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Abstract

NMR occupies an important place in the study of the deactivation of zeolites by coking. Indeed, association of the resonances
of several nuclei has shown that it is possible to investigate: the nature of the carbonaceous deposits; under certain conditions,
the coke content; the mode of zeolite deactivation; the exact location of the internal coke and the evolution of its distribution
with the coke content, the presence of carbonaceous residues at the crystallite surface; the effect of zeolite structure and the
nature of the reactant on coking and regeneration. It also reveals the role of extraframework aluminium species and that of certain

[attice Al atoms in the coking process.
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1. Introduction

The deactivation of catalysts, especially zeo-
lites, during cracking, hydrocracking, methanol
conversion, etc., is one of the major technological
and economic problems of the chemical industry
[1]. The interest in these materials lies not only
in their high catalytic activity and selectivity but
also in the possibility of regenerating them several
times so that their ‘lifetime’ is compatible with
the cost of their production. Consequently, it is
necessary to understand the manner and the rate
of catalyst deactivation as well as the nature of the
carbonaceous residues formed, commonly called
‘coke’. This generic term covers all sorts of
organic materials deposited on a catalyst during a
reaction and causing its deactivation. Many stud-
ies [2-6] have been performed in order to deter-
mine the nature and the composition of the coke

1381-1169/95/$09.50 © 1995 Elsevier Science B.V. All rights reserved

SSDI1381-1169(94)00030-1

(a complex mixture of carbon compounds, poly-
aromatic or not; we shall speak of coke ‘mole-
cules’ though well aware that this is generally
incorrect), its mode of formation (nature of the
precursors ), its location (in the zeolite crystallites
or at the external surface of the zeolite) and the
mode of deactivation of the zeolite (blockage of
pores or poisoning of the active sites). The general
conclusion is that the formation of carbonaceous
deposits and their action upon the zeolites depend
on their pore structure, the nature of the reactants
involved and the experimental conditions (reac-
tion temperature, reactant pressure, etc). By
example the very rapid deactivation of H-morden-
ite is related to its one-dimensional structure. The
presence of a coke molecule in a channel makes
all the active sites in the channel inaccessible to
the reactants [ 5,7]. In this case there is pore block-
age. As regards HY and H-ZSM-5 zeolites,
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although they both have a three-dimensional lat-
tice, the nature and the formation of coke, and the
rates of coking and deactivation are very different
[6]. One cannot therefore attribute the deactivat-
ing effect of coke simply to pore blockage. This
effect is more pronounced for HY than for H-
ZSM-5 [5]. This can be explained by a hetero-
geneous distribution of the coke, which attaches
itself initially to the strongest acid sites of HY [8]
causing their deactivation. In the case of H-ZSM-
5, in which all the active sites are equally strong
[9], coking is homogeneous and the deactivation
is directly related to the coke concentration [6].
The many techniques which have been devel-
oped to study coking can be classified as follows:
(i) Chemical: the adsorption of molecules of
different sizes gives information about the
location of the coke [5]; solvent extraction
[10] is used to identify its chemical nature.

(ii) Physical: X-ray diffraction [11] and elec-
tron microscopy [ 12] (coke location); EPR
[13] (existence of paramagnetic centres);
IR [14] (chemical nature of coke, variation
of the concentration of active sites during
deactivation): NMR [8,15-18] (nature,
location, involvement of the lattice in deac-
tivation, variation of the number of active
acid sites, etc.).

Among these techniques, NMR occupies a par-
ticularly important place because of the diversity
of the nuclei which can be studied (*3C, 2’Al, #°Si,
'H and '*Xe) and the development of high reso-
lution solid NMR. For this reason, in this article
we shall make a special effort to demonstrate its
advantages and the contribution of each of the
nuclei listed above to the understanding of the
phenomenon of coking.

2. Study of zeolite coking by *C-MAS-NMR

The first nucleus used to characterise the nature
of the carbonaceous residues formed in zeolites
was of course '*C. The development of sophisti-
cated techniques such as magic angle spinning
(MAS) and crossed polarisation (CP) as well as

the use of strong magnetic fields amply compen-
sates for the low natural abundance (1%) and the
low detection sensitivity (1072/'H) of this
nucleus. Moreover, the observed chemical shifts
are large (0-300 ppm), which makes it easy to
distinguish the different types of coke formed
(paraffinic, olefinic, aromatic, polyaromatic). It
must be noted however that the use of crossed
polarisation makes quantitative analysis more dif-
ficult. Most of the '*C NMR studies on coking
concern Y and ZSM-5 zeolites, since these are
catalysts greatly used in the chemical industry, the
first for the cracking of heavy oils obtained by
fractional distillation of crude oils, the second par-
ticularly for the transformation of methanol into
gasoline. Because they are easy to use, large-pore
acid zeolites may be preferred to concentrated sul-
phuric acid or anhydrous hydrofluoric acid as
catalysts in the production of high-octane gasoline
by alkylation of isobutane with light olefins. How-
ever, their selectivity decreases rapidly, doubtless
due to poisoning of the strongest acid sites by
carbonaceous deposits [25].

Derouane et al. [17] were the pioneers of this
type of study, since as of 1982 they used this
technique to identify carbonaceous deposits
formed in situ on zeolites during methanol con-
version (in the presence of H-ZSM-5 and H-mor-
denite) and that of ethylene (on H-ZSM-5). The
nature of these residues depends both on the type
of zeolite and on the reactant. Thus, the conversion
of methanol on H-ZSM-5 leads to a wide distri-
bution of aliphatic compounds (10 < § <40 ppm)
and to some aromatic compounds (125 <6< 145
ppm) (benzene, toluene and xylene) and to
straight-chain and branched olefins (8 about 150
ppm) (Fig. 1-a). The isoparaffins are more abun-
dant than straight-chain paraffins, in agreement
with classical data on the conversion of methanol
on H-ZSM-5 [19]. On H mordenite it leads to a
distribution more limited in aliphatics 13 < § <25
ppm) (no isoparaffins) but broader in aromatics
(130-170 ppm), (Fig. 1-b) including polyaro-
matics. The absence of aliphatics with 5 carbon
atoms and isoparaffins is a result of the large pore
size, which facilitates the conversion of C4 and
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Fig. 1. CP/MAS-13-C NMR spectra of the carbonaceous deposits
from the catalysed methanol conversion to hydrocarbons by: (a)
zeolite H-ZSM-5; (b) zeolite H-Mordenite. (adapted from [17]).

Aromatics

C6 olefins to aromatics [21] and also the forma-
tion of polyaromatics, as has been shown by
Walsh and Rollmann [20].

To prove the dependence between the reactant,
the operating conditions and coke formation, Der-
ouane et al. [22] studied the conversion of eth-
ylene under various experimental conditions. On
dehydrated H-ZSM-5 zeolite, ethylene reacts rap-
idly at ambient temperature to give a straight-
chain polymer (Fig. 2-a). The adsorption of water
followed by treatment at 573 K leads to high
molecular weight polymer cracking products
(Fig. 2-b).

