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An in situ Fourier transform infrared spectroscopic investigation of coke formation on HY 
cracking catalysts was undertaken using NH4Y catalysts calcined between 300 and 538”C, with l- 
hexene and 4-methylcyclohexene used separately as reactants. Two types of active sites are 
proposed for the formation of coke. One site consists of the Bronsted acid hydroxyl groups present 
after low-temperature calcination. The second type of site involves a sort of synergism between 
stronger Bronsted acid hydroxyl groups and neighboring Lewis acid cationic sites, formed after 
high-temperature calcination. This dual-site suggestion for coking parallels similar suggestions 
made previously for cracking reactions on these catalysts. The composition of the coke on the 
catalysts exhibited a distinct lack of aromatic character, suggesting that the route to coke formation 
need not always proceed through aromatic precursors. 

INTRODUCTION 

The catalytic cracking of long-chain hy- 
drocarbons into smaller molecules is invari- 
ably accompanied by the formation of coke 
deposits on the catalyst surface. The term 
coke may refer to any high-molecular- 
weight, highly carbonaceous species that is 
deposited on the catalyst surface. While the 
chemical nature of these deposits is not 
completely understood, their effect on cata- 
lyst activity is well known. Coking causes 
catalyst deactivation either by blockage or 
poisoning of the catalyst’s active sites. 

In order to address the problem of zeolite 
catalyst deactivation by coking, the chemi- 
cal identity and origin of the coke deposits 
must be better understood. This entails fun- 
damental investigation of the coked cata- 
lyst surface on a molecular level. Infrared 
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(IR) spectroscopy is a technique which pro- 
vides this type of information. The use of 
Fourier transform IR (FTIR) spectroscopy 
further allows examination of the catalyst 
surface under realistic reaction conditions. 
In the present study, FTIR spectroscopy 
was used to monitor changes on the cata- 
lyst surface during cracking reactions, in- 
cluding modification of surface hydroxyl 
groups, adsorption of hydrocarbons, and 
development of a highly carbonaceous coke 
species. In order to clarify the interpreta- 
tion of the experimental results from this 
study, a brief discussion of what is known 
about the active sites in H zeolites for 
cracking reactions is required. 

ACTIVE SITES IN H ZEOLITES 

Zeolite cracking catalysts have been well 
characterized through numerous studies 
(1-M) using infrared spectroscopy, thermo- 
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gravimetry, and other techniques. The 
acidic hydrogen forms have been found to 
be among the most active for catalytic 
cracking. Infrared investigations of hydro- 
gen Y zeolite have revealed several peaks 
due to structural hydroxyl groups. A peak 
at 3640 cm-l has been assigned to the acidic 
supercage hydroxyl groups thought to be 
important active sites in cracking reactions. 
Infrared studies of adsorption of bases (3) 
have shown these hydroxyl groups to be 
Bronsted acids. Heating the catalyst to 
temperatures above 400°C drives off struc- 
tural water, and the extent of dehydroxyla- 
tion that occurs affects the type and propor- 
tion of acidic sites present on the surface. 
As the supercage hydroxyl groups are 
driven off, electron-deficient Lewis acid 
sites are formed (3). 

Catalytic cracking is an acid-catalyzed 
reaction, but the roles of the Bronsted and 
Lewis acid sites are not unequivocally de- 
fined. Early work (11, 13) suggested that 
Bronsted acid hydroxyl groups alone ac- 
counted for the catalytic activity of zeolites 
in a number of cracking reactions. Other 
investigations indicated, however, that 
Bronsted acid hydroxyl groups were not 
the only key to the high activity of zeolites 
in cracking. Liengme and Hall (2) found 
that dehydroxylated zeolites interacted 
with olefins even more strongly than zeo- 
lites with Bronsted hydroxyl groups. They 
asserted that carbonium ion formation in 
acid catalysis must proceed in other ways 
than just through Bronsted OH sites. Luns- 
ford (14) and Hopkins (1.5) each noted that 
maximum catalytic activity for cracking re- 
actions occurred with a catalyst calcined at 
a temperature higher than that required for 
maximum Bronsted acid site concentration; 
at the dehydration temperature for maxi- 
mum activity, the Bronsted OH concentra- 
tion had already passed its maximum and 
had declined considerably. 

