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Depending on the reaction temperature, the carbonization of ethylene over hydrogen mordenite
led to low-temperature coke radicals (below about 500 K) or high-temperature coke radicals (above
about 500 K). The formation of low-temperature coke radicals, which are olefinic or allylic oligo-
meric species, is favored by an increase in the acidity of the zeolite catalyst. In the formation of
high-temperature coke radicals, which are highly unsaturated species, homolytic bond splitting of
carbonaceous deposits may be involved. The acidity of the zeolite affected the formation of the
high-temperature coke radicals in a complex way. A comparison between EPR and thermogravi-
metric measurements showed a good linear correlation between the number of radicals and the

amount of coke formed at high temperature.

INTRODUCTION

EPR studies on coke deposition on solid
catalysts are generally conducted by static
measurements. Therefore, they do not nec-
essarily provide results that are relevant for
the real on-stream processes. In the current
study, experiments were designed to over-
come this difficulty.

First, it was shown that upon coke for-
mation ethylene yielded the so-called inter-
mediate radicals under an atmosphere of
ethylene renewed prior to cach heating step
but not under autogenous atmosphere.
Hence it was suspected that the on-stream
conditions have a decisive influence on
coke formation. Therefore, subsequent
studies were carried out by in sifu monitor-
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ing of the coke formation during the reac-
tion of ethylene. Another interesting prob-
lem to be elucidated was the effect of Al
content of the zeolite catalyst on the forma-
tion of low-temperature and high-tempera-
ture coke. Finally, attention was paid to the
question of how to distinguish between rad-
icals of the catalytically formed high-tem-
perature coke and those observed in ther-
mally carbonized matter.

EXPERIMENTAL

Materials. Commercial hydrogen mor-
denite (HM-1, Table 1) and sodium mor-
denite were purchased from the Norton
Company. A series of dealuminated hydro-
gen mordenites (HM-2 to HM-5) was pre-
pared by treatment of sodium mordenite
with hydrochloric acid. Ethylene (99.95%),
nitrogen (99.996%), and synthetic air were
obtained from Messer Griesheim, Diissel-
dorf.

Apparatus. The EPR spectrometer and
accessories have been described in Part I of
this study (1). In situ EPR measurements
were rendered possible by use of a specially
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TABLE 1

Characterization of the Catalysts Used*

Zeolite Al/unit cell A(OH) A(LPy)
(a.u.) (a.u.)
HM-1 6.1 0.49 0.36
HM-2 3.8 0.35 0.26
HM-3 2.7 0.22 0.24
HM-4 1.6 0.20 0.20
HM-5§ 1.2 0.25 0.08

@ A, absorbance; OH, acidic hydroxyls; L, Lewis
sites; Py, adsorbed pyridine.

designed EPR fixed-bed flow reactor cell
(Fig. 1), which could be placed in the reso-
nance cavity. The Pt heating wire (0.05 mm
diam) was wound bifilarly, as shown in Fig.
1, around the reactor tube and fixed with a

v .

; -—8
F1G. 1. Flow reactor for in situ EPR measurements:
(1) gas inlet, (2) thermocouple, (3) Cajon T-connec-

tion, (4) Pt heating wire, (5) catalyst, (6) Dewar tube,
(7) reactor tube, (8) gas outlet.
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two-component cement, Thermostix 2000
from Klebchemie GmbH. The temperature
inside the reactor was measured with a
0.25-mm-diam thermocouple from Philips.
To avoid overheating and subsequent dam-
age of the resonance cavity, the reactor was
isolated in a Dewar tube. Reactor and De-
war tube were made from high-quality
quartz glass (Suprasil). The fixed-bed reac-
tor allowed reactions to be carried out
within the temperature range 300 to 800 K.

Errors in intensity measurements, which
occurred because of the variation in length
of the sample and the so-called sucking-in
effect, were corrected. The sucking-in ef-
fect is caused by concentration of the elec-
tromagnetic field at the locus of the sample
due to the dielectric constant of the sur-
rounding quartz glass of the reactor. A cor-
rection factor was evaluated via compara-
tive measurements of a standard with and
without the quartz glass reactor. Numbers
of radicals could be determined with a re-
producibility of +10% and precision of
+25%. The spectra were recorded at a mi-
crowave power small enough to avoid any
saturation effects. The modulation ampli-
tudes were chosen to be as small as possi-
ble, usually about 0.2 mT.

