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Coking, Aging, and Regeneration of Zeolites

VIII. Nature of Coke Formed on Hydrogen Offretite during n-Heptane Cracking:
Mode of Formation
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The carbonaceous compounds (coke) responsible for the deactivation of hydrogen offretite dur-
ing n-heptane cracking at 450°C were analyzed in detail for different reaction times. With this
zeolite, which has a double pore system, n-heptane cracking occurs partly in the gmelinite cages
and partly in the large channels, but in both cases through the carbenium ion chain mechanism. It is
shown that the coke formation begins in the gmelinite cages starting from branched cracking
products (e.g., isobutene) too bulky to be desorbed. These products undergo reactions leading
successively to monoaromatic, biaromatic, and polyaromatic products. The polyaromatic prod-
ucts, because of their size, cannot be located entirely in the gmelinite cages and hence overflow into
the large channels. With long reaction times, highly condensed polyaromatics are formed by the

growth of the coke molecules in the pores near the outer surface which they cover.

Press, Inc.

INTRODUCTION

A new method for the characterization of
the carbonaceous compounds (‘‘coke’’) re-
sponsible for the deactivation of zeolites
during the transformation of organic mole-
cules has previously been developed (1).
Thanks to this method, it was possible to
show how the operating conditions (reac-
tion time (2, 3), temperature (/, 4)) and the
zeolite pore structure (/—4) influence the
composition of coke. Moreover, by cou-
pling coke analysis and adsorption mea-
surements on the coked samples, the deac-
tivation mode could be specified in the case
of n-heptane cracking on HY, H-mor-
denite, and H-ZSMS5 (5, 6). These tech-
niques are applied here to H-offretite (H-
OFF), a zeolite with a particular pore
structure. Indeed, contrarily to the three
zeolites previously studied, H-OFF pre-
sents two types of pores both accessible to
n-heptane used here as a reactant: rectilin-
ear, cylindrical channels(12-membered ox-
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ygen-ring apertures, diameter = 6.3 A) in-
terconnecting through gmelinite cages
(8-membered oxygen-ring apertures, diam-
eter = 4.5-5 A) (7, 8). While the gmelinite
cages are accessible only to nonbulky mole-
cules such as those of linear alkanes, the
channel diameter is sufficiently large to al-
low the diffusion of relatively bulky mole-
cules (branched alkanes or olefins, aromat-
ics).

In this paper, the composition of the car-
bonaceous compounds formed during n-
heptane cracking is examined as a function
of reaction time. Their size and their vola-
tility will enable us to determine their loca-
tion either within the zeolite (gmelinite
cages or large channels) or on the outer sur-
face. The adsorption results used in the sec-
ond paper allow us to confirm this location
and to propose a mode for H-OFF deactiva-
tion.

EXPERIMENTAL

H-Offretite (K0.4H3.7Al4,1Si|3,9036) was
supplied by Grace Davison. The values ob-
tained for its adsorption capacity for nitro-
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F1G. 1. Cracking activity A, (10~3 mol of n-heptane
transformed h-! g~!) as a function of reaction time ¢
(h).

gen (0.251 cm? g™ 1), for n-hexane (0.217 cm?
g™, and for o-xylene (0.14 cm? g~!) were
consistent with the offretite structure (9):
nitrogen occupies the total void volume, »-
hexane the main channels and the gmelinite
cages, and o-xylene the main channels
only. Ultrastable HY zeolite, USHY (Nags
H.77Alg sSii43.50184), Was obtained by calci-
nation at 520°C under a dry air flow of a
sample of USNH,Y from Union Carbide.
The acidity of the zeolites was character-
ized by NHj; adsorption followed by calo-
rimetry (I0). The number of strong acid
sites (sites for which the NH; adsorption
heat was greater than 100 kJ mol~1) is 3.4 X
102 g-! for USHY and 6.8 x 10?2 for H-
OFF. On the average the heat of adsorption
on these sites is equal to 120 kJ mol~! on
USHY as against 130 kJ mol~! on H-OFF.