Lunsford (I4), using the results of earlier 
workers (16, 17), proposed that catalyti- 
cally active sites are formed by partial de- 
hydroxylation of the zeolite to produce a 

small amount of what Uytterhoeven et al. 
(I) first termed “defect sites.” These sites 
consist of SiOJ+ and Aid- cation-anion 
pairs in the zeolite lattice. The zeolite also 
retains some Bronsted hydroxyl groups. 
Lunsford (14) postulated that the positively 
charged SiOJ+ group acts inductively 
through the lattice on a Bronsted OH group 
to produce a partial negative charge across 
the lattice: 
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This electrostatic interaction between the 
Lewis acid site and the SiOH group reduces 
the hydroxyl group’s electron density. This 
reduces the interaction between hydrogen 
and oxygen and makes the proton much 
more acidic. Although this theory still relies 
upon the presence of some Bronsted acid 
hydroxyl groups, it also suggests that 
Lewis acidity plays a role. This model ap- 
pears to be more consistent with reaction 
data in which the maxima in reactivity and 
in Bronsted acidity do not correspond to 
the same calcination temperature of the cat- 
alyst (14, 15). 

More recent work has suggested that the 
defect site mechanism of Uytterhoeven et 
al. (1) is a schematic representation of the 
formation of Lewis sites rather than a real 
one. The presence of trigonally coordinated 
aluminum was not found in dehydroxylated 
zeolites by Kuhl(18). Jacobs and Beyer (19) 
have found evidence to suggest that the 
true Lewis sites in zeolites are formed not 
from lattice groups but from Al-O species 
leached from the zeolite framework into the 
supercages during high-temperature treat- 
ment. Mirodatos and Barthomeuf (20) have 
found oxoaluminum deposits in the cavities 
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of mordenite that are extremely strong acid 
sites. Therefore, while the true nature of 
the Lewis sites may differ from the repre- 
sentation shown above, the idea of syner- 
gism between Bronsted hydroxyl groups 
and Lewis sites is valid in any case. 

Recent work by Langner and Meyer (21) 
supports the suggestion that both Bronsted 
and Lewis sites may be important in crack- 
ing reactions. They developed a mechanism 
for coke formation from butadiene on hy- 
drogen Y zeolites in which Diels-Alder ad- 
dition reactions proceed through Lewis 
acid sites, while Bronsted acid sites are re- 
quired for hydride transfer reactions. 
Langner (22) has also postulated that ad- 
sorbed coke precursors participate in the 
cracking reactions, and that these precur- 
sors are cyclic in structure. 

In their extensive work on the cracking 
of [2-13C], methylpropene, Fajula and Gault 
(23-25) have also made the suggestion that 
more than one type of acidic site partici- 
pates in cracking reactions. They proposed 
that strong sites are formed from interac- 
tion between Bronsted and Lewis acid 
sites, much like the theory of Lunsford. 

Both Fajula and Gault (23-25) and 
Langner (22) have studied changes in prod- 
uct distributions with various changes in 
conditions during cracking reactions. Aro- 
matic precursors to coke formation were 
suggested in both cases because of the pres- 
ence of slight amounts of aromatic and cy- 
clic compounds in the product stream. 

The relationship between the active sites 
and the formation of coke on the catalyst 
during cracking reactions has been investi- 
gated. IR spectroscopy has been used pre- 
viously to identify a highly carbonaceous 
surface species formed during cracking re- 
actions (26, 27). The growth of a “coke” 
peak during reaction may be used to moni- 
tor coke formation as a function of reaction 
time, as well as to follow its relationship to 
the IR peak of the acidic hydroxyl groups. 
In the present study, the use of an in situ 
Fourier transform spectroscopic technique 
offers the advantage of extremely rapid 

data collection during the chemical reaction 
and a means of measuring overall coking. 

EXPERIMENTAL 

Materials. Y zeolite of the NH4+ form 
was purchased from Linde. High-purity 
(99%) 1-hexene (Aldridge) and 4-methylcy- 
clohexene (J. T. Baker) were stored over a 
4A molecular sieve prior to use. Helium gas 
of 99.99% purity was further purified before 
use by passage through an Oxy-clear unit. 