Conversion measurements could be con-
ducted by using gas chromatograph F20
from Perkin-Elmer, on line with the EPR
reactor cell. The density of radicals in the
coke deposits was determined using com-
plementary thermogravimetric data which
were obtained with a thermobalance TGS-2
from Perkin—Elmer.

Procedure. Samples of 0.2 g were used to
investigate the carbonaceous deposits
formed below 500 K, since experiments
carried out under static conditions have
shown that only a small number of radicals
could be expected. For experiments above
500 K, only 0.01 g of the zeolites was em-
ployed. The small grains of pressed zeolite
powder were heated at the rate of 200 K/h
to 700 K in a stream of air flowing at 15 ml]
min~!. After 1 h of calcination at this tem-
perature the flow of air was replaced by a
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flow of nitrogen for one more hour. There-
after, the sample was cooled to the reaction
temperature, and a flow of a mixture of 8
vol% ethylene in nitrogen was admitted
through the reactor at a flow rate of 16 ml
min~.

For complementary measurements at Q-
band frequency or at low temperature, the
zeolite sample was pretreated under stream
conditions, subsequently exposed to air,
and transferred to a capillary tube which
was connected to a high vacuum and gas-
dosing system.

Pretreatment for the thermogravimetric
measurements was as follows. The sample
was first maintained at room temperature
under a nitrogen flow of 200 ml min~'.
Thereafter it was heated to 700 K within 20
min and calcined at this temperature for 2
h. The cell was subsequently cooled to the
reaction temperature and purged for 4 min
with the reactant mixture, i.e., 5 vol% eth-
ylene in nitrogen, at a flow rate of 200 ml
min~!. After 4 min the rate was decreased
to 16 ml min~! and recording of the weight
gain was started.

RESULTS AND DISCUSSION
Low-Temperature Coke

When the flow of ethylene in nitrogen
was passed through the HM-1 zeolite at in-
creased temperatures (380-470 K), a spec-
trum composed of seven hyperfine lines ap-
peared (Fig. 2). Its hyperfine splitting
constant was approximately 1.6 mT and the
g value, 2.0025. The corresponding radi-
cals have been referred to as intermediate
radicals (Part I (/)). During a further in-
crease in the temperature up to about 500
K, the hyperfine structure vanished, and
there remained a single line which is typical
of the high-temperature coke.

This two-stage process of coke formation
is very similar to that observed in the series
B of the static experiments (Part I). Obvi-
ously, the static process with renewal of the
reactant atmosphere prior to each heating
step was a good approximation to the real
on-stream situation.
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F1G. 2. EPR spectra of intermediate radicals (430 K)
and high-temperature coke (480 K) during coke forma-
tion upon ethylene reaction over hydrogen mordenite,
HM-1.

The static experiments mentioned above
indicated that formation of the intermediate
radicals requires the presence of gaseous
ethylene and low-temperature coke. It was
suggested that the intermediate radicals are
probably formed via a reaction between
gaseous ethylene and the coke deposited on
the zeolite rather than by oxidation or
homolytic cracking of the deposited low-
temperature coke. This is supported by the
results presented in Fig. 3. Here, the con-
version of ethylene was monitored by gas
chromatography. Significant consumption
of ethylene was observed concomitant to
the formation of the intermediate radicals.

The number of intermediate radicals was
shown to decrease strongly with decreasing
Al content of the zeolite (Fig. 4). This can
be attributed to a decreasing number of
acidic sites, which are required for (i) oligo-
merization and (ii) radical formation. The
protonating capability (Brgnsted acidity),
which is required for olefin oligomerization,
polymerization, and formation of low-tem-
perature coke (2), corresponds to the
number of tetrahedrally coordinated Al,
whereas the electron acceptor capacity



COKE FORMATION FROM OLEFINS ON H-MORDENITE, 11

oy
z [~ 1
2 4otm
z _\ \ NN ]
- 0 AJ amm .)L.[._\-M—_l

> 3
¥
— 18 1
< x10
=
:(l 2 ./ E
= / ]
% [}
@ 1F .
& 1 o
G X 0 i

& 500 ——

S

FL00 - T

£ 300 L .