These first results obtained by '*C CP/MAS
NMR make it possible therefore to show how the
nature of the carbonaceous deposits depends on
the zeolite structure, the type of reactant involved
and the operating conditions, but they do not dis-
tinguish between coke inside the crystallites and
that deposited on the external surface. Moreover,

the in situ study does not allow a distinction
between the reaction products and the carbona-
ceous deposits.

On the other hand, Lange et al. [23] several
years later, made it possible to perform in situ
experiments without confusing the reaction prod-
ucts and the coke deposits. They studied by IR
and '*C NMR spectroscopy the steps in the for-
mation of coke during the conversion of ethylene
on H-mordenite zeolites as a function of the tem-
perature. The '>*C MAS NMR results show that
there are two types of coke: low-temperature coke
formed after adsorption at 298 K, then heating to
T'<500 K, and high-temperature coke (7> 500
K) (Fig. 3). At 298 K, after ethylene adsorption
straight-chain (6=13, 25, 30-33 ppm) and
branched (8=40 ppm) paraffinic oligomers are
formed: the active terminal groups are of the
alkoxide type (6<50 ppm), while Derouane et
al. [22] did not observe a peak at 50 ppm in the
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Fig. 2. CP/MAS-13-C NMR spectra of: (a) H-ZSM-5 following
ethylene adsorption and oligomerisation at 295 K, (b) the carbona-
ceous deposits from the cracking in the presence of steam (573 K)
of an ethylene oligomer (n=5-6) (adapted from {22]).
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Fig. 3. 13-C-MAS-NMR spectra of carbonaceous deposits formed
by reaction of ethene over H-Mordenite (from {23]).

oligomerisation of ethylene at ambient tempera-
ture on H-ZSM-5 zeolite. When the previous sam-
ple is heated to 500 K the carbonaceous deposits
isomerise and crack to give smaller paraffinic mol-
ecules (6=9, 20-24 ppm). During the transition
of low-temperature coke to high-temperature coke
(at about 500 K) the reaction intermediates are
then alkyl (6=310 ppm), allyl (=130 to 150
ppm) and protonated aromatic (6=130-150
ppm) carbocations. At and above 550 K the coke
consists of alkylbenzene and small polynuclear
aromatics (6=185 and 130 ppm). These authors
also showed that the formation of low-temperature
coke (T<500 K) during the conversion of eth-
ylene on H-mordenite is not affected by a change
in the aluminium content, contrary to high-tem-
perature coke (7> 500 K). In this latter case, C1
to C4 alkanes are formed only on dealuminated
zeolites.

White et al. [24] also showed that high-tem-
perature cracking reactions can be studied in situ.
After adsorption of propene-1->C or propene-2-
13C at ambient temperature on HY zeolite very
branched oligomers are formed. The mechanism

proposed involves an alkoxide intermediate, indi-
cated by the peak at 87 ppm after adsorption of
propene-2->C (Fig. 4-a). The sealed samples are
then heated. These oligomers begin to crack at
503 K. The '*C MAS NMR signals correspond to
very mobile low molecular weight alkanes (pro-
pane and branched C4 to C6 alkanes) (Fig. 4-b).
Moreover, by combining MAS and cross
polarization they demonstrated the formation of
aromatic coke when propene oligomers are
cracked at temperature above 500 K (Fig. 4-c).
Since these experiments are catried out in a closed
system the authors conclude that coking supplies
the hydrogen atoms necessary to form acyclic
alkanes during the cracking of the oligomers.

In situ studies performed under certain condi-
tions make it possible therefore avoid the confu-
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Fig. 4. 13-C-MAS-NMR spectra of oligomers formed from labelled
propene on zeolite HY: (a) CP spectrum of the oligomers of 1-13C
at 298 K prior to heating. (b) Bloch decay spectrum of the sample
in a. (¢) CP spectrum of the oligomers of 2-13C at 298 K prior to
heating. (d) Bloch decay spectrum of the sample in a. (e) Bloch
decay spectrum of the sample in c and d at 298 K after 3 h at 503 K
(from [241).
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sion between the reaction products and the
carbonaceous deposits: they provide a certain
number of new elements towards the understand-
ing of the coking phenomenon, such as the detec-
tion of reaction intermediates depending on the
temperature.

Industry often uses NaY zeolites partially
exchanged with rare earths, since these exchanged
zeolites are more stable at high temperature. For
this reason, various authors have examined the
formation of coke on such zeolites. Weitkamp and
Maixner [26] established that the nature of the
coke deposited on a LaNaY zeolite from the alkyl-
ation of isobutane with 1-butene depends on the
reaction temperature. At 353 K, a typical temper-
ature for alkylation, the carbonaceous deposits are
solely paraffins. When the temperature increases
they change and one finds more and more olefins
and aromatics (Fig. 5).

For Maixner et al. [ 18] the chemical nature of
the carbonaceous deposits in a LaNaY zeolite
depends on the conditions of their formation, the
most important parameters being the reaction tem-
perature and the nature of the reactant. They stud-
ied the conversion of three types of reactants: an
aromatic, toluene; an alkene, 1-hexene; an alkane,
2,2 4-trimethylpentane, at various reaction tem-
peratures. Whatever the temperature, the amount
of coke in the conversion of 1-hexene is always
high; at low temperature (373 K) the carbon res-
idues are isoparaffins (8= 16, 25 and 31 ppm),
while at higher temperature they are olefins and
alkylaromatics (6=110-150 ppm) (Fig. 6-a).
On the other hand, toluene is relatively unreactive:
at 373 K it is not converted; its conversion is
constant (7%) at 632 K. The carbon deposits then
formed are essentially polyaromatic compounds
(6=110-150 ppm) (Fig. 6-b). At 373 K the car-
bon compounds obtained from the alkane are
essentially paraffins (6= 13-30 ppm), with little
in the way of olefins or aromatics (8= 110-150
ppm). When the temperature increases the
amount of aromatic coke increases (Fig. 6-c).

This work claims that the nature of the coke
deposited on Y zeolites depends on the reactant
used and on the reaction temperature but, regard-
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Fig. 5. CP/MAS-13-C NMR spectra of the carbonaceous deposits
from the conversion of isobutane and 1-butene on LaNaY zeolite at
different temperatures. (@) Spinning sidebands (from {26]).

less of the reactant, a high temperature favours the
formation of aromatic coke.