Apparatus. A Nicolet 7199 Fourier trans- 
form infrared spectrometer was used to re- 
cord the IR spectra. An in situ infrared cell 
was designed to be placed inside the spec- 
trometer so that spectra could be recorded 
during reaction. The IR cell, a standard 
type of in situ cell (II), was encased by a 
resistance heater. KC 1 infrared windows 
were kept cool during high-temperature re- 
action by a copper water circulation sys- 
tem. Hydrocarbon reactants were supplied 
to the cell at 1 atm total pressure via a he- 
lium carrier stream from a gas bubbler sys- 
tem. The partial pressure of the hydrocar- 
bon in the carrier stream was less than 20 
Ton-. The gas flow rate was approximately 
60 cm3/min. 

Procedure. The NH4Y zeolite was 
pressed into disks weighing approximately 
45 mg and having a diameter of 2.54 cm. 
The sample was calcined in flowing oxygen 
and helium for 1 h at a temperature between 
300 and 538°C producing a partially or fully 
deammoniated and/or dehydroxylated HY 
catalyst, depending on the temperature 
used. The reaction temperature was 300°C 
for all experiments, and spectra were re- 
corded every 3-5 min during the initial 
stage and frequently throughout the rest of 
the reaction. 

RESULTS AND DISCUSSION 

Pretreatment and Reaction Spectra 

NH4Y samples were calcined at tempera- 
tures between 300 and 538°C before reac- 
tion to remove ammonia and form the ac- 
tive HY catalyst. Figure 1 shows the 
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FIG. 1. STIR spectra of HY catalysts calcined at 400 
and 538°C. 

spectra of two of the samples, calcined at 
400 and 538°C. Below 400°C the ammonia 
has only been partially removed, and spec- 
tral features of the NH4+ ions remain. As 
the temperature is raised, the ammonia is 
driven off, and the supercage OH peak at 

3640 cm-r grows to a maximum. Above 
400°C however, the dehydroxylation pro- 
cess replaces deammoniation, and the peak 
due to the Bronsted OH group in the zeolite 
supercage diminishes, until at 538°C it is 
merely a shoulder on the broadened 3540- 
cm-r OH peak. This indicates that very lit- 
tle Bronsted acidity remains, while Lewis 
acid sites have been formed from the dehy- 
dration (II). The effect that this modifica- 
tion of the surface structure has on coke 
formation will be discussed. 

FTIR spectra provide a sort of “time- 
lapse” picture of the catalyst surface during 
cracking reactions, as seen in Fig. 2A for 
the reaction of 1-hexene over an HY sam- 
ple calcined at 400°C. The spectrum of the 
initial catalyst is shown along with those of 
the catalyst after 10 and 20 min of reaction. 
Several important modifications are to be 
noted. First, the Bronsted hydroxyl group 
at 3640 cm-’ is consumed during the reac- 
tion. Second, the formation of adsorbed hy- 
drocarbons may be observed in the region 
2800-3000 cm-’ and below 1500 cm-‘. And 
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B. 10 Minutes 
C. 20 Minutes 
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FIG. 2. FTIR spectra recorded during I-hexene reaction at 300°C over HY catalyst calcined at 400°C. 
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third, a peak at about 1585 cm-’ is seen to 
grow during the reaction. This peak has 
been assigned to the highly carbonaceous 
coke species by previous authors (26, 27). 

Coke Formation 

The carbonaceous species to which the 
peak at 1585 cm-’ is attributed has been 
studied previously using X-ray diffraction 
and light and electron microscopy (28). It is 
thought to consist partly of pseudographitic 
structures and partly of more disorganized 
material. The formation of these coke de- 
posits as a function of reaction time may be 
plotted using the absorbance of the coke 
peak as a measure of coke concentration. 
This is shown in Fig. 3 for the 1-hexene 
reaction just discussed and also for the 
same reaction with a catalyst calcined at 
538°C. The initial rapid increase in absor- 
bance of the “coke” peak followed by a 
plateau is in agreement with results of cur- 
rent thermogravimetric coking studies be- 
ing carried out in our laboratory. 

