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The origin of carbon deposit,s in zeolite catalysts was traced with radioactively labeled 
mixtures of hexane and aromatics (100-500 psia HZ). Over mordenite and Y catalysts of 
varying aluminum content it was shown that t,he participation of aromatics in coke formation 
was equal to or exceeded that of the paraffin. Such participation decreased with increasing 
temperature or, in t.he case of mordenite, wit,h increasing Si0JA120a rat,io, but was little 
affected by changes in hydrogen pressure. It was concluded that the alkylation of aromatics 
is the initial step in coke formation in the present experiments and that hydrogen transfer, an 
importrant reaction in the subsequent transformations of carbon deposit, need not be invoked 
t,o explain the original deposition. 

INTRODUCTION 

Studies of colw formation and aging in 
hydrocarbon proccssing arc numerous and 
are central to the practical application of 
solid acid catalysts such as silica-alumina 
and zeolitcs (1). Excluding from considcr- 
ation any physically sorbed residues, these 
carbonaceous deposits tend to be pseudo- 
graphitic or aromatic in nature, their H/C 
ratios depending on the specific conditions 
of their formation (S-7). The residues tend 
also to be rather refractory, radiotracer 
experiments indicating little carbon ex- 
change between a coke deposit and a 
reacting paraffin hydrocarbon (6). Vcnuto 
and Hamilton (5) proposed that zeolite 
catalyst aging was an example of L’rcverse 
molecular-size selectivity.” These authors 
established the polyalkyl-aromatic nature 
of the coke residue from reaction of benzene 
and ethylene and concluded that catalyst 
deactivation was associated with the occlu- 
sion of such large molecules within the 
catalyst (X-type zeolite) pore. Most rc- 
cent1y, evidence has been prcscntcd to 

suggest that case of coke formation is an 
intrinsic property of zcolitc porr structure, 
the spatial restrictions in small-pow zco- 
lites often severely inhibiting formation of 
coke and of its precursors (8). 

The chemical origin of these cokr de- 
posits has occasioned an equally great, 
interest. In one of the earliest studies (9) 
a direct relationship btkecn colw deposited 
and aromatic, especially polynuclear aro- 
matic, content of the feed was observed 
over silica-alumina catalysts. Subsequent 
studies confirmed this observation and 
showed a proportionality bctwen coke 
formation and the basicity of a variclty of 
aromatic compounds (1 O-1 2). 

Compounds other than aromatics can 
contribute to colw formation as ~(41, as 
shown by studies with paraffins and olefins 
(IS-1 7). Using radioactively labeled C7 and 
Cg olefins and paraffins as feeds, it was 
shown that all carbon atoms participated 
equally in coke formation (16). Ex- 
periments with ?a-decana-2J4C, however, 
showed that such equal participation was 
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not a characteristic gcncral to all tcm- 
peratures and to paraffins of all molecular 
weights (17). 

The above discussion has treated the 
nature of coke deposits and the relative 
ease of coke formation from various hydro- 
carbons. Underlying coke deposition is the 
fundamental concept of hydrogen transfer 
(18-22). The suggestion that hydrogen 
transfer was responsible for the formation 
of paraffins, aromatics, and a hydrogen- 
deficient carbonaceous deposit in the con- 
version of olefins over silica-alumina was 
originally presented by Thomas (18, 19). 
Radiotracer experiments with mixtures of 
I-butene and decalin provided further 
evidence for the relationship between hy- 
drogen transfer and coke formation over 
silica-alumina catalysts (20). The unusually 
high hydrogen transfer activity (relative 
to cracking) characteristic of zeolite cata- 
lysts, however, revealed that, although 
hydrogen transfer is an important reaction 
in coke formation, it cannot be the domi- 
nant consideration. Zcolites, with their 
higher hydrogen transfer activity, make 
less coke and dry gas than do silica- 
aluminas (21, 22). 