Coke formation was studied during the
transformation of n-heptane carried out in a
flow reactor at 450°C, p(N,) = 0.7 x 10° Pa,
p(n-heptane) = 0.3 x 10° Pa. A WWH
value of 25.6 h~! was used for the determi-
nation of the cracking and coking rates and
a value of 2.6 h~! for the preparation of
coked samples for coke analysis.

The experimental methods used to deter-
mine the H/C ratio of the carbonaceous de-
posits as well as those used to recover and
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to analyze the coke components have al-
ready been described (1, 2).

RESULTS

1. n-Heptane Cracking, Coking, and
Deactivation

Figure 1 shows that the cracking activity
of H-OFF decreases very rapidly with time
on stream: equal to about 100 X 10~3 mol
h-! g-1 after 2 min of reaction, it is three
times lower after 10 min and 80 times lower
after 6 h. Whatever the reaction time the
cracking products are constituted mainly of
C; + C,4 (80-85 molar%), the other products
being C; and C; (5-10%) and Cs and Cg (5—
10%). The C;/C,4 molar ratio equal to 2 dur-
ing the first 15 min decreases subsequently
to become close to 1 after 2 h of reaction.
C4~Cs cracking products are mainly linear;
thus, isoC4/nC, is equal to 0.45 after 2 min
of reaction and to 0.30 after 15 min. The
molar ratio olefins/alkanes in the cracking
products, which is initially equal to 0.45,
increases with reaction time becoming
close to 1 after 1 h of reaction. The value of
this ratio depends on the number of carbon
atoms of the cracking products (Table 1).

The rate of coking during the first 2 min is
6 X 1073 mol of n-heptane transformed into
coke per hour and per gram, and therefore
is about 5 times lower than the cracking
rate. It decreases rapidly with reaction time
(Fig. 2).

2. Coke Composition

2.1. Atomic H/C ratio and yield of solubi-
lization in methylene chloride (R). The
atomic H/C ratio decreases when the coke

TABLE 1

Initial Values (after 2 min of Reaction) of the
Olefin/Alkane Ratio in the Cracking Products

Catalyst C¥/C, C}/C; nCY/nC, iC{/iC, ofs
H-OFF 4 0.32 0.39 0.62 0.45
USHY 1.4 0.25 0.18 0.05 0.2

Note. o/s, Olefin/alkane overall ratio.
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F1G. 2. Coking activity Ak (1073 mol of r-heptane
transformed h—! g~!) and coke content of the catalysts
(wt%) against reaction time # (h).

content (therefore, the time on stream) in-
creases. Its value is greater than 1 (nonpo-
lyaromatic coke) for low coke contents and
close to 0.5 (polyaromatic coke) for con-
tents greater than 5 wt% (Fig. 3).

Figure 3 shows that the yield of coke re-
covered in methylene chloride (R) is always
lower than 100%. This is due, in the case of
coke contents greater than 5%, to the pres-
ence of polyaromatic compounds insoluble
in methylene chloride. These compounds
are found in the form of small black parti-
cles having an atomic H/C ratio lower than

100 A F2
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F1G. 3. Yield of coke recovered in methylene chio-
ride (R) and atomic H/C ratio as functions of the coke
content (Wt%).
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0.5. For contents below or equal to 2.3%,
black particles are not observed and the
yield of coke recovered is lower than 100%
because of the presence of volatile com-
pounds. The more volatile are eliminated
during the treatment of the coke zeolite by
the hydrofluoric acid solution. Chromato-
graphic analyses show that these are mainly
isobutene, methylcyclopentane, benzene,
and xylenes in proportions depending on
the coke content. The evaporation of meth-
ylene chloride is accompanied by the elimi-
nation of less volatile compounds (mainly
benzenic).

Figure 4 shows the change of the
amounts of insoluble coke and of light coke
as a function of the coke content. It must be
noted that for low coke contents (=2.3%)
the light coke was considered the sum of
the soluble and of the volatile parts while
for high coke contents it was considered
equal to the soluble part. This probably ex-
plains why for a 4.5 wt% coke content the
value found for light coke is smaller than
what was expected (Fig. 4).

