
JOURNAL OF CATALYSIS 125, 311--324 (1990) 

Coke and Deactivation 

II. Formation of Coke and Minor Products in the Catalytic Cracking of n-Hexene 
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The minor products formed during the conversion of n-hexene on USHY zeolite were examined. 
GC-MS analyses of the concentrated products show the presence of alkylated monocyclic and 
polycyclic olefins, alkylated mononuclear and polynuclear aromatics up to and including C 18 species, 
and acyclic paraffins and olefins up to C21. Relative to the corresponding cycloolefins, only trace 
amounts of acyclic diolefins were detected, suggesting that dehydrogenation of the surface species 
is normally preceded by a cyclization reaction. The spectrum of species detected presents a cohesive 
picture of their development from the linear feed (n-hexene) to mono- and polycyclic species and 
finally to mono- and polynuclear aromatics. The presence of acyclic CEi species indicates that 
tetramers of the feed are formed, although the tetramers themselves were not detected. The largest 
linear molecule detected was pentadecane. 13C CP/MAS-NMR of the coked catalyst indicates that 
the irreversibly adsorbed surface species consist of aromatic and aliphatic structures. Some highly 
deshielded structures with chemical shifts up to 150 ppm have been observed as well as structures 
in the - 2-ppm range. Spectra taken at various times on stream indicate that the structure of the 
irreversibly adsorbed "coke"  reaches a steady state within the first 20 s of reaction and does not 
change subsequently. The loading of carbon in the coke per gram of catalyst follows a similar 
pattern: a rapid increase in the first 20 s of reaction followed by very little subsequent growth with 
increasing time on stream. The 29Si MAS-NMR spectra indicate a variation in the Si(IAl) adsorption 
peak linewidth with time on stream. The pattern of broadening observed suggests that coke is 
formed in localized regions and distributes itself over the rest of the catalyst surface on a time scale 
of minutes. This long period of redistribution, coupled with the rapid decay of the catalyst in this 
system, suggests that both coking and reactant conversion occur mainly near the surface of the 
zeolite crystallites. After the catalyst is essentially deactivated the coke continues to migrate over 
the catalyst surface. © 1990 Academic Press, Inc. 

INTRODUCTION 

In a previous paper (1) the stoichiometry 
of coke formation from n-hexene on USHY 
at 305°C was outlined. The initial coke was 
found to consist of olefinic species (C,H2,) 
and dehydrogenated species with the stoi- 
c h i o m e t r y  CnH2n_ 2. Its average carbon 
chain length and molecular weight were de- 
termined to be 5.1 and 70.4, respectively. 
Dehydrogenation to the polynuclear aro- 
matic form of coke, which is often discussed 
in the literature (2, 3), must occur by subse- 
quent reactions of these surface species with 
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gas-phase olefins. Our observation of mea- 
sureable amounts of alkylated cycloolefins 
as both primary and secondary products of 
the reaction suggests that the first step in the 
dehydrogenation of the surface species is a 
cyclization reaction. 

In this our second paper on coke and n- 
hexene reactions, coke formed during these 
reactions is directly examined using 13C CP/ 
MAS-NMR and elemental analysis, while 
its interactions with the catalyst are exam- 
ined using 29Si MAS-NMR. We will also deal 
with the mechanisms of formation of the 
minor cyclic products observed in our stud- 
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ies. It is our contention that these minor 
products are related to the formation of the 
aromatic portion of coke as precursors or as 
byproducts of the coking reaction. 

EXPERIMENTAL 

l-Hexene of 96.357% purity, obtained 
from Aldrich, was used without further puri- 
fication. The major impurities were skeletal 
isomers of n-hexene, as well as n-hexane 
and 1-octene. A detailed analysis of the feed 
has been presented previously (1). 

The catalyst, ultrastable HY (USHY), 
was prepared from NaY (BDH Chem., Lot 
No. 45912, 13Y SK40) by repeated ex- 
change of the catalyst with ammonium ni- 
trate solution. Between exchanges the cata- 
lyst was dried at l l0°C for 24 h, then 
calcined at 500°C for 2 h. After the last ex- 
change the catalyst was steamed for 24 h at 
200°C. The degree of exchange of the US HY 
was 99.7%. The bulk Si/AI ratio was deter- 
mined by neutron activation analysis to be 
3.30 while the framework ratio, Si/AIFw, 
was found to be 12.00 by 29Si MAS-NMR. 
Although determination of the framework 
Si/A1 ratio of USHY catalysts by NMR may 
not yield exact results (4) due to the over 
lap of the Si(OSi)3(OAI) 1 peak with the 
Si(OSi)3(OH) l peak, our 295i spectra showed 
no evidence of the Si(OSi)3(OH) 1 peak when 
cross-polarization was used. We therefore 
believe the framework ratio determined by 
NMR to be accurate. 