e 0 1 2

TIME ON STREAM [h]

FI1G. 3. Conversion and number of radicals as a func-
tion of the temperature during the reaction of ethylene
over hydrogen mordenite, HM-1.

should be related to the extra-framework
aluminum, i.e., possibly to certain types of
Lewis sites [compare Ref. (/)]. As was
pointed out in Part I of this study, Lewis
sites might be responsible for the second
step, i.e., generation of radicals from oligo-
meric hydrocarbon species deposited onto
the zeolite and subsequent radical stabiliza-
tion. Both types of site obviously decrease
with decreasing overall Al content (com-
pare Table 1). This accounts for the ob-
served decrease in the number of radicals
as a function of decreasing Al content as
demonstrated in Fig. 4.

The seven-line spectrum showed a weak
asymmetry, which was even more pro-
nounced in the spectrum recorded at Q-
band frequency (Fig. 5). This finding sug-
gested that the a and g values are
anisotropic; i.e., the radicals do not un-
dergo rapid random tumbling inside the ze-
olite channels. Since freezing of the radi-
cals at 10 K did not result in any change of
their hyperfine spectrum (Fig. 6), the as-
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FiG. 4. Number of intermediate radicals as a func-
tion of the Al content of hydrogen mordenite, after 14
h of ethylene stream at 430 K.

sumption is strongly supported that the mo-
tion of the radicals is restricted already at
the higher temperatures where they had
formed. The main fraction of the radicals
was stable over a period of months, even
after having been brought into contact with
oxygen. However, it could not be decided
whether the radicals were inherently stable
or, rather, were stabilized or protected by
the zeolite matrix.
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—— Q-Band

q= 20025

FiG. 5. EPR spectra of intermediate radicals at X-
and Q-band frequencies.
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FiG. 6. EPR spectra of the intermediate radicals at
300 K (dash line) and 9.5 K (solid line).

Ayscough et al. (3) reported that irradia-
tion of allyl-chloride glasses, yielding most
probably allyl radicals, gave rise to a
weakly asymmetric spectrum very similar
to the seven-line spectrum of Fig. 2. There-
fore, the seven-line spectrum is very proba-
bly due to olefinic or allylic radicals, i.e., to
[>C=C<]* or [>C==C==C<]". Since
the spectrum comprises more than five
lines, it cannot be ascribed to ethylene radi-
cals but must be generated from an oligo-
meric product. A more precise interpreta-
tion seems possible only by computer
simulation of the seven-line spectrum using
anisotropic a and g parameters.

High-Temperature Coke

When heated to temperatures higher than
about 500 K, the adsorbate showed only the
single EPR line of high-temperature coke.
This line developed instantaneously when
ethylene was conducted above 480 K
through a freshly activated HM-1 zeolite,
without intermittent appearance of the
seven-line spectrum. Indeed, this finding
does not completely exclude that the inter-
mediate radicals are indicative of inevitable
precursors of the high-temperature coke
since their steady-state concentration may
be below the limit of detection. However,
in view of the high sensitivity of EPR spec-
troscopy one can conclude that the lack of
spectroscopic evidence renders it unlikely
that the intermediate radicals are precur-
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sors of high-temperature coke species
(compare Ref. (1)). Only after short contact
times, the single line exhibited traces of the
hyperfine structure with a = 0.18 mT, as
was reported by Kucherov and Slinkin (4,
5) and in Part I (1) of this study; this hyper-
fine structure was attributed to 1,2-dialkyl-
phenylene radicals.

With time on stream the intensity of the
single line steadily increased, but finally ap-
proached a constant value (Fig. 7). The ini-
tial rate of coke formation was higher at
higher reaction temperatures. The growth
of the signal intensity did not follow the em-
pirical equation proposed by Voorhies (6).
Instead, a first-order relationship was ob-
served between the number of radicals, n,
and the time on stream, f,

n(t) = n(=)[1 — exp(—k1], 0y

as shown by the fitting of the solid lines of
Fig. 7a, which were calculated according to
Eq. (1), to the experimental data.