This result was confirmed by Richardson and
Haw [27] who demonstrated that the aromaticity
of the coke deposited on HY zeolites during buta-
diene conversion depends also on the reaction
temperature: the carbonaceous deposits for sam-
ples coked at a temperature equal to or greater
than 773 K are totally aromatic or graphitic. More-
over, they used the spin counting technique to
evaluate the reaction temperature up to which the
C/CP/MAS NMR spectra can be analysed
quantitatively. These experiments were per-
formed by the method described by Hagaman et
al. [28], which consists in recording the spectra
of a measured quantity of a sample mixed with a
known amount of glycine. From the percentage
by weight of carbon contained in the zeolite
(obtained by elemental analysis) and integration
of the intensities of the glycine and the coke it is
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possible to calculate the fraction of carbon which
can be detected by NMR (a correction factor is
used for the integrated intensities of glycine and
coke, since the inequality: tqy<<contact
time < t;,(H) is not satisfied. -y is the time con-
stant for the transfer of the magnetisation of the
protons to *C and £, ,(H) is the longitudinal relax-
ation time of 'H in the rotating frame). These
experiments reveal that at very low reaction tem-
perature the '>C/CP/MAS NMR spectra can be
analysed quantitatively. However, as the temper-
ature increases the fraction of aromatic carbon
atoms is underestimated; already at 423 K only
78% of the C is detected by NMR. This is due to
the presence of organic free radicals (which cause
considerable broadening of the signals) and of
proton-deficient regions (CP is inefficient in the
graphitic region). The authors conclude that '*C/
CP/MAS NMR cannot be used to determine the
coke level in HY zeolites when the reaction tem-
perature is above 423 K.

Munson and Haw [29] also tested the effect of
rare earth cations on the efficiency of this tech-
nique for the quantitative characterisation of the
coke contained in rare earth HY zeolites. The car-
bonaceous deposits on these samples are obtained
by the conversion of propene at 473 K. The lan-
thanides are in general paramagnetic; they can
cause a considerable decrease in the transversal
relaxation time of 'C, i.e. a broadening of the '*C
resonances and also markedly decrease ¢, reduc-
ing the efficiency of cross.polarization.

Measurements of relaxation time and spin
counting indicate that the coke deposits on indus-
trial lanthanide-HY (La or Nd) samples can be
characterised by this technique, whereas small
amounts of Gd>* and Dy cations, which have
long spin-lattice relaxation times, have a harmful
effect on the determination of the percentage of
carbon atoms from '*C/CP/MAS NMR spectra.

This work therefore indicates the limits of the
quantitative determination of the percentage of
coke deposited in Y zeolites from *C/CP/MAS
NMR spectra.

Other authors have shown these limits for ZSM-
5 zeolites. Thus Meinhold and Bibby [30] studied
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Fig. 6. CP/MAS-13-C NMR spectra of the carbonaceous deposits
from the conversion of 1-hexene (a), toluene (b) and 2,2,4-trime-
thylpentane (c) on LaY zeolite. (@) Spinning sidebands. (adapted
from [18]).

samples of H-ZSM-5 zeolites more or less coked
during the conversion of methanol to petrol. They
compared them with samples where the coke
deposited on the external surface of the crystallites
had been selectively removed by treatment in a
low pressure oxygen plasma. Their results show
that only part of the carbon atoms is detected by
NMR and that the percentage of carbon atoms
‘visible’ decreases when the amount of coke
increases. All the coke is detected below a coke
content of 0.85% (in what follows, this is
expressed in weight with respect to the initial sam-
ple). For the highest coke content (23.6%) only
29% of the coke atoms are visible by NMR (Fig.
7). The loss of part of the carbon signal can be
due to the low values of the transversal relaxation
time of the proton and/or to the formation of con-
ducting graphitic structures at the external surface
of the zeolite crystallites, which detunes the probe.
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These structures contain electrons delocalised on
aromatic rings and paramagnetic centres charac-
teristic of defects in the structure of the highly
condensed coke [31]; being proton deficient, they
cannot be detected by cross polarization. The coke
which can be detected by NMR is essentially
inside the zeolite channels. At low coke content
they are aromatic species, such as benzene and
methyl-substituted naphthalene. When the coke
content increases these species condense to form
polycyclic aromatic compounds and the extent of
methyl substitution decreases. Some polyaromatic
species could be present in small amounts at the
surface, but at high coke content the surface spe-
cies appear to be mainly graphitic and therefore
invisible to NMR. They block the openings of the
pores on the surface and hinder the diffusion of
the methanol in the channels and that of the prod-
ucts out of the channels.

Comparing the results of Derouane et al. [17]
with those of Meinhold and Bibby [30] we
observe that studying the same reaction by the
same technique leads to different results (wide
distribution of aliphatic compounds and a few aro-
matic compounds for the former and essentially
aromatic species for the latter). However, Der-
ouane et al. did not eliminate the reaction products
before spectral analysis nor were the experimental
conditions identical, which confirms that the
nature of the carbonaceous deposits depends to a
large extent on the reaction conditions [3].

Moreover, the above study proves that beyond
1% w/w of coke *C/CP/MAS NMR can no
longer be used to determine quantitatively the
amount of coke deposited on a ZSM-5 zeolite.

Others such as Ernst et al. [16,32] have con-
sidered the effects of dealumination on the *C/
CP/MAS NMR spectra of H-ZSM-5 zeolites
coked during n-hexane cracking. These samples
were dealuminated by steaming. The spectrum of
the non-dealuminated sample contains two fairly
broad peaks, one in the region of aliphatic species
(6=20 ppm) and the other, larger one, in the
range of aromatic species (6= 130 ppm) (Fig. 8)
while the spectrum of the dealuminated samples
contains only one signal, attributed to aromatic

% NMR visible carbon
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% Coke

Fig. 7. Percentage of carbon in H-ZSM-35 catalyst detected by NMR
versus coke content. (ll) RF oxygen plasma-treated samples (from
[301).

compounds. These authors also estimated the coke
content of various slightly coked samples and
showed further [33] that the catalytic activity of
the dealuminated samples is greater than that of
the initial samples. The *C NMR results indicate
that the increased catalytic activity of the dealu-
minated samples does not increase the coke con-
tent and that these deposits are essentially
aromatic.

These conclusions regarding the chemical
nature of the carbonaceous deposits are consistent
with those of Meinhold and Bibby [30] who
showed that beyond a certain coke content the
carbon compounds were polyaromatics and that
the degree of methyl substitution decreased.

The above authors were not concerned with
reaction intermediates formed briefly during cok-
ing. Onthe other hand, Bosacek et al. {34] suggest
that phenoxy groups are formed at the surface of
H-ZSM-5 zeolite coked during the conversion of
acetone (various reaction products). The signal at
154 ppm in the '>*C NMR spectrum (Fig. 9) was
considered to be characteristic of these phenoxy
groups. Indeed, bromine vapour at 298 and 373 K
does not modify the spectra of these coked sam-
ples: there are therefore no olefinic carbons; more-
over, partial oxidation of the coke at temperatures
above 773 K leads to no significant change in the
spectrum: the creation of carbocations as transi-
tory species therefore appears unlikely. Upon



130 J.L. Bonardet et al. / Journal of Molecular Catalysis A: Chemical 96 (1995) 123~143

WJA“- a
°
°
b
°
[
c
°
,v_,-/\-/\'v.»wl d
e
1 1 1
200 100 0
3TMs(ppm)

Fig. 8. 13-C-MAS-NMR spectra of the samples coked by n-hexane
cracking: (a) H-ZSM-5/0 before heating at 673 K; (b, ¢, d) H-
ZSM-5/0, 10, 40 after heating the samples up to 673 K; (e) the same
as b but after suppression of the spinning sidebands (TOSS method).
0, 10, 40 denote the water pressure in kPa during hydrothermal
treatment. (@) Spinning sidebands (from [32]).

pyrolysis under vacuum at 873 K the peak at 19.8
ppm disappears, indicating that there is dealkyla-
tion, but the signal at 154 ppm is unaffected (Fig.
9-c).