Each experimental run was carried out 
in an isothermal plug flow reactor. Integral 
conversion was obtained by collecting the 
products and unconverted reactant at the 
exit to the reactor and measuring the amount 
of reactant converted. Conversion was de- 
fined as all products other than 1-, 2-, or 3- 
hexene isomers. Reactions were carried out 
at 305 and 500°C at 101.3 kPa. Time on 
stream was varied from 1.5 min to 20 min 
for a series of catalyst-to-reactant ratios. Ta- 
ble 1 lists the results of the experimental 
runs conducted. The detailed experimental 
procedures and apparatus are outlined else- 
where (1, 5). The minor product analysis 

TABLE 1 

Experimental Conditions and Average Conversions 

Temp Time on Catalyst-to- Conversion 
(°C) stream reactant (%) 

(s) (wt) 

305 

500 

110 0.0094 0.99 
129 0.75 
193 0.85 
259 0.84 
399 0.53 
709 0.76 

1234 0.52 

99 0.024 2.00 
113 2.44 
129 2.69 
154 2.89 
258 2.64 
706 2.74 

1138 3.20 
1156 3.09 

111 0.0491 6.58 
154 6.81 
193 8.89 
399 7.52 
875 9.39 

1141 12.45 
1167 11.15 

104 0.0125 11.05 
124 12.44 
165 12.89 
458 18.38 
754 21.88 

1097 18.78 

105 0.0187 13.42 
124 13.26 
165 15.53 
457 17.17 
761 27.87 
761 27.78 

1157 25.20 

104 0.0797 60.34 
178 59.72 
144 64.30 
164 64.95 
274 72.92 
455 78.29 
749 83.68 

1121 82.96 
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was carried out by taking the products 
which are liquid at room temperature and 
concentrating them by vacuum distillation 
at 3.9 kPa and 25°C to approximately 1% of 
their original volume. The resulting concen- 
trate from this process was examined us- 
ing a Finnigan automated GC-MS with a 
60-m, SE54, capillary column. Products 
were eluted at 30°C for 10 min followed by 
a temperature-programmed ramp of 5°C/min 
to 300°C. 

In experimental runs in which MAS-NMR 
analysis was applied, the reactor was 
packed with catalyst pellets (mesh size 
80-100) and inert silica (SiO2) (mesh size 
40-60). The standard experimental proce- 
dure (5) was then followed up to the point 
of regeneration. At this point the reactor 
was allowed to cool to room temperature 
under a nitrogen atmosphere. The reactor 
was sealed, then taken to a glovebox where, 
again under nitrogen, the catalyst was sepa- 
rated from the inert silica by sieving. Next 
the coked catalyst was finely ground and 
packed in an air-tight spinner. This proce- 
dure precluded any effect atmospheric 
moisture and oxygen may have on the NMR 
spectra. The catalytically inert silica exhib- 
its a single sharp (half-height width = 0.4 
ppm) peak at -128 ppm; thus, even if the 
separation process had left trace amounts of 
silica in the coked catalyst, the NMR lines 
of the zeolite would not be affected. 
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FiG. 1.13C CP/MAS-NMR spectra of coke. Reaction 
conditions: 305°C; catalyst/reactant ratio: 0.0491. 
NMR experimental conditions: 50.306 MHz, pw = 3.5 
/xs; ct = 5 ms; rt = 5 s; sw = 20 kHz. 

13C CP/MAS-NMR was carried out at 
50.306 MHz, 7r/2 pulse width 3.5/xs, contact 
time 5 ms, relaxation time 5 s, and sweep 
width 30 kHz. Due to carbon loadings of 
less than 10% by weight on the catalyst, 
acquisitions of about 10,000 transients were 
required to obtain adequate S/N ratios. An 
external sample of adamantane was used to 
reference the spectra to TMS. The NMR 
apparatus used was a Bruker CXP-200. 
Spinning rates of greater than 5 kHz were 
used on all samples. Spinners were Doty 

TABLE 2 

Effects of Time on Stream on Total Aromatic and Aliphatic NMR Signal 

TOS = 20 s TOS = 120 s TOS = 900 s 

Area Area% Area Area% Area Area% 

Aliphatic 18.10 42.11 8.71 41.39 8.75 44.09 
Aromatic 22.62 52.63 11.03 52.44 9.90 49.84 
Bridge 1.26 2.94 0.30 1.42 0.21 1.04 
Standard 1.0000 2.33 1.0000 4.75 1.0000 5.04 
Total 42.976 100.0 21.035 100.0 19.856 100.0 
Arom/Nonarom 1.17 1.22 1.10 

Note. Areas were normalized to give an area of 1 to the "reference peak which resulted from 
the spinner vial cap and is constant from run to run. "Bridge"  denotes structure found at - 2  
ppm. 
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single-crystal industrial sapphire vials. The 
top cap was made of Kel-F, which does not 
produce a 13C CP/MAS-NMR signal, while 
the bottom was of Vespel. The Vespel cap 
in this position emits small 13C signals at 
165.9 and 155.7 ppm. The peak at 165.9 was 
used to normalize the areas of the various 
peak groups found in the spectra by assign- 
ing its area a value of 1. 

