within
these first few hours. Moreover, the carbonaceous materials seem to deposit preferentially over some zones of the
catalyst, leaving other regions still relatively exposed after
4 hours of operation. In addition, some SEM micrographs
show that regions with higher Cr contents might present
lower deposits. This suggests that the presence of hydrogenation activity in the Cr sites clears a surrounding area
from deposits. This behaviour in the active sites has been
reported previously in the literature for NiMo catalysts [28,
29] and a similar effect could partially explain the persistent activity of the CM3 catalyst in spite of the high levels
of carbonaceous deposits.
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Figure 7
(a) SEM of the CM3 used twice; the Cr distribution is shown in red; (b) Carbon X-ray microanalysis profile; (c) Si X-ray microanalysis
profile; (d) Aluminium X-ray microanalysis profile; (e) Oxygen X-ray microanalysis profile; (f) The area richer in Cr is magnified; X-ray
microanalysis profiles of carbon (blue), silicon (green) and chromium (red) are shown.
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