In the case of acetone conversion on a large-
pore zeolite (HY), however, condensation to
polyaromatics occurs (large shoulder at 140
ppm), the signal at 154 ppm being absent.

By using both chemical treatment and '*C
NMR, Carlton et al. [35] showed that aromatic
coke is the only type directly involved in the deac-
tivation of ZSM-5 zeolite. Catalyst regeneration
by oxygen leads to the progressive elimination of
the aliphatics and the aromatics; with an ozone/
oxygen mixture only the aromatics are eliminated.
This is probably due to attack on the unsaturated
centres of the coke, leading to oxygen-containing

fragments. This result is confirmed by the broad-
ening of the resonance signal corresponding to
ethers (60-125 ppm). Catalyst deactivation is
caused by the aromatic coke, since the aliphatics,
the ethers and the ketones in the zeolite can be
tolerated without significant deactivation.

2.1. Conclusion.

The data provided by *C NMR concern pri-
marily the chemical nature of the coke. This
depends on the porous structure of the zeolites, on
the nature of the reactant and on the reaction tem-
perature. The results analysed above indicate that
beyond a certain percentage of coke or beyond a
certain reaction temperature the carbonaceous
deposits are essentially polyaromatic (and that
their concentration increases with the coke content
on the temperature) both on Y and ZSM-5 zeolites
or mordenite, this being the case regardless of the
reactant.

Other information can be provided by '*C
NMR, such as the demonstration of the existence
of reaction intermediates responsible for the for-
mation of coke.

However, there are certain disadvantages to this
technique: (i) the coke content of the samples can
be estimated only for lightly coked zeolites (or
zeolites coked at low temperature): chemical
analysis has to be used to determine the percentage
of coke deposited: (ii) the nature of the coke can
be determined but this method does not distin-
guish between coke located in the cages or chan-
nels and that on the external surface of the zeolite
crystallites.

3. Study of zeolite coking by **Si and *’Al
NMR

28i CP/MAS and Al MAS NMR are less
used than 13-CP/MAS NMR to study coking.
Nevertheless, they have a certain interest since
they can be used to determine the effect of coking
on the zeolite lattice.
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Fig. 9. '3C/CP/MAS NMR spectra of the carbonaceous deposits
after acetone reaction on H-ZSM-5 zeolite: (a) 10% of coke; (b)
sample a after partial oxidation at 473 K; (c) sample b after pyrolysis
at 873 K for 2 h. (@) Spinning sidebands (from [34]).

Most authors have associated these two tech-
niques, since they are complementary. Filling the
channels with carbonaceous deposits modifies
both the 2’Al and **Si NMR spectra. Thus, Mein-
hold and Bibby demonstrated {36] that they can
be used to estimate the volume occupied by the
coke in H-ZSM-5 zeolites coked in the conversion
of methanol at 643 K, as well as the proton content
of the coke and, consequently, the size of the coke
‘molecules’. *°Si/CP/MAS NMR allows the
measurement of the proton content of coke and
therefore of the C/H ratio. For this purpose the
intensities of the 2°Si signal are compared with the
results obtained by the authors for the adsorption
of benzene on H-ZSM-5 [37]; an empirical linear
relationship between the intensity of the 2°Si sig-
nal and the hydrogen concentration of the
adsorbed benzene was set up. This relationship is
valid for coke contents between 0.85 and 9.6%,
the number of protons per u.c. given by the coke
content being then equivalent to the number of
*Si obtained by CP NMR (Fig. 10).

As for Al NMR the increase in the shift and
the width of the Al signal, as well as the decrease
in its intensity when the amount of coke increases,
are very similar to the modification produced by
the dehydration of H-ZSM-5 or by the adsorption

of alkanes. These modifications are probably due
to the effect of an increase in the electric field
gradient, which induces quadrupolar shifts and an
increase in the transversal relaxation time. The
same authors [37] have shown that there is a
linear relationship between the position and the
width of the Al signal (Fig. 11). By comparing
the position, the width and the intensity of the peak
for coked samples with those of the initial H-
ZSM-5 sample containing various amounts of
water, they estimated the amount of water remain-
ing in the channels after coking, in order to deter-
mine the average size of the coke molecules. In
the same way, the decrease in the longitudinal
relaxation rates for °Si and 'H is due to the
replacement of oxygen by coke in the channels.
Thus, from the relaxation rate of **Si (propor-
tional to the amount of oxygen in the channels)
these authors were able to measure the volume
percentage of oxygen remaining. Their results are
in agreement with those obtained by '*C-NMR
[30] the carbon compounds in the channels are
methyl-substituted polyaromatics. When the coke
content is higher than 16% the broadening and the
chemical shift observed in the *°Si spectra are
interpreted by the authors as being due to a slight
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Fig. 10. Effect of coking on the *Si/CP/MAS NMR intensity as the
number of CP-NMR visible silicons/u.c. This has been shown to be
equivalent to the hydrogens/u.c. (from [37]).
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distortion of the zeolite channels as a result of the
formation of more rigid coke molecules, confirm-
ing the XPS results of Seyton et al. [38]. In this
case Si/CP/MAS NMR provides as much infor-
mation as 2’ AI-MAS-NMR.

On the other hand Ernst et al. [ 16] have shown
that for slightly dealuminated H-ZSM-5 zeolites,
n-hexane cracking does not modify the *Si/CP/
MAS NMR spectra, whereas the intensity of the
27 Al signal of the lattice Al atoms decreases. The
carbonaceous deposits therefore make it impos-
sible to detect some of the lattice Al atoms. Freude
et al. [39] interpret these results in terms of the
covering of the Brgnsted acid sites by the carbo-
naceous residues which perturb the tetrahedral
symmetry of the Al atoms. They deduce from this
that the catalytic deactivation is caused mainly by
poisoning of the Brgnsted acid sites.

Echevskii et al. [40] considered only *’Al-
MAS NMR to determine the role of extraframe-
work Al species (Alyg) in the formation of coke
on dealuminated pentasil zeolites in the conver-
sion of methanol to hydrocarbons. To do this, they
compared the concentration of Alyr atoms with
the deactivation rate of these zeolites after meth-
anol conversion. They demonstrated that there is
no direct relationship between the Alyp/Alg ratio
and the deactivation rate. Their results indicate
that most of the Alyg species in an octahedral
environment are not involved in the formation of
carbonaceous deposits and have no effect on the
deactivation rate, in contradiction with what was
established by Ione et al. [41] for ‘large pore’
zeolites (Y, mordenite). They deduce from these
results that the Alyg species do not favour the
formation of coke except in the absence of con-
siderable steric hindrance.