298i MAS-NMR was conducted at 39.740 
MHz, 7r/2 pulse width 3.0 /xs, relaxation 
time 10 s, and sweep width 20 kHz. Samples 
were referenced with TMS. 
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FIG. 2. Integral convers ion  effects on carbon on cata- 
lyst. React ion conditions:  305°C; time on s t ream and 
catalyst- to-reactant  ratio as per  Table 1. 

R E S U L T S  

NMR Analysis 

The use of ~3C CP/MAS-NMR spectros- 
copy gives us a detailed picture of the struc- 
tural groups present in the coke. The spectra 
(Fig. I) have a dominant peak at ca. 130 ppm 
which corresponds to sp 2 bonded carbons. 
Further downfield at chemical shifts of ca. 
135 ppm, the resonance peaks represent 
alkylated aromatics and carbon bridges be- 
tween aromatic rings (6-8). Peaks in the 
140- to 150-ppm range correspond to poly- 
alkylated aromatic species. In the aliphatic 
region distinct groupings of resonance peaks 
which correspond to primary, secondary, 
and tertiary carbons in various electronic 
environments are observed. The observa- 
tion of a peak at ca. - 2  ppm is quite un- 
usual. This peak is present at all times on 
stream examined. 

The effect of time on stream (TOS) on the 
13C spectrum of the coke is illustrated in Fig. 
1 and quantified in Table 2. The ratio of 
the normalized signal intensities of aliphatic 
and aromatic carbon, as measured by their 
respective areas, remain constant with time 
( -  10%). This indicates that the irreversibly 
adsorbed surface species reach a structural 
steady-state rapidly and change very little 
with increased TOS in the period 20 to 
900 s. 

On the other hand the 29Si MAS-NMR 
spectra (Fig. 4) show a considerable broad- 
ening of the Si(1A1) and Si(0AI) peaks ( - 102 
and - 107 ppm, respectively) with TOS. The 

source of the line broadening in the silicon 
spectra is not obvious. Factors which may 
be involved in the broadening observed here 
are the structure, concentration, and distri- 
bution of the coke as well as the presence of 
free radical species in the coke. The original 
linewidths were fully restored upon regener- 
ation of the catalyst by combustion. 

Elemental Analysis o f  Coke 

By regenerating the catalyst and trapping 
the H20 and CO2 produced, the amounts 
of carbon and hydrogen in the coke were 
determined for various experimental runs. 
Figure 2 shows that the weight of carbon on 
catalyst is relatively constant with integral 
conversion while as a function of TOS it 
increases rapidly in the first few seconds 
of reaction and shows little increase with 
further TOS as illustrated in Fig. 3. Using 
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FIG. 3. React ion t ime effects on carbon on catalyst .  
React ion condit ions:  305°C; convers ion  and  catalyst  
to-reactant  ratio as per  Table 1. 
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TABLE 3 

Minor Products Found in Concentrate: Acyclic 
Paraffins 

Alkyl group Carbon number 

7 8 9 10 11 12 15 18 

Normal D D D D D D 
Methyl- D D D D D D 
Dimethyl- D D D D D D 
Trimethyl- D D 
Ethyl D 
Ethyl methyl D 
Ethyl Dimethyl D 

D 
D 

21 

Note. Products of oligimerization and rearrangement of the 
feed followed by cracking to produce a gas-phase paraffin and 
a dehydrogenated surface species. D denotes a product de- 
tected in the concentrate. 

TABLE 5 

Minor Products Found in Concentrate: Acyclic 
Diolefins 

the Si]AIFw of the catalyst and the unit cell 
formula of a Y zeolite, the ratio of carbon 
atoms in the coke to aluminum atoms in the 
catalyst framework (C/FAI), as conversion 
approaches zero, was determined to be 4.2 
(see Appendix for detailed calculation). 

GC-MS Analysis 

Tables 3 to 8 present a listing of minor 
products of n-hexene cracking on USHY 
observed in our studies and those reported 
earlier by Abbot and Wojciechowski (9). 
Reaction temperature was found to affect 
only the relative concentration of the prod- 
ucts and not the species present, indicating 
that the same reactions occur over the 200°C 

Alkyl group Carbon number 

7 8 9 12 13 15 17 18 

Normal 
Methyl- 
Dimethyl- 
Trimethyl- 
Ethyl 
Ethyl methyl 
Ethyl dimethyl 

D D 
D D D D 

D D D 

Note. Desorbed products of reactions which could 
yield the products of Table 3. These were detected in 
trace amounts only. D denotes a product detected in 
the concentrate. 

range examined. In concentrated samples 
obtained from the runs at 305°C with less 
than 2% integral conversion, significantly 
more saturated species and larger oligomers 
were detected than those in concentrates 
from higher integral conversion and higher 
temperature experiments. 

From Tables 6 to 8 it is seen that all the 
cyclic products detected are alkylated; 
methyl groups are the most common side 
chain present while butyl side chains are the 
longest and least frequently observed. It is 
also seen that cyclohexenyl rings are rare 
and that most six carbon rings are aromatic. 