The linewidth first increased to a maxi-
mum of around 1.3 mT and subsequently
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FI1G. 7. (a) Intensity and (b) width of the high-tem-
perature coke signal as a function of time on stream,
during reaction of ethylene over hydrogen mordenite,
HM-1, at various temperatures.
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FiG. 8. Intensity of the high-temperature coke signal
as a function of time on stream, during reaction of
ethylene over hydrogen mordenites of various Al con-
tent.

decreased, more pronouncedly at higher re-
action temperatures (Fig. 7b). Similar to the
results obtained with carbonized materials
(7-9), the narrowing of the single line could
be attributed to a decrease in hyperfine
splitting. This is supported by the experi-
ments under static conditions (see Part I)
where a decrease of the hyperfine splitting
constant ¢ from a = 0.18 mT to 0.1 mT and
below was observed. However, a contribu-
tion from the exchange narrowing effect to
the narrowing of the linewidth cannot be
excluded here. The g value of the single
line, however, remained at 2.0024 during
the entire carbonization process.

The rate of formation of high-tempera-
ture coke radicals also proved to be depen-
dent on the acidity of the zeolite (Fig. 8).
When the Al content of the mordenite de-
creased, the initial rate first decreased as
well. In fact, below approximately 2 Al at-
oms per unit cell, i.e., above a Si/Al ratio of
20, a pronounced induction period of 5 to 10
h occurred, but thereafter the rate of coke
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formation increased very sharply. The
lower the Al content, the higher was the
rate of coking subsequent to the induction
period. The very same feature was ob-
served when the total deposition of coke
was monitored by in situ TGA. This com-
plex behavior is not yet understood. Never-
theless, it seems to indicate that the elec-
tron acceptor properties of the zeolite,
which may be determined by the Al con-
tent, are insufficient to explain the forma-
tion of high-temperature coke. However,
detailed analysis of the distribution of Al on
tetrahedrally coordinated (framework) and
octahedrally coordinated (extra-frame-
work) sites by means of Al MAS NMR
seems to be necessary to clarify this prob-
lem further.

Interestingly, the radicals of low-temper-
ature coke and high-temperature coke be-
have differently upon a change in the Al
content in the zeolite (compare Figs. 4 and
8). This is in agreement with the assump-
tion that there is no simple relationship be-
tween both types of coke and that the inter-
mediate radicals are probably not necessary
precursors of the high-temperature coke
(see above).

Characterization of High-Temperature
Coke Radicals

In these experiments the paramagnetic
behavior attributed to free radicals was
studied in more detail. The experiments
were expected to provide further insight
into the nature of high-temperature coke.

As is demonstrated in Fig. 9, the recipro-
cal intensity of the EPR signal of high-tem-
perature coke increased linearly with the
temperature of measurement, thus follow-
ing the Curie law. Hence, the paramagne-
tism is indeed due to free radicals in a dou-
blet state, S = 3.

To determine the relation between the to-
tal amount of high-temperature coke depos-
ited and the number of radicals it contains,
parallel EPR and thermogravimetric mea-
surements of coke formation upon ethylene
reaction over HM-1 mordenite at 573 K
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Fi1G. 9. Effect of temperature on the signal intensity
of the high-temperature coke formed upon reaction of
ethylene over hydrogen mordenite, HM-1, at 573 K.

were carried out. A linear correlation was
found between the number of radicals and
the total amount of high-temperature coke,
expressed as a weight percentages (Fig.
10). The radical density of the high-temper-
ature coke was constant up to the complete
deactivation of the zeolite. It corresponds
approximately to one radical per 500 car-
bon atoms. This density is much higher
than that found in coke formed above 700 K
on silica—alumina (/0) and on Y-zeolite
(11), where only one radical per 1000-
10,000 carbon atoms was determined. In-
terestingly, the final amount of high-tem-
perature coke deposited was almost the
same, viz., 12 wt%, for all the samples un-
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der investigation, but the final numbers of
spins were obviously not the same (com-
pare Fig. 8). Thus, the spin density of the
coke varied with the Si/Al ratio which
might indicate that the nature of the high-
temperature coke depends to some extent
on the acidity of the zeolite catalyst.