These results appear to contradict those of Bon-
ardet et al. [42] for a dealuminated H-ZSM-5
zeolite coked during acetone conversion, then
regenerated by oxidation. The spectrum of the ini-
tial sample shows two signals, at 60 ppm (Alg)
and at O ppm (Alyg) (Fig. 12). That of the sam-
pled coked to 10.7% w/w shows only a much
broadened signal at 60 ppm; the signal at O ppm
appears only as a shoulder. The spectrum of the

50 |m
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Fig. 11. Relationship between 27-Al chemical shift and 27-Al peak
width in coked H-ZSM-5: () 0~10% coke; (®) 16.5% coke; (H)
23.6% coke; (O) dehydrated H-ZSM-5 (1H,0/u.c.); (O) fully
dehydrated H-ZSM-5. (from [38]).

partially reoxidised sample containing 5.5% of
residual coke presents again 2 signals, but the rel-
ative intensity of the signal at O ppm is weaker
than that of the non-coked sample. The disap-
pearance and the reappearance of the 0 ppm signal,
attributed to Alyr species in an octahedral envi-
ronment, led the authors to conclude that these
extraframework species are partly involved in the
formation of the coke in H-ZSM-5. These results
were confirmed by the '*Xe NMR of adsorbed
xenon [68].

These authors also studied dealuminated HY
samples coked by n-hexane cracking. The spectra
of the samples coked from the washed and
steamed sample presents three peaks, at 60 (A),
0 (B) and 30 ppm (C); and the relative intensity
of Cincreases with the coke content. The spectrum
of the steamed and washed samples shows only
two signals, A and B (Fig. 12). The 30 ppm signal
has been attributed to Al species of the very
deformed and fragile lattice [43,44]. Thus the
appearance of signal C after coking and the
increase in its relative intensity when the coke
content increases proves that coke formation
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Fig. 12. 27-A1-MAS NMR spectra of H-ZSM-5 zeolites coked dur-
ing acetone conversion: (a) 0% coked; (b) 10.7% coked; (c) par-
tially oxidized, 5.5% coked (from [42]).

causes fragility of some of the Alg. This result
explains the additional dealumination of the lattice
after total regeneration of coked HY zeolites by
oxidation [45]. They therefore conclude that for
a fairly high coke content certain Al atoms of the
lattice are involved in the formation of carbona-
ceous deposits.

3.1. Conclusion.

First of all, *’Al NMR makes it possible to
determine the number of extraframework Al and
thus to compare the behaviour of more or less
dealuminated zeolites with respect to coking. It is
then possible to assess the role of these species in
the phenomenon of coking. It can also be used to
study the role of lattice Al atoms.

Used in conjunction with °Si/CP/MAS NMR,
it can be used to estimate the volume occupied by
the coke in the crystallites and, consequently, the
size of the coke molecules, which is correlated
with the proportion of methyl-aromatics.

Used in conjunction also with catalytic activity
measurements it can indicate the mode of catalyst
deactivation (acid site poisoning or pore block-
age).

4. Study of coking by 'H MAS NMR

'"H-MAS NMR can also provide interesting
information, notably about the number of

Brgnsted acid sites still active after coking. In the
same way, measurements of self-diffusion by
pulsed field gradient give us information about the
location of the coke and the resulting variations in
the intra and extra-crystallite diffusion.

'H above all makes it possible to obtain the H/
C ratio when the coke content is known and there-
fore to define the nature of the carbonaceous
compounds deposited in or at the surface of the
zeolite crystallites.

Lechert et al. [46] studied HY zeolites dealu-
minated to different extents and coked by buta-
diene conversion at 530 K. They compared the
adsorption capacities and the proton relaxation
time of n-butane and benzene in the non-coked
and coked samples. Dealumination has practically
no effect on the capacity for adsorption of these
two molecules. On the other hand, the decrease in
the relaxation times, T, and T, for the coked sam-
ples shows that the reorientation of adsorbed n-
butane molecules is severely restrained even
though the capacity for adsorption of these mol-
ecules is little reduced compared to the initial sam-
ples, which suggests that there is a change in the
stacking of the molecules in the vicinity of the
carbonaceous residues. Conversely, these same
relaxation measurements prove that the effect of
coking on the mobility of benzene is small,
whereas the adsorption capacity decreases mark-
edly. Now, benzene molecules are mainly located
at the windows between the cavities and move by
rotation about their two-fold axes, accompanied
by jumps between neighbouring sites [47]. These
results can be understood if more than half the
cavities are accessible to the benzene molecules,
therefore free. Moreover, the coke content corre-
sponding to a mean value of 10C/cavity and the
low H/C ratio (about 0.5) suggest that the car-
bonaceous compounds are molecules with about
20 carbon atoms, such as coronene. These results
are in agreement with the previous conclusion. 'H
relaxation time measurements on the adsorbed
molecules therefore allow us to find out the dis-
tribution of the coke molecules in the zeolite cav-
ities.
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Fig. 13.27-A1-MAS NMR spectra of Y zeolites after steaming, acid
washing and coking by ortho-xylene cracking. (a) Fresh sample;
(b) 4.7% coke; (c) 8.7%coke; (d) sample c totally reoxidised (from
[451).

Ernst et al. [32] have used ‘H-MAS NMR to
estimate the number of Brgnsted acid sites still
active in slightly dealuminated H-ZSM-5 zeolites
coked by n-hexane cracking. The spectra of the
non-coked and coked samples are very different
(Fig. 14). Peak (a) at 2 ppm corresponds to pro-
tons of non-acidic hydroxyl groups (silanols)
located at the crystallite surface, at structure
defects and in the amorphous parts of the zeolite.
The intensity of peak (b) at 4.2 ppm correspond-
ing to the protons of Brgnsted acid hydroxyl
groups (bridging OH groups) decreases after cok-
ing. Moreover, the broad signal (represented by a
dotted line for the coked sample) must be caused
by the protons of the coke or by the protons of
acidic hydroxyl groups which have a strong dipo-
lar interaction with the coke protons. The fall in
the intensity of peak (b) allows the calculation of
the number of sites still active after coking. This
result can be associated with the decrease in the
intensity of the *’AI-MAS NMR peak, corre-
sponding to lattice Al atoms, after coking. The
authors deduced from these results that the car-
bonaceous deposits poison the Brgnsted acid sites
in the zeolite crystallites.

Karger et al. [48] and Volter et al. [49] have
used the pulsed field gradient "H NMR technique
to study H-ZSM-5 zeolites coked by n-hexane
cracking. These samples are in the form of poly-

crystalline aggregates or monocrystals. The probe
molecule is methane or propane. This technique
is used to determine the intracrystalline self-dif-
fusion coefficient of the probe molecules. By
measuring the effect of the coke deposit on molec-
ular self-diffusion it is possible to distinguish
internal from external coke.