2.2. Analysis of soluble coke by GC,
HPLC, MS, and '"H NMR. All these analy-
ses were carried out after evaporation of
methylene chloride, and therefore, also of
the more volatile coke components. GC
analysis shows that the soluble cokes are
always very complex mixtures, whose
compositions depend on the coke content,

light coke

PERCENTAGE OF CARBON
w
1

insoluble coke

0 5 10
COKE CONTENT OF THE CATALYST (wt %)

F1G. 4. Percentages of light coke and of insoluble
coke as functions of the coke content (wt%).
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Fi1G. 5. Gas phase chromatograms of solvent ex-
tracts obtained after dissolution of the zeolite by hy-
drofluoric acid. The formulas of the main components
are indicated.

the higher the content the less the number
of components (Fig. 5). A great number of
the components are identified by compari-
son with reference compounds. HPLC
shows that the products have two to three
aromatic rings at low coke contents and
three to four at higher coke contents. 'H
NMR shows that the aromaticity increases
with the coke content (Fig. 6). The percent-
age of aromatic protons increases at the ex-
pense of the percentage of aliphatic pro-
tons, the percentage of alkylaromatic
protons (from groups carried by aromatic
rings) passes through a maximum for a 2.3
wt% coke content. The MS analysis carried
out at a low ionization energy (10 eV) in
order to avoid fragmentation confirms that
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the higher the coke content the less the
number of components. The formulas of
the main components deduced from their
molecular weight are given in Table 2.
These formulas are in good agreement with
the mass spectra obtained through GC-MS
coupling.

DISCUSSION

We shall compare first the activity and
the selectivity of H-OFF for n-heptane
cracking to those of USHY, a zeolite in
which configurational limitations and steric
constraints are less pronounced. Cracking
mechanisms will be discussed. Coking and
deactivation rates on H-OFF and on USHY
will also be compared. Finally the location
of coke molecules in the H-OFF pores will
be specified.

1. Activity and Selectivity of H-OFF for
n-Heptane Cracking: Cracking
Mechanisms

H-OFF has an initial activity about 1.6
times greater than USHY: 0.1 mol h™! g~!
after 2 min of reaction compared to 0.066
mol h™! g~!. This greater activity may be
due to the greater number of strong acid
sites: H-OFF has a number of strong acid
sites (sites on which the heat of ammonia
adsorption is greater than 100 kJ mol~1) two
times greater than that of USHY. The ac-
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F1G. 6. Analysis of the soluble coke by 'H NMR.
Change in the percentages of aromatic protons (Hg),
of alkylaromatic protons (H,,), and of aliphatic pro-
tons (H,y) as a function of coke content (wt%).
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TABLE 2
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Formulas of the Main Components of the Coke Soluble in Methylene Chloride

Coke Main families Main components
(wt%)
Formula bp Size® (A)
at 760
Torr
0.8 C,,H2,,_16 C14H12(n = l) 290 6 X953
OL (¥ers
n
CisHu(n = 2)
eg C,Hy 270 7x7
C.Has @-ﬂ CoH(R—=CH3) 190 6x7
C,Hz,-12 %R CHy(R=H) 218 6 x7
ch
(a) Q@ 6.5 % 8.5
C.Hy,- 1 CuH((R=H) 340
b) Q@@ R 6% 95
1.5 @) e R 6.5 % 8.5
0 0J0)
4.5
CnHZn—l8 C]5H12(R=CH3) 320
() 00@ R 6% 9.5
@e R C19H14(R=CH3)
C.Hap24 @@ 48 65x 12
Clsle(R=H)
10 C.Hy, 2 ee CiHip» 448 6.5 X 12

¢ Minimal size estimated from the lengths of the aromatic C-C and C—H bonds (1.4 and 1.1 A,

respectively).