TABLE 4 

Minor Products Found in Concentrate: Acyclic Mono Olefins 

Alkyl group Carbon number 

7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 

Normal D D D D D D 
Methyl- D D D D D D 
Dimethyl- D D D D D D 
Trimethyl- D D 
Ethyl D D D D 
Ethyl methyl D 
Ethyl dimethyl 

D 
D D 

D D 
D D D 

Note. Products of oligimerization and rearrangement of the feed followed by/3-scission to form olefinic products 
in the gas phase and on the surface. D denotes a product detected in the concentrate. 
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TABLE 6 

MmorProductsFoundinConcentr~e:Cyclics 

5(p) 6(p) 5(0) 6(0) 

Methyl- D/P D D/P 
Dimethyl- D/P D/P D/P P 
Trimethyl D/P D/P D/P P 
Ethyl methyl D/P D/P P 
Ethyl propyl D/P D/P 
Ethyl dimethyl P D/P P 
Dipropyl D 

Note .  The cyclic olefins are the major product associ- 
ated with the formation of the products in Table 3. 
Cyclic paraffins are associated with the olefins shown 
in Table 4. Ring size: 5(0) denotes C5 olefinic ring; 
6(p) denotes C6 paraffinic ring. P denotes a product 
predicted by the proposed cyclization reaction. D de- 
notes a product detected by GC-MS analysis. 

TABLE 8 

Minor Products Found in Concentrate: Alkylated 
Polycyclics with the Cyclic Structure Shown Below 

Note .  Species with this basic framework were de- 
tected up to and including C21 species. They are be- 
lieved to be intermediates in the formation of polycyclic 
aromatics. 

TABLE 7 

Minor Products Found in Concentrate: Aromatics 

B N A P 

Methyl- D 
Dimethyl- D 
Trimethyl D 
Tetramethyl D 
Hexamethyl D 
Ethyl D 
Diethyl D 
Triethyl D 
Propyl D 
Isopropyl D 
Dipropyl D 
Methyl ethyl D 
Methyl propyl D 
Methyl pentyl D 
Me triethyl D 
DM ethyl D 
DM propyl D 
DM butyl D 
DM isobutyl D 
DM diethyl D 
Dipropyl D 
Triethyl D 

D 

D D D 

D D 

Note .  Species are formed by cyclization ofoligomers 
followed by successive dehydrogenation reactions. B, 
benzene; N, naphthalene; A, anthracene; P, phenan- 
threne. D denotes a product detected in the concen- 
trate. 

Five-membered carbon rings are the small- 
est cyclic structures detected and, signifi- 
cantly, five-membered cycloolefins are an 
important minor product. 

Alkylated polynuclear aromatic species 
with up to three fused rings were found in 
the liquid products. Methyl groups were t ie  
only alkyl group observed on these species. 
Olefinic polycyclic species with three fused 
rings were also detected in the C12 to C2~ 
range. The largest aromatic structures de- 
tected were tetramethylanthracene and tet- 
ramethylphenanthrene, both Ct8 molecules. 

The concentrated products also contained 
trace amounts of acyclic diolefins and vari- 
ous paraffins and olefins up to and including 
C21 species (Tables 3 to 5). The presence 
of C2~ species at conversions of about 1% 
indicates that feed tetramers are likely 
formed. We also note that the formation of 
acyclic paraffinic species from the oligomer 
generally proceeds by the fragmentation of 
the oligomer in groups of three. Thus C2~, 
C~8, and C~5 paraffins are all detected but 
not species with intermediate chain lengths. 
This distinctiion is not as apparent with the 
acyclic olefinic oligomers. 

DISCUSSION 

NMR Results 

Previous ~3C CP/MAS-NMR studies of 
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coke by Weitkamp and Maixner (10), 
Neuber et al. (11), Maixner et al. (12), and 
Fleisch et al. (13) have produced spectra 
similar to ours with the exception of the 
peaks near - 2  ppm observed in this study. 
Such similarity in the spectra is quite re- 
markable, considering the different reaction 
conditions and feedstocks used in these 
studies. The earlier studies show that even 
at very long reaction times significant 
amounts of aliphatic structures are present 
in the coke. Fleisch et al. (13) have also 
shown that at high reaction temperatures 
the amount of aliphatic structure in the coke 
is much less than that observed under less 
severe conditions. 

Our ~3C-CP/MAS-NMR spectra show that 
even at very short times on stream the coke 
has a significant sp 2 character and that alkyl- 
ated and polyalkylated aromatic species are 
common. The only peaks which were unex- 
pected are those near - 2  ppm. Methyl 
groups are evident at ca. 13 ppm and were 
expected to be the furthest upfield peak. 
Considering the reaction conditions under 
which these coke structures were formed, it 
is doubtful that the - 2  ppm peak is due 
to cyclopropyl groups. The other possible 
source of this peak is shielding interactions 
between aromatic ring structures and 
"neighboring" aliphatic structures. From 
basic NMR theory (14) a carbon atom which 
lies directly over an aromatic ring will expe- 
rience considerable shielding from the in- 
duced magnetic field. This will cause its ob- 
served chemical shift to move upfield. It is 
this phenomenon which we believe is re- 
sponsible for the peak observed at - 2 ppm. 
This suggests that some of the coke may be 
formed in close, overlapping layers since 
it is unlikely that the source of the highly 
shielded peak could be attached to the 
shielding source. 