In this technique, introduced by Karger for sol-
ids [50], an additional inhomogeneous field, the
pulsed field gradient (Fig. 15-b) is superimposed
for a short time interval § on the constant magnetic
field B. The first gradient pulse dephases the trans-
versal magnetisation vectors (M, (z)) in differ-
ent regions of the sample (Fig. 15-c) and
decreases the total transversal magnetisation
(M) (Fig. 15-d). After a second gradient pulse
in the opposite direction, if the molecules diffuse,
the total transversal magnetisation decreases.
From this decreases it is possible to calculate the
intramolecular self-diffusion coefficient
D,=(r*(4))/6A), where A is the time between
the two gradient pulses and (r*(A)) orr(4) rep-

a
b
°
®
—
- B
L °
)
°
A
i i 1 NI |
20 0 -20

5TMS(ppm)

Fig. 14. 1-H-MAS NMR spectra of a non steamed H-ZSM-5 zeolite:
(a) before coking; (b) after coking. (@) Spinning sidebands (from
[321).
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Fig. 15. Schematic representation of a pulse field gradient 1-H NMR experiment. (from [501).

resents the displacement of a spin during the time
A. Thus they have proved that the molecular
mobility in polycrystalline aggregates is greater
than in the initial zeolite monocrystals. After cok-
ing, the intracrystalline diffusion of the probe mol-
ecule is reduced in all the coked samples; the
carbonaceous deposits are therefore inside the
crystallites. Moreover, the inhibition of the mobil-
ity of methane in the coked polycrystalline aggre-
gates is more pronounced than in the coked
monocrystals. The authors deduce from this that
the free space between the microcrystals of the
aggregates (called the secondary pore lattice, the
zeolite channels representing the first-order
pores) is preferentially filled by the coke. This
technique makes it possible therefore to demon-
strate the effect of second-order pores in poly-
crystalline adsorbants. At high coke content, there
is a surface diffusion barrier characteristic of an
external coke deposit. They have also shown that
the polycrystalline samples are deactivated more
slowly than the monocrystals, because of the pres-
ence of the secondary pore system in which the
coke is deposited without affecting the catalytic
activity; the catalyst lifetime is therefore
enhanced.

4.1. Conclusion

The H/C ratio can be measured by 'H MAS-
NMR when the coke content is known, but this

ratio includes all the carbonaceous deposits and is
therefore imprecise, since the internal coke is gen-
erally very different from the external coke. Under
certain conditions it is possible to estimate the
number of Brgnsted acid sites still active after
coking, but it is necessary also to use other reso-
nances (*’Al-MAS, for example) in order to
reach any conclusion concerning the mode of
deactivation. Finally, measurement of the proton
relaxation times for probe molecules and pulsed
field gradient '"H NMR gives information about
the distribution of the carbonaceous deposits in
the zeolite crystallites.

5. Study of coking by **Xe NMR of adsorbed
xenon.

129Xe NMR of xenon adsorbed in crystallised
microporous solids, developed by Fraissard and
Ito at the beginning of the 1980s [52] has proved
to be particularly fruitful for the study of certain
zeolite properties difficult to handle by classical
physicochemical methods; for example, short-
range crystallinity and structure defects.

The information provided by the xenon probe
is obtained generally by inspection of the §=f(n)
curve, where n is the number of xenon atoms
adsorbed per gram of anhydrous solid. Fraissard
etal. [52,53] established that, as for the gas phase,
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the chemical shift of adsorbed xenon is the sum
of several terms corresponding to the various per-
turbations to which it is subjected:

8=80+SS+8Xe—Xe+8E+8M+SSAS

8 represents the chemical shift of gaseous
xenon at zero pressure taken as reference; there-
fore 6,=0.

ds expresses the Xe-wall interaction. In the
absence of strong adsorption sites it can be
obtained by extrapolation of the §=£(n) plot to
zero concentration. Fraissard et al. [55,56] have
shown that there is an empirical relationship
between &g and the mean free path, /, of the xenon
imposed by the zeolite structure, this path depend-
ing on the dimensions of the channels and cages
and on the ease of diffusion of the atoms. Derou-
ane and Nagy [57] demonstrated that 85 can also
be correlated, especially at low temperature, with
the effects of curvature of the internal surface
influencing the physisorption energy.

Oxe—xe corresponds to the chemical shift due to
Xe-Xe interactions. This term predominates at
high pressure.

O and &y express the contributions of the elec-
tric and (in some cases) magnetic fields created
by the compensating cations. For small alkaline
cations, Na* and Li*, and also for H*, 8, is zero
and & is negligible at ambient temperature. For
example, for NaY 8 varies by 4 ppm when Si/Al
goes from 2.4 to 54.2 [53,54].

Osas expresses the contribution of strong
adsorption sites in the pores; they interact more
strongly with the xenon atoms than does the sur-
face of the cages and channels, leading to an
increase in the chemical shift, mainly at low pres-
sure, and to the appearance of a minimum in the
&=1{(n) plot. This feature can be characterised by
three parameters:

6, _.o which is the chemical shift obtained by
extrapolation of the §=f(n) curve to zero pres-
sure (or concentration). It depends on the nature
and the number of strong adsorption sites [ 58,60].
This term is generally difficult to determine pre-
cisely; for this reason another parameter has been
defined.

8as—o Which is the chemical shift obtained by
extrapolation of the asymptote of the §=f(n)
curve to zero pressure (or concentration). It
depends on the Xe—surface interactions, but par-
ticularly on the presence of strong adsorption sites.
When the 6=f(n) plot is a straight line,
81 —0=0as0-

dé/dn, the slope of the straight section of the
plot; in the case of an isotropic Xe distribution
(large cavities, Y) this is inversely proportional
to the free volume of the cavities accessible to the
Xenon atoms.

5.1. Y zeolite.

This technique was first applied to the study of
coking by Ito et al. [15]. They examined various
samples of HY zeolite coked by hexane or propene
cracking. The results depend on the reactant used.
At relatively low n-hexane coke content (5% w/
w) the slope of the §=f(n) curve is practically
the same as that of the initial zeolite. However,
the increase in 8,5 _, indicates a decrease in the
diffusion of xenon from one supercage to another
which proves that most of the coke is located at
the windows between the supercages. When there
is alot of coke (15 and 33%) for the sample coked
with propene, the values of 8,5 ., and the slopes
of the 6=f(n) curves increase markedly com-
pared to the initial zeolite; the higher the coke
content, the more they increase (Fig. 16). Accord-
ing to the ratios of the slopes of the coked samples
to the initial samples, the volume accessible to
xenon has decreased by 52 and 90% for the 15 and
33% coked samples, respectively. The authors
deduce from this that not only the pore volume
has decreased but part of the coke is located on
the external surface of the crystallites and
obstructs access to the supercages. This last con-
clusion is confirmed by the spectrum of the 33%
coke sample which comprises two peaks (Fig.
17): one, very broad and very shifted, is attributed
to xenon atoms adsorbed in the supercages linked
with coke; the other, at 10 ppm, independent of
the pressure, to those adsorbed in the mesopores
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Fig. 16. 129-Xe NMR chemical shift as a function of sorbed Xe of
coked HY zeolites. HY: fresh sample; He-5: 5% coke formed during
hexane cracking. Pr-15 and Pr-33: 15% and 33% coke formed during
propylene cracking. (from [15]).
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Fig. 17. 129-Xe NMR spectrum of HY zeolite coked by propylene
cracking (Pr-33). Py, =937 Torr (from [15]).

or ‘microcavities’ formed by the coke between the
zeolite crystallites.