500

tivity of a strong acid site is therefore
slightly smaller on H-OFF than on USHY
despite the fact that its acid sites are
stronger: on the average the heat of ammo-
nia adsorption on the strong sites of H-OFF
is equal to 130 kJ mol~! compared to 120 kJ
mol~! on USHY. Steric constraints in the
narrower pore structure of H-OFF are
probably responsible for this lower activity.
The sclectivities of H-OFF and USHY
are also quite different, as already men-
tioned (/7). However, on both zeolites, C;
and C, are the main products but on H-OFF
the C3/C, molar ratio is initially equal to 2
compared to 1 on USHY and the iso/nC,
ratio is equal to 0.45 on H-OFF compared
to 2.8 on USHY. However, the main part of
the cracking products on H-OFF probably
result, as is the case for USHY, from the
scission of carbenium ions since the forma-
tion of C; and, above all, of C, is very slow.
Protolytic scission could be responsible for
this formation of C;, C; (12). The coexis-
tence on zeolites of these two modes of
cracking is well-known, their significance
depending on the characteristics of the acid
sites and of the zeolite porosity (/1-13) as
well as on the operating conditions (12).
On the other hand the olefin/alkane ratio
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of the cracking products is initially lower
than 1 (0.45 after 2 min of reaction) indicat-
ing secondary reactions (such as hydrogen
transfer) of olefinic products. However,
this ratio is higher than that on USHY (0.2
after 2 min of reaction). This difference be-
tween the two zeolites can be related to the
existence of steric constraints in the narrow
pore structure of H-OFF which limit the
bimolecular hydrogen transfer reactions.
Table 1 shows moreover that the difference
between the olefin/alkane ratio found on
USHY and on H-OFF is greater with
branched molecules than with linear ones:
iC3™/iC,4 is about 12 times higher on H-OFF
than on USHY, whereas C} /C,, C37/Cs,
and nC3 /nC4 are only 2.8, 1.3, and 2.2
times higher, respectively. This could be
due to the more significant steric con-
straints on hydrogen transfer toward isobu-
tene than toward the less bulky olefins.

The cracking product distribution found
on H-OFF can be explained by the possibil-
ity of n-heptane reacting both in the gmel-
inite cages and in the large channels (14).
On the acid sites of the large channels n-
heptane undergoes the same reactions as on
the acid sites of USHY with formation of C;
+ mainly branched Cy:

+R*,—RH .
nCs, nC? 2 > MC{ =—— DMC{-—-— isoC, + C§~
\\ / isoC3™ + Cs
\ /
\ J
nCﬁ" + C3
nC4 + C%~

Olefinic products which are highly reactive
undergo bimolecular reactions (alkylation,
hydrogen transfer, etc.) with the conse-
quence of an olefin/alkane ratio in the
cracking products below 1. In the gmelinite
cages the same process occurs but the
branched C; hydrocarbons remain en-
trapped with, consequently, a low C,/C; ra-
tio. IsoC4 hydrocarbons can react with the
compounds entering the gmelinite cages.

With n-heptane, C;; intermediates, which
crack into C;-C4 products, could be
formed. The low amount of Cs~Cg cracking
products shows that this type of reaction
has little significance. Cyclization and aro-
matization via hydrogen transfer leading to
the coke molecules (volatile or not) can also
occur. The low values of the iso/nC,4 and
C4/Cs ratios lead to the conclusion  that
cracking occurs essentially in the gmelinite
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F1G. 7. Residual activity (Ag = a/ay; a;, activity for
t; and ay, initial activity) of the zeolites USHY and H-
OFF versus-their coke contents (wt%).

cages. According to certain authors (/7),
the low C4/C; ratio could also result from
high field gradients in H-OFF.

2. Coking and Deactivation Rates

On H-OFF the initial coking rate is lower
than that on USHY, viz., 6.6 X 10~3 mol
h~! g7! during the first 2 min of reaction
compared to 8.7 1073 mol h~! g~!. There-
fore, the cracking/coking rate ratio is
higher on H-OFF (about 15) than on USHY
(about 8), which can be explained by steric
constraints inhibiting the formation of coke
molecules in the offretite pores. Obviously,
these steric constraints would be particu-
larly marked in the gmelinite cages.