The radicals of high-temperature coke
were very stable; the intensity of their EPR
line remained constant for months. The sat-
uration behavior of the single line revealed
that weak inhomogeneous line broadening
was operative. After exposure of the sam-
ple to air, the EPR line suffered a reduction
of 10 to 15% in its intensity, indicating effi-
cient relaxation of a portion of the high-
temperature coke radicals by oxygen mole-
cules (9).

It has been well established that organic
materials carbonized at 600 to 800 K con-
tain stable free radicals giving rise to EPR
lines similar to those observed in the cur-
rent study (7-9). They have been inter-
preted as being due to highly unsaturated,
most probably polyaromatic, = radicals
generated by homolytic bond splitting and
subsequent rearrangement reactions. These
species were assumed to be not catalyti-
cally active in the carbonization process.
Interestingly, such radicals exhibited prop-
erties (e.g., paramagnetic behavior) similar
to those observed here for high-tempera-
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ture coke radicals. Completely different,
however, are the properties of graphite
compounds (7), which usually form at tem-
peratures above 1000-1500 K.

Therefore, it is proposed that the radicals
of high-temperature coke have a nature
similar to that of radicals in organic mate-
rial carbonized at 600-800 K; i.e., they are
highly unsaturated, possibly polyaromatic
7 radicals. Their formation might involve
thermal blood splitting in the deposits and
be affected in a complex manner by the
acidic sites related to the Al content of the
zeolite. The radicals represent a final prod-
uct of the carbonization rather than an ac-
tive species. It can be excluded that the
main part of the high-temperature coke in
mordenite has a multilayer graphite-like
structure.

In summary, one can state that the inves-
tigation of radicals accompanying the for-
mation of coke on zeolite catalysts is a
useful means of contributing to a better
understanding of this phenomenon. In
many aspects the coke radicals seem to be
reliable representatives of the coke species
from which they are derived by an electron
transfer to (or from) the zeolite or a hydro-
gen abstraction. Thus, EPR spectroscopic
studies of the radicals related to coke pro-
vide information about the nature of the
coke species, render possible the discrimi-
nation between low-temperature and high
temperature coke, and allow one to esti-
mate, based on the measured spin density,
the total amount of coke deposited onto the
zeolite catalyst.

Particularly, the EPR results lead to the
following characterization of the two types
of coke formed upon olefin reaction over
hydrogen mordenite catalyst:

(i) “‘Low-temperature coke,”” i.e., oligo-
mers of polymers, almost paraffinic or ole-
finic in character, indicated by olefinic or
II-allylic radicals exhibiting multipie-line
EPR spectra.

(ii)) ‘‘High-temperature coke,” i.e.,
highly unsaturated species, polyenic or aro-
matic in character, indicated by stable,
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free, and most probably polyaromatic radi-
cals, exhibiting a single-line EPR spectrum.

CONCLUSIONS

1. Depending on the reaction tempera-
ture, the carbonization of ethylene over hy-
drogen mordenite can be divided into two
processes, forming a low-temperature coke
below 500 K and a high-temperature coke
above 500 K.

2. The low-temperature coke exhibits
olefinic or allylic radicals of oligometric
species, particularly the so-called interme-
diate radicals.

3. The number of intermediate radicals de-
creases with decreasing Al content of the
zeolite, i.e., decreasing number of acidic
sites which are required for formation of
oligomeric species.

4. The paramagnetism of the high-tem-
perature coke is due to the presence of
highly unsaturated, possibly polyaromatic,
radicals. Those radicals do not belong to
graphite-like structures.

5. The number of high-temperature coke
radicals increases linearly with the amount
of the carbonaceous deposits. From this
correlation a density of one radical per 500
carbon atoms could be derived.

6. The reaction temperature strongly af-
fects the rate of formation of the high-tem-
perature coke radicals.

7. The global rate of formation of high-
temperature coke radicals passes through a
minimum as a function of the Al content of
the zeolite. At present, there is no simple
explanation for this finding.

8. No simple relationship exists between
the intermediate radicals and the radicals of
the high-temperature coke. It seems rather
unlikely that the intermediate radicals are
inevitable precursors of the high-tempera-
ture coke.
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