Figure 1 also shows that the ~3C spectrum 
of the coke changes very little with time 
on stream (TOS) between 20 and 900 s. By 
assigning the peak at 165.9 ppm an area of 1, 
the relative areas under the aromatic peaks 
from ca. 120 to 150 ppm can be compared 

with the areas under the aliphatic portion of 
the spectra. The results of such an analysis 
(Table 2) confirm the visual observations 
of Fig. 1: the structure of the irreversibly 
adsorbed species does not change signifi- 
cantly over the reaction times studied. 

Using the kinetic model presented by Ab- 
bot and Wojciechowski (15) the half life of 
the catalyst for this system at 305°C was 
determined to be 1 s. That the coke shows 
no appreciable change in its structure over 
the times on stream examined here is a quali- 
tative confirmation of the kinetic model; the 
catalyst is essentially completely deacti- 
vated by 20 s. Further changes in the struc- 
ture of the irreversibly adsorbed surface 
species must be due exclusively to noncata- 
lyzed reactions, e.g., thermal or free radical 
reactions. The unchanging 13C CP/MAS- 
NMR spectrum with time on stream indi- 
cates that these reactions are slow to induce 
detectable structural changes in the coke 
when compared with the initial catalytic re- 
actions. 

The 298i MAS-NMR spectra (Fig. 4) indi- 
cate that there are significant electronic in- 
teractions between the framework silicon 
atoms and the coke. This appears to contra- 
dict the CEEL spectroscopy results of 
Fleisch et al. (13), which indicated no inter- 
action at all. Because of the "poisonous" 
nature of coke to catalytic reactions, we find 
it difficult to imagine that the presence of 
this material does not influence the electron 
distribution around the silicon atoms in 
some fashion. The quantity and structure of 
an adsorbant has been found to affect the 
29Si MAS-NMR spectra of zeolites (16-18). 
It is found here, however, that considerable 
broadening occurs after 20 s time on stream, 
when structural changes in the coke have 
apparently ceased and the coke loading per 
gram of catalyst is constant (Fig. 3). Thus, 
these two factors are not contributors to the 
broadening after 20 s TOS. 

The presence of free radicals in the coke 
could, by decreasing the T1 (spin-lattice re- 
lation time constant) of neighboring silicon 
atoms, be a source of line broadening. When 
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FIG. 4. Reaction time effects on 29Si MAS-NMR 
spectra. Reaction conditions as per Fig. 1. NMR exper- 
imental parameters: 39.740 MHz; pw = 3.0/zs; rt = 
10 s; sw = 20 kHz. Spectra are unenhanced. 

t h e  295i MAS-NMR experiment was re- 
peated with a shorter delay (relaxation time 
= 1 s), it was observed that the linewidth 
remained unchanged, suggesting that free 
radicals are not a significant factor here. 

Another possible source of the broaden- 
ing is the distribution of the coke molecules 
in the zeolite crystals. Broadening from this 
source could occur if, while the coke was 
being formed, it remained localized, e.g., at 
the active sites. If the coke redistributes 
after deactivating the catalyst, the number 
of electronic environments of the silicon 
atoms will increase initially, causing a 
broadening of the observed silicon line- 
width. As the coke distribution continues 
and becomes more homogeneous over the 
catalyst, the number of possible electronic 
environments of the silicon atoms should 
pass through a maximum, then decrease, 
until, at a uniform coke distribution no fur- 
ther change in the silicon linewidth occurs. 

To investigate whether such a process 
was occurring, the unenhanced silicon spec- 
tra were deconvoluted assuming a Lorentz- 
ian lineshape. The individual linewidths of 
the Si(1AI) and Si(OA1) peaks are shown in 

Fig. 5 as a function of TOS. Although the 
data are limited, the Si(1A1) peak appears to 
follow the pattern described above, suggest- 
ing that it is the distribution of the coke on 
the catalyst crystallites which is the domi- 
nate factor in the line broadening observed. 
It is not evident from our limited data 
whether the same pattern is repeated with 
the Si(0A1) peak. That the patterns of the 
Si(1AI) and Si(0A1) peak widths differ from 
one another suggests that the Si(IAI) sites 
are not homogeneously distributed in the 
zeolite crystal. 