While the coking rate is lower on H-OFF
than on USHY, the deactivating effect of
coke is more significant on H-OFF (Fig. 7).
This can be explained by an earlier inhibi-
tion of the reactant diffusion in the nar-
rower H-OFF pores: indeed small mole-
cules like isoC, retained in the gmelinite
cages limit the access of the reactant to the
acid sites of these cages; as the large chan-
nels of H-OFF are narrower than the pores
of USHY they can be more easily blocked.
Moreover, while the n-heptane diffusion
can occur three-dimensionally this is not so
for branched products. They can only dif-

N
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fuse through the large channels with the
consequence of a highly significant effect of
pore blockage (15, 16).

3. Location of the Coke Components

The identification of the coke compo-
nents makes it possible to discuss their lo-
cation. At low coke content, all the compo-
nents have boiling points much lower than
the reaction temperatures (Table 2) and
consequently would diffuse into the gas
phase if they were not entrapped in the zeo-
lite pores. The adsorption on the acid sites
of these weakly basic molecules cannot
alone explain this blockage. The reason for
their retention is therefore steric. Their size
being generally smaller or similar to that of
the large channels (about 6.5 A), most of
the coke molecules soluble in methylene
chloride (even at high coke contents) could
probably diffuse in these large channels. In-
deed, it is generally assumed that at a high
temperature the pore structure of zeolites is
not rigid and can accommodate molecules
larger by about 1 A than the pore size.
Therefore, it is probable that these mole-
cules are entrapped in the gmelinite cages.
Figure 8 shows that even for high coke con-
tent all the molecules soluble in methylene
chloride can be located in these cages.
However, most of them are too large, and
therefore they overflow into the large chan-
nels. The change of the isoC4/nC, ratio with
coke content can thus be explained. In-
deed, if only the gmelinite cages were

|
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F1G. 8. Mode of formation of coke on H-OFF. Main
components formed inside the gmelinite cages.
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blocked by coke, this ratio would increase,
while in fact it decreases slightly.

We can thus conclude that all the coke
molecules soluble in methylene chloride are
formed and located in the gmelinite cages,
most of them, however, overflowing into
the large channels. This preferential forma-
tion of coke in these cages can be related to
the easy trapping of relatively small mole-
cules: isobutene and benzenic compounds.
These molecules can undergo numerous
secondary transformations leading to
polyaromatic molecules such as phenan-
threnes, anthracenes, or chrysenes. This
preferential formation of coke can be re-
lated also to the fact that, as is shown by
the low values of C4/C; and of isoC4/nC,
ratios, cracking occurs mainly in the gme-
linite cages. The large molecules insoluble
in methylene chloride formed at high coke
contents seem to be located on the external
surface of the offretite crystallites (17).
They can be formed directly on the external
acid sites or by growth of the polyaromatic
molecules located in gmelinite cages near
the outer surface. The change in the coke
content of the amounts of soluble and insol-
uble coke seems to be in favor of this latter
hypothesis (Fig. 4).

The following successive stages can be
quoted to explain the coke formation of H-
OFF:

1. Formation and trapping of small mole-
cules in gmelinite cages: iC;~, monoaro-
matic, biaromatic.

2. Formation through transformations of
mono- and biaromatic compounds formed
in stage 1 (alkylation, cyclization, aromati-
zation) of tri- and tetraaromatic molecules
entrapped in the gmelinite cages and over-
flowing into the large channels.

3. Formation of highly polyaromatic
compounds through growth of the mole-
cules formed in stage 2 in the pores near the
outer surface.

CONCLUSION

n-Heptane cracking on H-OFF occurs
partly in the gmelinite cages, partly in the
large channels, and in both cases through
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the carbenium ion chain mechanism. The
branched products blocked in the gmelinite
cages lead through the reaction with other
molecules to polyaromatic compounds with
three to four rings. These compounds over-
flow into the large channels. Moreover,
their growth leads to highly polyaromatic
molecules covering the outer surface of the
crystallites.
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