FTIR spectroscopy offers a way to col- 
lectively monitor the formation of absorb- 
ing and/or scattering moieties as a function 
of time. In the collection of the interfero- 
gram the maximum signal is observed when 
the light paths in the two arms of the inter- 
ferometer are equal (the zero displacement 
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FIG. 3. Coke peak absorbance vs time for I-hexene 
reactions at 300°C over HY catalysts. 

peak). At zero displacement all frequencies 
in the beam will interfere coherently; thus 
the intensity of the signal at zero displace- 
ment is a measure of the total power trans- 
mitted by the sample (independent of fre- 
quency) (29). The peak height of the zero 
displacement signal then measures the 
opacity of the sample averaged over the fre- 
quency range spanned by the source-detec- 
tor combination (ca. 4500-425 cm-’ in our 
spectrometer). For a catalyst sample in 
which coke is forming, a diminution of this 
signal is as much a measure of scattering by 
“coke particles” as a measure of any fre- 
quency-specific absorption. The equivalent 
phenomenon in the transform spectrum is a 
general decrease in baseline transmission 
(increase in absorption) which is observed 
as the sample cokes. Figure 4 shows the 
decrease in the zero displacement peak as a 
function of time expressed as percentage 
transmission loss (ca. the region 4500-425 
cm-‘) using the calcined catalyst as the 
100% reference. The shape of the time 
curve is similar to that of the coke peak 
absorbance shown in Fig. 3, which indi- 
cates to us that the 1585-cm-’ peak corre- 
sponds to a vibration mode of the “coke” 
or at least to a moiety which forms at the 
same rate. 

l calcined at 400°C 

ocalcined at 538°C 

20 40 80 80 

Time (minutes) 

FIG. 4. FTIR transmission loss vs time for 1-hexene 
reactions at 300°C over HY catalysts. 
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These infrared spectroscopic results sup- 
port the reaction study of Langner and 
Meyer (21) in which hydrocarbon adsorp- 
tion and coke formation were found to be 
extremely rapid in the initial reaction 
stages, and then were diminished as the cat- 
alyst aged until no further hydrocarbon 
transformation occurred. Fajula and Gault 
(24) have also noted that most hydrocarbon 
residue is deposited in the early part of 
cracking reactions. 

IR peaks in the region 1600-1300 cm-l, 
including a peak in the same position as the 
coke peak, have been observed in IR spec- 
tra of the methanation reaction over Ru/ 
A1203 (30). Peaks at 1585 and 1378 cm-’ 
were attributed to the OCO stretching vi- 
brations of formate ions formed on the 
A&O3 during methanation. Since a peak 
near 1585 cm-l is observed during coking 
reactions, the possibility of formate forma- 
tion from interaction of the hydrocarbon or 
its intermediates with the hydroxyl groups 
of the zeolite should be considered. Spectra 
of the I-hexene reaction at lower tempera- 
tures also reveal a peak near 1380 cm-l 
(31). However, the 1380-cm-i peak under- 
goes a shift to lower frequency as tempera- 
ture is increased, while the 1585-cm-’ peak 
remains in place. If these peaks are indeed 
due to the symmetric and asymmetric OCO 
vibrations of formate ions, they would be 
expected to change in tandem. They do not; 
this, together with the other information 
known about the 1585-cm-’ peak, supports 
the hypothesis that it represents a highly 
carbonaceous coke species. 

Modi$cation of Hydroxyl Groups 

During the cracking reaction of I-hexene 
described above, the growth of the coke 
peak was accompanied by a decrease in the 
concentration of Bronsted hydroxyl 
groups. This relationship is illustrated in 
Fig. 5. The striking linearity of the relation- 
ship lends support to the hypothesis that 
Bronsted acid hydroxyl groups do indeed 
act as active sites, at least for the formation 
of coke on cracking catalysts. 

0 Calcined at 400°C 

0 Calcined at 538°C 

Coke Peak Absorbance 

FIG. 5. Supercage hydroxyl absorbance vs coke 
peak absorbance for I-hexene reactions at 300°C over 
HY catalysts. 

This same linear curve was obtained for 
all reactions using catalysts calcined at 
400°C or below, all of which exhibit large 
concentrations of Bronsted acid hydroxyl 
groups. For catalysts calcined at 538°C 
however, such extensive dehydroxylation 
has taken place that the ordinate value for a 
plot of Bronsted OH absorbance vs coke 
peak absorbance would be approximately 
zero for any value of the abscissa. This is 
indeed the case, as is also shown in Fig. 5. 
The most interesting thing to note is that 
the amount of coke formed is significant for 
both catalysts, but the coke is formed on 
the dehydroxylated sample in the presence 
of only a very small amount of Bronsted 
acid sites. It appears that coking must pro- 
ceed through sites other than just the 
Bronsted acid hydroxyl groups, or proceed 
by a parallel reaction. 