Elemental Analysis 

Elemental analysis of the coke allows the 
determination of the ratio of carbon atoms 
in the coke (C) to aluminum atoms in the 
catalyst framework (FAI). For the initial 
coke loading of 6.4% carbon on catalyst 
(Fig. 2), obtained for experimental runs at 
305°C, the ratio of C/FA1 is 4.2 while the 
bulk C/A1 ratio is 1.3. From the stoichiome- 
try of coke formation (1), the initial coke 
was found to have an average chain length 
of 5.1. Therefore a maximum of 84% of the 
FA1 (4.2 carbon atoms per FAI divided by 
five carbon atoms per initial coke molecule) 
are initially active in coke formation. The 
percentage of initially active FA1 for reac- 
tant conversion must be greater than or 
equal to that for initial coke formation. From 

~° r 
300 r 

i =°p 
2oo~- 

-f 
° o 

150 

iO0 

50 i I 
0 I00  

I I I I I I 
300  500 7O0 

TIME ON STREAM (SEC) 

o Si(OAl) AS i ( IA I )  

I I 
900  

FiG. 5. Deconvoluted 29Si linewidths. Linewidths 
were obtained by deconvolution of the unenhanced 29Si 
spectra of Fig. 4, assuming a Lorenztian lineshape. 
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the 29Si NMR linewidths discussed earlier, 
it would appear that the actual fraction of 
FAI involved in forming coke from all 
sources is much smaller than the above-pre- 
dicted upper bound. 

Magnoux et al. (3) have conducted chem- 
ical extraction experiments on a coke they 
produced from the reaction of propene on a 
USHY catalyst at 300°C. Using their figures 
for a reaction time of 1800 s (30 rain) (Table 
2 of Ref. (3)) the ratio of carbon atoms to 
bulk aluminum can be determined using the 
H/C ratio, coke loading, and catalyst infor- 
mation given. This value is calculated to be 
1.3 carbon atoms per bulk Al, which is the 
same as our bulk value. Unfortunately, we 
do not know the amount of framework alu- 
minum in their catalyst; however, by using 
the number of Al atoms for which the N H  3 

heat of adsorption was greater than 100 KJ/ 
tool, a comparable figure should be ob- 
tained. The number of carbon atoms per 
such an aluminum atom is 9.8. In our experi- 
ments the carbon loading at 1200 s (20 rain) 
time on stream (Fig. 3) gives a C/FAI of 
5.2. Given the different feedstocks used and 
somewhat different basis for obtaining these 
figures these results are remarkably similar. 
The dangers in using these figures to corre- 
late coke to catalyst activity becomes evi- 
dent. Elemental analysis in our work and 
that of Magnoux et al. suggests that com- 
plete deactivation occurs at coke loadings 
of about five carbon atoms per framework 
aluminum atom. The silicon NMR results 
present a much different picture. It suggests 
deactivation occurs while the coke is highly 
localized and electronically influencing only 
a fraction of the potential active sites. 

Our ~3C CP/MAS-NMR spectra show that 
the transition of the irreversibly adsorbed 
species from their initial structure to their 
steady-state structure is very rapid and oc- 
curs in the same time frame as the decline 
in catalytic activity. This suggests that the 
loss in activity may be related to events oc- 
curring in the pathological reactions which 
lead to the aromatic species detected by 

Magnoux et al. (3), by us, and by others, ff 
this is the case then it would seem that it is 
the early pathological reactions which lead 
to deactivation while, after the catalyst is 
deactivated, subsequent rearrangements 
merely seek to reduce the energy of the sur- 
face layer on the catalyst. To take a typical 
coke species detected after dissolution of a 
catalyst coked for 30 min time on stream 
and to relate it to the deactivation process 
which in all probability occurred in the first 
few seconds of reaction will not lead to a 
meaningful picture of the process of deacti- 
vation. 

Mechanisms in Minor Product Formation 

(i) Oligomerization. With the exception 
of methylcyclopentene (MCP) all cyclic 
products detected using GC-MS analysis are 
C7 or larger and therefore are associated 
with the oligomerization process which oc- 
curs with olefins on acid catalysts. We there- 
fore begin with a description of this process. 

Oligomerization and disproportionation 
have been proposed by several authors as 
the route of olefin conversion on solid acid 
catalysts. In support of this, isotopic studies 
(21, 22) have shown that a carbenium ion 
can act as a "Lewis acid" to a gas-phase 
olefin by accepting an electron from the dou- 
ble bond, thus forming a bond to the ap- 
proaching gas-phase species. Such a reac- 
tion results in the formation of a surface 
dimer. These studies have also indicated 
that such reactions between surface species 
and olefinic gas-phase molecules are com- 
mon at temperatures of interest to catalytic 
cracking. In addition they have shown that 
the hydrogen atoms of surface species are 
frequently interchanged with those of the 
gas-phase species without the formation of 
an oligomer. A notable exception to this hy- 
drogen "scrambling" are hydrogen atoms 
in primary positions. These observations fit 
well with the known reactivity of hydrogen 
atoms in hydrocarbons, viz., tertiary > sec- 
ondary > primary. 

The most likely position for the oligomer- 
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FzG. 6. Possible dimers of n-hexene. Dimers formed 
from combinations of 1-, 2-, and 3-hexene. 

ization reaction to occur is at the cationic 
center of the surface carbenium ion. Using 
this assumption, the possible dimer species 
from n-hexyl carbenium ion and n-hexene 
are shown in Figure 6. The CI2 olefins corre- 
sponding to these surface species--methyl 
undecenes, dimethyl decenes, ethyl de- 
cenes, ethyl methyl nonenes, and diethyl 
octenes--have been found by GC-MS anal- 
ysis of the concentrated products. These 
dimers will be used as the starting point of 
a proposed cyclization reaction, although 
we do not mean to imply that other dimers 
cannot be formed at higher conversions. 