In the following experiments, radiotracers 
have been applied to an analysis of the 
origin of the carbonaceous deposits on 
zeolite catalysts. Mixtures of paraffin and 
aromatic were used as feeds in order to 
simultaneously afford the potential re- 
actions of cracking, olefin polymerization, 
and alkylation of aromatics (8). Hydrogen 
pressure was applied to retard coke depo- 
sition rates and to thereby provide an 
opportunity for selectivity in that depo- 
sition. The presence of hydrogen was also 
intended to reduce effects of changing feed 
mixture. 

EXPERIMENTAL 

Catalytic Runs 

Experiments were conducted in a down- 
flow, stainless steel reactor, 13.2 cm long, 

1.5 cm in diameter, with a 0%cm thermo- 
well in the center, all preceded by a 20-cm 
preheater spiral. Hydrocarbon was metered 
to the reactor with a Milton-Roy piston 
pump, and liquid products were taken off 
under pressure and weathered, together 
with the total gas effluent, through a liquid 
nitrogen trap. Liquids were analyzed on a 
50-m polyphenylether (OS124, Applied 
Science Laboratories) X 0.025-cm capillary 
column, programmed from 25 to 160°C; 
the product in the liquid nitrogen trap on 
a 3-m Poropak Q column. Hydrogen and 
methane were passed through a wet test 
meter and were analyzed by mass spectros- 
copy. Material balances were 97$Z0 or 
better. 

Reaction conditions are given, together 
\vith conversion data, in the appropriate 
tables. Conditions were varied about a 
“base case” of 200 psig, H2/HC = 1.4, 
36O”C, WHSV = 2.0, 3 h on stream. The 
base case feed was a 1: 1 molar mixture of 
benzene and hexanc, one component of 
which was labeled with 14C. Overall hexane 
conversion was lo-20% in these experi- 
ments. At the conclusion of each run the 
catalyst was cooled under flowing hy- 
drogen to remove any physically sorbed 
hydrocarbon. 

Catalysts for these experiments were Y 
(Strem) and mordenite (Norton) zeolites 
of varying SiOJA1203 ratio, as follows: Y: 
SiOJA1203 = 5.3, 8.5, and 13.2; and mor- 
denite: Si02/A1203 = 18, 40, and 108. The 
last tiyo Y samples were dealuminized with 
EDTA according to techniques developed 
by G. T. Kerr (2s). All Y samples were 
exhaustively NHI-exchanged (Na/Al below 
0.05). The intermediate mordcnite was 
kindly supplied by D. H. Olson, the others 
being from Norton. Crystallinity of all 
zeolite samples exceeded 75% by X-ray 
diffraction. All catalysts were sized to 60/80 
mesh and were calcined to 500°C overnight 
prior to testing, X-ray diffraction establish- 
ing their crystal integrity. 



Radiotraccrs were obtained from CalBio 
Nuclear and from Amersham-Searle. Hcx- 
ane, labeled in the l-position, had been 
prepared by hydrogenation of l-hexanoic 
acid and was percolated over activated 
alumina prior to use. 

Product (and feed) analysis for 14C was 
performed by combustion to C02, trapping, 
and counting (Packard 3375 liquid scintil- 
lation counter). Samples wcrc burned in a 
45cm quartz t,ube (2.5 cm inner diameter) 
over copper oxide (held in place by two 
Pt gauze screens) at -900% in an oxygen 
stream (oxygen : hydrocarbon 2 7 : 1). Liq- 
quids were fed into the oxygen stream by 
a syringe pump; gases, by water displacc- 
merit. Coked catalysts was placed in a 
separately heated prercactor chamber. In 
addition to total liquid product,, liquid 
fractions, soparatcd by distillation into 
“hexarms” (35-71 “C), ‘Lbenzcne” (72- 
82’C), and alkyl-aromatics (83”C+), \vcrc 
burned for a more detailed anaIysis. 

Following the combustion tube, water 
was removed in an acetone-dry ice trap; 
CO, was removed by an amine sorbent, 
Carbosorb II (Packard Instruments). Peri- 
odic gas-liquid chromatographic analysis 
of the product gas showed no detectable 
CO. Water plus CO? balances gmerally 
exceeded 97%. 