The Nature of the Active Sites 

The fact that two seemingly different cat- 
alyst sites are active for coke formation 
leads to the proposal of two different mech- 
anisms for coke formation. Since the 
amount and composition of coke formed on 
each catalyst appeared to be not too dissim- 
ilar, the two types of sites probably are not 
radically different. 
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One possible explanation for the calcina- 
tion temperature effect might be considered 
merely in terms of Bronsted and Lewis 
acidity: at lower calcination temperatures, 
the catalyst possesses Bronsted acid sites 
which are active for the formation of coke 
through a carbonium ion mechanism. As 
the calcination temperature increases, 
Bronsted acid sites are converted to Lewis 
acid sites, which are then the active sites 
for the reaction. 

This explanation, while plausibly ac- 
counting for the results of the present 
study, contradicts the results of several 
other studies (II, 13) in which no relation- 
ship between Lewis acid sites and catalytic 
cracking activity could be found. In other 
work (15) the presence of Lewis sites was 
noted, and their synergistic effect on 
Bronsted sites was alluded to, but their role 
as active sites was not defined. 

A compromise between the results of the 
present work and the findings cited above 
might be found in the proposed scheme of 
Lunsford (14) that was discussed earlier for 
partially dehydroxylated HY. The synergis- 
tic effect just noted could be accounted for 
by an inductive effect between a Bronsted 
Si-OH and a Lewis acid site farther down 
the lattice, as suggested in the defect site 
mechanism described earlier. 

The electrostatic interaction creates a 
much stronger acid site at the OH group. In 
an extensively dehydroxylated sample such 
as that used in the present study, the num- 
ber of these inductive sites would be small. 
Since they are much stronger than conven- 
tional Bronsted acids, a very few might be 
sufficient to produce the amount of coke 
observed in the reaction. 

This dual-site mechanism for coke forma- 
tion complements the results of other cok- 
ing studies. Weeks et al. (32, 33) studied 
two similar catalysts and found similar 
product distributions and C:H ratios for re- 
actions over hydroxylated and dehydroxy- 
lated samples. Since radiotracer experi- 
ments (26) have shown that zeolitic 
hydrogen is incorporated in coke deposits, 

it appears that the Bronsted hydroxyl group 
is involved in coking when it is present on 
the catalyst, but that coking and cracking 
reactions may proceed in its absence. 

Langner (22) and Fajula and Gault 
(23-25) have also suggested that weaker 
Bronsted hydroxyl groups, as well as 
strongly acidic Lewis or Bronsted/Lewis 
sites, participate in cracking and coking re- 
actions. Fajula and Gault supported this 
with their findings about changes in product 
distributions with calcination temperature 
of the H-mordenite catalysts. 

Hydrocarbon Adsorption 

All of the results discussed above were 
found to be valid for reactions with 4- 
methylcyclohexene, as well as with l-hex- 
ene. The principal difference between these 
two hydrocarbons as reactants appeared to 
be that the initial coking rate was more 
rapid for 4-methylcyclohexene. The rise to 
the plateau in coke formation required only 
15-20 min for 4-methylcyclohexene, com- 
pared with 25-30 min for I-hexene. The ter- 
tiary carbon of 4-methylcyclohexene may 
form a carbonium ion with more ease than 
does I-hexene. 

The rapid coking found with 4-methyl- 
cyclohexene appears to support sugges- 
tions that ring compounds are preferential 
coke precursors, since coke deposits are 
thought to be aromatic in nature (5, 21). 
However, the C-H and ring mode absorp- 
tion regions of the IR spectra showed little 
evidence of aromatic compounds adsorbed 
on the catalyst during reaction of either 4- 
methylcyclohexene or 1-hexene. Prelimi- 
nary results for coking from toluene or 
methylcyclohexane have been found to be 
similar. The IR spectra from the reaction of 
1-hexene (Fig. 2) show one small peak in 
the hydrocarbon adsorption region above 
3000 cm-l. Since this peak was still visible 
when the catalyst wafer was removed from 
the IR beam, we feel it is due to gas-phase 
1-hexene. Some, but not all, of the stretch- 
ing bands were also noted in the gas phase. 
This indicates lack of olefinic or aromatic 



FTIR STUDY OF HY CRACKING CATALYSTS 41 

adsorbed species. Any aromatic bands be- 
low 1200 cm-l are obscured by vibrations of 
the zeolite structure. Methyl and methylene 
group peaks were observed, but these 
peaks changed very little as reaction pro- 
gressed, except to intensify. Conversion of 
adsorbed hydrocarbon to aromatic coke 
precursors was not observed, and the 
growth of the coke peak at 1585 cm-’ was 
the only indication of the process of coke 
formation. One possible suggestion is that 
the reaction of hydrocarbon to form dehy- 
drogenated coke species occurs so rapidly 
that the appearance of intermediates cannot 
be observed even by FTIR spectroscopy. 
The coke deposit which remains on the cat- 
alyst must then be so highly dehydroge- 
nated that little or no aromatic -CH- link- 
ages remain visible in the IR spectrum. 