A more complete study was performed by Bar-
rage et al. [8,59] for HY zeolite coked by n-
heptane cracking. At low Xe concentration the
initial sample presents a minimum which is more
or less pronounced depending on the temperature

(Fig. 18); this is characteristic of strong adsorp-
tion sites and is attributed, in agreement with the
27 AI-NMR spectra, to extraframework Al species
(Alyg). On the other hand the §={(n) plots for
samples coked to 3, 10.5 and 15% are linear over
the whole concentration range, whatever the
experiment temperature (Fig. 19). This shows
that the coke is deposited first of all on or close to
the Alyg species, thus masking the interactions
between them and the xenon atoms. At the same
time, HY zeolites lose more than half their activity
in heptane cracking when the coke content reaches
3% [4]. This shows that the Alyg species play a
dominant role in the cracking activity of these
zeolites at the beginning of the reaction, as has
been established by various authors [ 61-63]; sub-
sequently, these sites are rapidly poisoned.

Thus, for the 3% coked samples (Fig. 20-A)
8as—o and the slope dé/dn depend on the tem-
perature. For each experiment temperature the
slope of 6=1f(n) is close to that of the straight
section of the plot for the reference sample, while
the value of d,5-,¢ is higher; the free volume is
therefore hardly affected but xenon diffusion is
restricted. The authors conclude that the coke is
located initially at the windows between the super-
cages.

At higher coke content (10.5%) the values of
Oas—»o and the slope become independent of the

100
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Fig. 18. 129-Xe NMR chemical shift as a function of sorbed Xe of
dealuminated HY zeolites. (M) Adsorption temperature =273 K;
(@) adsorption temperature = 300 K.
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Fig. 19. 129-Xe NMR chemical shift as a function of sorbed Xe of
dealuminated HY zeolites at 300 K: ( v ) fresh sample; (@) 3%

coked sample; ( A ) 10.5% coked sample; (l) 15% coked sample
(from (8]).

adsorption temperature (Fig. 20-B). Conse-
quently, the residual internal volume can be con-
sidered as a structure of channels whose diameter
is close to that of the xenon atom [64,65]. This
result is confirmed by the evolution of the adsorp-
tion isotherms and the ratio of the slopes of the
coked and initial samples: the free volume acces-
sible to the xenon is divided by a factor of 2.4, the
size of the cavities still accessible to xenon being
then of the same order of magnitude as that of the
xenon atom.

Furthermore, comparison of sample coked to
3% and to 10.5% for a given temperature (Fig.
19) shows that the slope increases markedly
(multiplied by 2.4) and that 8,5-,o increases
somewhat less. The authors deduce from this that
the once the strong adsorption sites are covered
with coke, the coke forms more homogeneously,
affecting the windows as well as the free volume
of the supercages.

At very high coke content (15%) (Fig. 19) the
slope is identical to that of the 10.5% coked sam-
ple but the marked increase in 8,5, indicates
that the mean free path of the xenon is smaller;
xenon diffusion is then restricted, many of the
cavities being therefore blocked by coke. The
identity of the slopes d&/dn for the 10.5 and 15%

coked samples proves that the coke affects mainly
the external surface of the crystallites. This inter-
pretation is confirmed by the spectrum of the 15%
coked sample which at high pressure comprises
three signals: one broad and very shifted, corre-
sponding to xenon atoms adsorbed in the residual
internal volume; the component at 44 ppm, inde-
pendent of the equilibrium pressure, is attributed
to xenon adsorbed in the cavities of coke formed
outside the crystallites. Finally, the signal at about
0 ppm observed at relatively high pressure is
attributed to gaseous xenon whose relaxation time
has been considerably reduced by the presence of
paramagnetic centres due to the external coke.
Milleret al. [66] have also studied the phenom-
enon of coking by *Xe-NMR and by adsorption
of Ar in quasi-equilibrium on HY zeolites coked
with propene at 523 and 748 K. They measured
the microporous volume of the zeolites by adsorp-
tion of nitrogen at 77 K and plotted the curves of
s, the value of the chemical shift at zero Xe con-
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Fig. 20. 129-Xe NMR chemical shift as a function of sorbed Xe of
dealuminated HY zeolites. (A) 3% coked sample; (B) 10.5% coked
sample. (v ) 273 K; (@) 300K; (W) 319K; (a) 338 K (adapted
from [8]).
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Fig. 21. 129-Xe chemical shift (zero Xe/a cage) versus N, micro-
pore volume. A: 0% C ; B: 2.44% C; D: 345% C; E: 5.60% C; F:
7.44% C; G: 8.06% C; H: 8.38% C; J: 10.28% C (% C measured by
3C NMR). (from [66] ).

centration, against the microporous volume (Fig.
21). For the coked zeolites these plots are straight
lines at both reaction temperatures; at a given tem-
perature &g increases linearly when the micropo-
rous volume decreases, in agreement with
classical results [8]. Moreover, at constant pore
volume (0.25 cm® g~V & increases by 7 ppm
(748 K) relative to the non-coked zeolite. Now,
the '*C-NMR results show that the aromaticity of
the coke increases with the reaction temperature.
The authors conclude from this that the shift, &,
is affected by the coke composition, increasing
with its aromaticity.

Furthermore, the results obtained from the
physisorption of Ar at 87 K show that there are
two porous environments at high coke content
(>7%): one with coke and one without or with
very little coke. These two environments are not
observed by '**Xe NMR at 298 K. The authors
deduce that the adsorbed xenon exchanges rapidly
between the two sites and, therefore, that the dis-
tance between them is small, because they are
distributed homogeneously throughout the zeolite
crystallites.

Bonardet et al. [45] studied the regeneration of
HY zeolites, steamed and washed, then coked by
ortho-xylene or n-hexane cracking. The carbona-

ceous residues were oxidised in several stages (in
pure oxygen 8 1/h) at 573, 623 or 723 K (partial
or total).

For the sample coked by ortho-xylene (8.7%
coke), after elimination of about 45% of the coke
the slope of the 6=f(n) curve is the same as that
of the initial coked sample and the 8,5 _, o values
are barely different (Fig. 22). This first step there-
fore eliminates mostly external coke blocking the
pore openings. This interpretation is confirmed by
the fact that the two samples adsorb quasi-identi-
cal amounts of Xe at saturation.

After a second oxidation step (elimination of
82% of the initial coke) the slope d&/dn returns
to the value of the non-coked sample (Fig. 22),
which proves that the free volume has been
restored in this step, as is confirmed by the large
increase in the amount of xenon adsorbed at sat-
uration. However, the value of 85_.o (75 ppm)
remains much greater than that of the non-coked
sample (60 ppm) and the curvature of §=f(n)
observed at low xenon concentration for the initial
sample does not appear. The authors deduce from
this that the residual internal coke, more difficult
to oxidise, is located at the windows between the
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Fig. 22. 129-Xe NMR chemical shift as a function of sorbed Xe of
dealuminated HY zeolites.coked during ortho-xylene cracking then
partially and totally reoxidised. () fresh sample; (@) 8.7% coke;
(O) pyrolysed; (O) oxidized, 4.8% coke; ( ®) oxidized, 1.6%
coke; () oxidized, 0% coke (from {45]).
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supercages on the extraframework aluminium
species.