(//) Cyclization. It has been generally as- 
sumed in the literature that cyclization oc- 
curs via the Diels-Alder cycloaddition reac- 
tion. For such a reaction to occur with 
carbocations as intermediates, the presence 
of acyclic diolefins and triolefinic precursors 
is necessary. Diolefins were found to be 
present only in trace quantities in the con- 
centrates, while no triolefinic products were 
detected. In addition, methylcyclopentene 
was observed to be a primary product of 
the reaction (having no detectable gas-phase 
intermediates to its formation) (1). Exami- 
nation of the other primary products leads 
to the conclusion that the formation of this 
product from a dimer of the feed necessi- 
tates (by stoichiometry) the formation of a 
C6 paraffin. This observation suggests that 
the Diels-Alder cycloaddition reaction is 

not the mechanism by which methylcyclo- 
pentene is formed and that another mecha- 
nism for cyclization must be sought. 

It is well established that the C-C bond 
at the/3 position is the weakest bond in a 
carbenium ion. This is therefore a likely po- 
sition for a cyclization reaction to take 
place. Starting with the initial C12 dimer car- 
bocation " A "  or " E "  (Fig. 6), we postulate 
that a cyclopentyl ring is formed by rupture 
of the/3 bond and attachment of carbon 1 to 
5 as shown in Fig. 7. One of the secondary 
hydrogen atoms attached to carbon 5 is si- 
multaneously displaced to the leaving spe- 
cies, in this case n-hexane. The resulting 
surface species is the methylcyclopentyl 
carbocation which upon desorption gives 
methylcyclopentene. Such a displacement 
mechanism is a slight modification to the 
"normal"/3-scission reaction, differing only 
in that the leaving group accepts a hydrogen 
atom from a distant carbon, forcing cycliza- 
tion to take place. By comparing the initial 
selectivities of methylcyclopentene and n- 
hexene (1), we find that this hydrogen dis- 
placement reaction accounts for about 13% 
of the initial n-hexane formed. The remain- 
ing 87% results from other hydrogen trans- 
fer reactions. 

Using this hydrogen displacement mecha- 
nism and the dimers shown in Fig. 6, the 
formation of various cyclic species can be 
predicted. Two constraints were imposed 
upon the cyclization mechanism. The first 
is that primary hydrogen is not involved in 
the cyclization reaction, and the second is 
that the cationic center of the dimer can 
shift only by two carbon atoms before the 
displacement reaction will occur. The first 
restriction is applied because hydrogens in 
primary positions are known to be unreac- 
tive. The second stems from an examination 
of the primary products of skeletal isomer- 
ization. Two hydride shifts will account for 
all skeletal isomers observed (1). 

The mechanism predicts nearly all of the 
nonaromatic cyclic species detected (Table 
6), while the products which are predicted 
but are not observed are cyclic carbocations 
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FIG. 7. Proposed cyclization mechanism. Cyclization of reactant dimer via hydrogen displacement 
reaction. 

which we believe have undergone further 
reactions such as dealkylation, alkylation, 
rearrangement, and aromatization. We also 
point out that by excluding primary hydro- 
gens from taking part in hydrogen displace- 
ment reactions, all cyclic species predicted 
will be alkylated. This makes the mecha- 
nism conform to the observed absence of 
nonalkylated cyclic species. 

( iii) Dehydrogenation of  surface species. 
Once cyclization of the surface species has 
occurred, dehydrogenation to an aromatic 
appears to be a very rapid process. This 
is especially true for six-membered rings, 
since partially dehydrogenated molecules 
such as cyclohexenes are rare and cyclodi- 
olefins were not observed. The presence of 
small amounts of acyclic dienes indicated 
that dehydrogenation reactions can also oc- 
cur on acyclic carbenium ions but to a much 
smaller extent than in cyclic species. This is 
not surprising since linear carbenium ions 
can more easily undergo/3-scission and de- 
sorption while five and six carbon cyclic 

carbenium ions are quite resistant to crack- 
ing (23). 

The exact mechanism by which dehydro- 
genation occurs is unclear. One plausible 
mechanism is that monomolecular elimina- 
tion of small chain paraffins and molecular 
hydrogen occurs, leaving a dehydrogenated 
surface species. This process allows for the 
required electroneutrality of the catalyst 
surface and could explain the presence of 
products which are normally the result of 
pyrolytic reactions. Such species are sec- 
ondary products of n-hexene cracking on 
USHY (1) and have been shown to be sec- 
ondary products in most catalytic cracking 
studies, irrespective of reactant type. The 
generalized pathway from n-hexene to aro- 
matic product is presented in Fig. 8. 