Since aliphatic -CH*- and CH3- groups 
are observed to be adsorbed on the cata- 
lyst, another suggestion might be that the 
coke deposit consists of highly dehydroge- 
nated linear or branched compounds which 
retain some aliphatic groups. This is sup- 
ported by the spectra of Fig. 2 which show 
a peak at 1340 cm-i which grows as coke is 
formed. This peak is assigned to tertiary 
C-H vibrations of branched hydrocarbons. 
These compounds could be formed by suc- 
cessive polymerization and hydrogen elimi- 
nation reactions on the catalyst surface that 
proceed more easily than cyclization and 
aromatization reactions. The adsorption of 
1-hexene and transformations of the ad- 
sorbed species during isothermal coking re- 
actions are discussed in another paper (31). 

Effect of Brensted Acid Site 
Concentration 

Since two types of active sites for coke 
formation on HY have been postulated in 
this investigation, depending upon the tem- 
perature of calcination of the sample, it 
would be interesting to note any differences 
in hydrocarbon adsorption between cata- 
lysts with Bronsted acidity and those that 
are highly dehydroxylated. Spectra for l- 
hexene reaction over the two catalysts (Fig. 

6) show that the hydrocarbon stretching re- 
gion at 2800-3000 cm-i and the deformation 
region below 1500 cm-’ are very similar, 
with one minor difference. The catalyst 
samples possessing a large concentration of 
Bronsted hydroxyl groups have a very 
small IR peak near 1500 cm-’ which is ab- 
sent in the spectra of the dehydroxylated 
samples. This peak may be indicative of the 
presence of aromatic rings. Since the peak 
is a minor one, and with no further informa- 
tion about its molar absorptivity, quantita- 
tive conclusions cannot be drawn. How- 
ever, the presence of this peak for some 
samples and not for the others may suggest 
differences in the structure of the coke spe- 
cies formed on each type of site. Coke 
formed from 1-hexene on a highly dehy- 
droxylated sample may be less aromatic 
and more highly dehydrogenated in nature. 
Certainly neither catalyst exhibited signs of 
substantial amounts of adsorbed aromatic 
or polyaromatic species. 

Conclusions 

Coke formation over HY zeolites during 
cracking reactions of I-hexene and of 4- 
methylcyclohexene has been investigated 
by in situ Fourier transform infrared spec- 
troscopy. Catalysts containing Bronsted 
acid hydroxyl groups, as well as dehy- 
droxylated catalysts, were used in an effort 
to determine the nature of the active sites 
for coke formation. It was found that coke 
formation was linearly proportional to the 
consumption of Bronsted acid hydroxyl 
groups. For dehydroxylated samples, how- 
ever, coke formation proceeded in a man- 
ner similar to that of catalyst samples con- 
taining Bronsted acid hydroxyl groups. 
Bronsted acid sites appear to be a factor in 
coke formation, but certainly are not the 
only participants in the reaction. 

A dual-site mechanism for coke forma- 
tion was proposed following development 
of Lunsford (14) and of Uytterhoeven et al. 
(I). It is suggested that the active sites of 
the dehydroxylated sample are produced 
through an inductive effect of Lewis acid 
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FIG. 6. FTIR spectra of I-hexene reactions at 300°C over HY catalysts after 30 min of reaction. 

sites on the few remaining supercage hy- 
drox yl groups. 

Hydrocarbon adsorption investigation 
showed little or no aromatic content of the 
material on the catalyst surface. The coke 
species appeared to be a highly dehydroge- 
nated structure with some aliphatic resi- 
dues. The composition of the coke formed 
from each type of active site appeared to be 
similar, with possibly a slighter higher aro- 
matic content to the coke formed on the 
catalyst possessing Bronsted acid hydroxyl 
groups. 
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