The last oxidation step completely eliminates
the residual coke, the value of 8,5, being then
equal to that of the initial non-coked sample. How-
ever, the slope of the linear section of the plot
(Fig. 22) is multiplied by 2.3 and the amounts of
xenon adsorbed at saturation are divided by 2. The
internal microporous volume is therefore divided
by the same factor. Moreover, the curvature of
6=1f(n) at low xenon concentration is enhanced
relative to that of the initial non-coked sample.
Oxidation therefore causes further dealumination
of the lattice, which tends to prove that coking
makes certain lattice Al atoms fragile, as was
established previously by >’ AI-NMR MAS [42].
In conclusion, complete oxidation of the coked
sample creates defects in the pore structure and/
or makes the lattice partially amorphous, despite
the relatively mild experimental conditions
employed.

The same phenomena arise, but are less pro-
nounced, for the samples coked by n-hexane
cracking.

5.2. ZSM-5 zeolite.

Other authors have investigated the coking of
H-ZSM-5 zeolites. Barrage et al. [67] show that
for samples of this type of zeolite in the form of
pellets with alumina as binder (50-50%) and
coked by methanol conversion at 670 K under
nitrogen (7% coke) or hydrogen (14%) (the
reaction was stopped when the dimethyl ether con-
centration exceeded 5% and the coke content then
measured). The §=f(n) plots are rectilinear and
parallel, whereas for the initial non-coked sample
this plot presents a break at about 3 X 10%° Xe/g
(Fig. 23), generally attributed to the possibility
of multiple collisions between the xenon atoms at
the channel intersections when the Xe concentra-
tion is sufficiently high [69]. These authors con-
clude from this that the carbonaceous residues are
probably deposited near the channel intersections.

Furthermore, the value of the slopes dé/dn,
which are equal for the 7 and 14% coked samples
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Fig. 23. 129-Xe NMR chemical shift as a function of sorbed Xe. (@)
fresh H-ZSM-5 catalyst; ( & ) coked in nitrogen (7% coke); (H)
coked in hydrogen (14% coke) (from [67]).

(Fig. 23), made that the internal microporous vol-
ume is the same, as is confirmed by the evolution
of the adsorption isotherm which are superim-
posed at high Xe pressure. However, the slopes
are greater than that of the initial sample (multi-
plied by 1.35), which corresponds to a 27% loss
of internal volume. This result is confirmed by the
adsorption isotherms at saturation. This decrease
is independent of the final coke content (7 or
14%). The authors deduce from this that when
there is more than 7% of coke, the coke is depos-
ited mainly on the outside of the crystallites. It is
not detected by NMR, probably because of its non-
porous structure and its distribution on the exter-
nal surface of the zeolite.

Tsiao et al. [70] obtained similar results. The
carbonaceous deposits on a H-ZSM-5 zeolite
coked by 2 butane cracking are formed at the inter-
sections of straight or zig-zag channels, and on
the external surface of the crystallites. They sug-
gest that the Brgnsted sites are located on or near
the channel intersections.

Bonardet et al. {68] investigated a H-ZSM-5
zeolite coked by acetone conversion, then regen-
erated either by pyrolysis at 873 K or under oxy-
gen at 773 K in several stages.

The spectrum of the initial zeolite comprises
two signals when the Xe concentration is less than
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Fig. 24. 129-Xe NMR chemical shift as a function of sorbed Xe at
300 K for H-ZSM-5 zeolites coked (10.7% coke) during acetone
conversion then partially decoked. (M) fresh catalyst; (O) pyro-
Tysed sample (9.2% coke); (@) oxidized sample (9.7% coke); (%)
oxidized sample (5.5% coke) (from [68]).

10?! at/g (Fig. 24). The presence of these two
signals is due to the existence of two heterogene-
ous zones in the catalyst, one (signal a) behaving
like a pure ZSM-5 zeolite [ 69] and the other (sig-
nal b) containing Alyg species, which behave as
strong adsorption centres at low Xe concentration.
6=1f(n) plot presents a very pronounced mini-
mum at 4.10% at/g).

The sample coked to 10.7% is completely deac-
tivated. The NMR spectrum of adsorbed xenon
consists of a single signal at 10 ppm, independent
of the equilibrium pressure. The authors attribute
it to xenon adsorbed in the meso or the macrocav-
ities formed by the intercrystallite coke [15].

For samples which have only been slightly
regenerated, i.e., with a high residual coke (9.7%
after oxidation and 9.2% after pyrolysis) only one
signal is observed whatever the Xe concentration
(Fig. 24). On the other hand, for samples regen-
erated by oxidation, containing only 5.5 and 1.5%
of residual coke and for xenon concentration
below 4.6 X 10%° and 5.5X10% at g™, respec-
tively, two signals are observed as for the initial
zeolite (Fig. 24). The authors conclude from this
that extraframework Al species are involved in the
formation of coke, which is confirmed by ?’Al
NMR [42].

They also compared the effects of pyrolysis and
of oxidation. After pyrolysis or a first oxidation
the samples still contain 9.2 and 9.7% of coke,
respectively. However, the slope of the 6={(n)
plot is greater for the pyrolysed sample than for
the oxidised sample (Fig. 24), whereas for the
amount of xenon adsorbed at a given pressure it
is the opposite. These results show that oxidation
restores the internal volume more rapidly than
pyrolysis (38 and 32%, respectively). Thus,
pyrolysis eliminates first the ‘light’ coke com-
pounds, whereas oxidation concerns also the
polyatomatic compounds deposited on the exter-
nal surface, opening the channels and allowing
access to a major part of the internal volume.

Karger et al. [51] combined the 'H NMR
pulsed field gradient (methane as probe) and
'2Xe NMR of adsorbed xenon techniques to
check the validity of the conclusions drawn from
these two techniques. They chose an A zeolite the
crystallites of which have a mean diameter of 2—
3 pum (large enough to do NMR diffusion stud-
ies). This is moreover a zeolite with narrow pores
and the « cages are linked by 0.42 nm diameter
windows; consequently, the carbonaceous resi-
dues cannot be formed inside the crystallites. The
two techniques lead to the same conclusion: the
deposits of carbonaceous compounds leave the
intracrystalline pore system accessible to the
probe molecules more or less unchanged, while
the real accessibility of the intercrystalline pore
lattice is significantly reduced. They conclude
from this that the carbonaceous residues are pref-
erentially deposited on the external surface of the
crystallites, which is compatible with the pore
structure of A zeolite.

5.3. Conclusion

Unlike the other techniques, '**Xe NMR can be
used to define the location of the internal coke and
its evolution with the amount of carbonaceous
residue. It demonstrates the effect of zeolite struc-
ture and the nature of the reactant on coking and
regeneration. It has revealed the appearance of
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structure defects after total oxidation of coke in
dealuminated HY zeolites.
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