(iv) Catalyst deactivation. The species 
which are detected as coke are likely a dis- 
torted reflection of the species which cause 
decay under reaction conditions. Ifa  surface 
species becomes highly dehydrogenated, 
the probability that it will desorb from the 
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FIG. 8. Reaction pathways in the formation of minor products. The spectrum of minor products 
observed suggests this generalized pathway for their formation from n-hexene. A definite progression 
of dehydrogenated species toward aromatic product was noted. 

catalyst surface is reduced and it will likely 
be detected as "coke"  at the end of a run. 
However,  the observation that a particular 
species has not undergone desorption be- 
fore the reaction is stopped or during the 
postreaction purging does not imply that it 
is responsible for deactivation. Rather, 
some of these surface species still have the 
potential to be involved in hydrogen transfer 
or other reactions and thus contribute to the 
conversion of the feed. On the other hand 
some strongly inhibiting or deactivating spe- 
cies may be stripped during the postreaction 
purging and not be measured as coke. Our 
minor products contain both mono- and 
polynuclear aromatic species which may 
well fall into the latter category. 

From the chemistry described above, it 
seems that the structure and reactivity of 
the species present on the surface during 
the cracking reaction are dynamic, changing 
with time and conversion. Our kinetic model 
indicates that the half life of the catalyst at 
305°C is 1 s, while the elemental analysis of 
the coke indicates that the catalyst is com- 
pletely deactivated at C/FAI ratios of be- 
tween 4 and 5. At the same time the irrevers- 
ibly adsorbed surface species were found to 
attain a structural quasi-steady state in the 
first 20 s of reaction time, as observed in the 
~3C CP/MAS-NMR spectra. Furthermore, 
the 29Si MAS-NMR spectra indicate that the 

distribution of these irreversibly adsorbed 
species, after cracking reactions have 
ceased, progresses from one in which only 
a few potential active sites are affected by 
the coke during the first 20 s of reaction to 
a more homogeneous distribution as time on 
stream increases. 

The combination of reaction chemistry, 
NMR, elemental analysis, and kinetic mod- 
elling provides an interdependent and inter- 
esting picture of the deactivation process in 
this system. Deactivation does not appear 
to be tied to any one event. The chemistry 
suggests that as the reaction surface builds 
with products of increasing aromaticity, the 
activity of the catalyst decreases. The ele- 
mental analysis of the coke and evidence of 
its redistribution after cracking ceases imply 
that only a fraction of the framework alumi- 
num atoms are ever active in this system. 
The  29Si NMR results, which point to the 
slow redistribution of the coke on a deacti- 
vated catalyst, suggest that the active sites 
for n-hexene conversion at 305°C may be 
only those framework aluminums found on 
or near the surface of the zeolite crystallites. 

CONCLUSIONS 

By combining the chemistry and kinetics 
of this system with multinuclear MAS-NMR 
spectroscopy and elemental analysis of the 
coke, a unique picture has emerged of how 
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this material may be related to the deactiva- 
tion phenomenon. The reaction chemistry 
indicates that, as the surface species be- 
come more dehydrogenated, reactions 
which convert n-hexene to products are in- 
hibited, suggesting that the deactivation 
phenomenon is not a single event but rather 
a series of reaction events which result in 
a surface of decreasing reactivity. 13C CP/ 
MAS-NMR spectra show that the surface 
species which are detected as coke attain a 
structural steady state in the same time 
frame as that for complete catalyst deactiva- 
tion, supporting the "deactivation by inhibi- 
tion" proposal. 

298i NMR analysis suggests that coke is 
initially formed in highly localized regions 
and that, when compared to the time frame 
of the deactivation process, it migrates 
slowly over the catalyst surface to become 
more homogeneously distributed with in- 
creased time on stream. This evidence, 
combined with the 1-s half life of the catalyst 
and a deactivated catalyst coke loading of 
four to five carbon atoms per framework 
aluminum, suggests that reactant conver- 
sion and coke formation in this system occur 
on or near the exterior surfaces of the zeolite 
crystallite. 

APPENDIX: CALCULATION OF CARBON-TO- 
ALUMINUM RATIO 

The general formula of NaHY type Fau- 
jausite is 

NaxH(56 + y -  x)( A l O 2  )56 + y( SiOz)136- y . 

The framework Si/AI ratio is given by 

(Si/AI)Fw = (136 - y)/(56 + y) 

and 

(Si)F w = 192 -- (Al)Fw; (AI)Fw 
= 192--(Si)FW, 

where (Si)F w and  (A1)Fw represent the num- 
ber of Si and Al atoms in the framework per 
unit cell. 

In addition it can be easily shown that 

(AI)F w = 192/[1 + (Si/Al)Fw], 

based upon the assumption that upon de- 
alumination during the exchange/calcina- 
tion process the vacancy left by the alumi- 
num is filled by a silicon atom. 

Therefore, the unit cell weight of a fully 
exchanged USHY catalyst is 

UCwt = 11,536 - 0.0965(A1)FW [grams/uc] 

and the atomic ratio of carbon in the coke 
to framework aluminum will be given by 

{C}F =(wtCarb°n)/12 
A-i w (wt Cat) 

× {.11,536 - 18.528/[1 + (Si/AI)Fw] 
192/--~ + ~V~/A-1)~ w] J '  

where the weights of carbon and catalyst 
are in grams. 
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