For counting, 1 ml of the Carbosorb 
II-CO2 solution was added to 14 ml of 
Instafluor scintillation solution (Packard). 
The observed counts per minute (cpm) 
were corrected to disintegrations per minute 
(dpm), using the channels ratio method 
(94, .ZE), by comparison with the counts 
per minute for a sample of known radio- 
activity. Counting efficicncicts wre in the 
range 79-S3yo. 

Total radioactivity balanws wcrc dctcr- 
mined for several runs and exceeded about 
95%. Disintegrations per minute per gram 
of carbon were reproducible to +5%, lcad- 
ing to an uncertainty in the origin of any 

given product of less t’han -3.5%. Radio- 
active analysis of both brnzcne and hcxane 
product fractions showed no carbon scramb- 
ling bctwccn the two feed components. 

RESULTS 

Data were initially obtained with hexane- 
benzcnc feeds (and subsequently with a 
mixture of hexane and 1,3,&trimethylben- 
zenr) and were designed to wparabe the 
influences of feed composition, reaction 
conditions, and Si02/141203 ratio on coke 
formation. 

The results are presentrd in Table 1 for 
the mordenite samples in order of drcrcas- 
ing SiO,/Al,O, ratio, each experiment being 
sctlrctcd to examine a different variable. 
The results showcd the follo\ving, with 
particular rc>ferrncc to colrc. 

(a) At a high Si0JAl~01 ratio, paraffin 
and aromatics contributc>d almost equally 
to coke formation ((lxperimcnts 1 and 2). 

(b) Such equal participation was un- 
affected by a substantial reduction in Hz 
partial pressure (although the total coke 
yield increased). 

(c) The participation of aromatics in 
coke formation increased as their content 
in the fcod increased, but not dispro- 
portionately. At a bnnzenc/hexanc molt 
ratio of 2, 62% of the carbon in the coke 
came from benzene, csscntially the same 
as the aromatic carbon content of the feed 

(67%). 
(d) As the Si02/A1203 ratio of the 

mordenitc catalyst decrcawd, both the 
participation of the aromatics and the colic 
yield increased (cxpcrimcnts 1, 5, and 6). 

(c) An increase in tempcraturc with a 
low SiOr/A1203 mordcnitc catalyst sharply 
reduced the contribution of aromatics to 
coke formation and somewhat rcdwcd 
coke yield. 

(f) Only about 5y0 of the light gas 
products came from benzene, a fraction 
which could w-cl1 be attributed to con- 

tinuing transformations in a deposited coke. 
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TABLE 1 

Product Origins over Mordenit,e (Benzene:n-Hexane Feed, 36O”C, WHSV 2) 

1 2 3 4 5 6 75 

Runs conditions 
Benzene/hexane ratio 1 1 1 2 1 1 1 
Label NC6 A6 NC6 NC6 NC6 NC6 A6 
SiOJA1203 108 108 108 108 40 18 18 
HZ, psia 125 125 30 120 120 125 125 
HC, psia 90 90 90 95 95 90 !)O 

Derived from benzene 
Coke, % 47 48 51 62 54 63 39 
Light w, % Fi 6 5 1 4 7 8 

Coke yield (g/100 g of conversion) 6.6 6.8 8.8 6.8 11.8 16.9 10.2 

(1454°C. 

Mordenite is a pseudo-two-dimensional, temperature (36O’C). Their contribution 
12-ring zeolitc of moderately high Si0.J was rather insensitive to increasing SiOJ 
AlgO ratio. The origin of coke in a 12-ring ALO (experiments S-11), to varying hy- 
zeolite of lower Si02/A1203, zeolite Y, is drogen partial pressure, and to longer 
shown by the results in Table 2. For the Y contact time. They increased only slightly 

sample, the following results were found. with increasing benzene content in the feed. 

(a) Aromatics were the major contri- 
butor to coke formation, accounting for 
almost 80% of the carbon deposited at low 

(b) About 15-20% of the light gas came 
from benzene, a significantly higher fraction 
than was found with mordcnite. 

(c) Coke yield and participation of 

TABLE 2 

Product Origins over Y (Benzene:n-Hexane Feed, 36O”C, WHSV 2.3, Unless Noted) 

8 9 10 11 12 13 14,= 15 16b 17b 18” 

Run conditions 
Benzene/hexane 
Label 
Si02/A1203 
HZ, psia 
HC, psia 

1 1 1 1 1 1 1 2 1 1 1 
NC6 A6 NC6 NC6 NC6 NC6 A6 NC6 NC6 NC6 NC6 

5.3 5.3 8.5 13.2 5.3 5.3 5.3 5.3 5.3 5.3 5.3 
125 120 120 130 30 495 155 120 120 155 125 

90 95 95 85 95 75 60 95 95 60 90 

Derived from benzene 
Coke, % 78 79 78 76 75 79 72 83 60 59 i’gd 
Light gas, y0 22 25 19 11 13 12 14 13 0 8 16d 

Coke yield (g/100 g 
of conversion) 37 36 38 33 46 36 35 43 30 20 9’ 

0 WHSV 1.3. 
b 454°C. 
c 1,3,5Trimethylbenzene: hexane. 
d On a molar basis. 
* Conversion includes trimethylbenzene disproportionation. 
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COKE YIELD / 100 g 
CONVERSION 

I I I I I I I I 
1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 

ALUMINUMS / 1000 A3 OF FRAMEWORK 

FJQ. 1. Aromatic participation in coke formation and coke yield/100 g of conversion for Y (0) 
and for mordenite (X) catalysts of varying aluminum density (360°C). 

aromatics in carbon deposit’ion decreased 
sharply when the temperature was in- 
creased. At the higher temperature there 
was little contribution from benzene to 
light gas production. 

(d) The origin of coke and of light gas 
\vas insensitive to the structure or re- 
activity of the aromatic, as shown by the 
experiment jvith 1, 3, 5-trimethylbenzenc. 

Paraffin cracking is obviously not the 
only reaction which occurs when a mixture 
of hydrocarbons is passed over a zcolitc 
catalyst. The olefinic fragments of cracking 
undergo polymerization, aromatization, and 
coking reactions; they may alkylate aro- 
matics present in the reaction mixture. 
Aromatics can disproportionate or undergo 
transalkylation reactions. Most funda- 
mental to the practical use of a zcolite 

catalyst, howvcr, is its coking tendency, 
and related thereto, the origin of that coke. 
The data in Tables 1 and 2 have permitted 
distinction to be drajvn between origin and 
yield of these carbon deposits. 

As discussed earlier (8), coking trn- 
den&s are intrinsically related to zeolite 
pore structure, being particularly strong in 
large-pore structures such as Y and mor- 
denite. Superimposed on this inherent 
proclivity of large-pore structures to coking 
can be a substantial influence of aluminum 
content. Plotted in Fig. 1 are aromatic 
participation and coke yield as a function 
of aluminum clertsity in the two zeolite 
structures examined. In a Y zrolite thcrc 
arc about 13 Si or Al tetrahedra per 1000 A3 ; 
in a mordenitc, 17. The framework struc- 
ture in a Y occupies 50% of the unit cell 
volume, as compared nith 70% in a 
mordenite (26). A framework aluminum 
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density can then be calculated which would 
offer an approximate measure of the 
zrolite surface composition encountered by 
reactant molecules as follows : 

Zeolite 
Al/1000 A3 

Si02/A1203 of framework 

Y .5.3 7.4 
8.S 5.0 

13.2 3.4 

Mordenite 18 2.4 
40 1.1 

108 0.4 

[The tendency of a Y zeolite to loose 
framework aluminum on calcination, to 
form “ultrastable Y,” complicates the 
analysis (SO). Its effect would be to reduce 
the difference between the three Y samples. 
The mordenite would be unaffected. All 
three Y zeolites showed lattice contractions 
after calcination and NH, treatment and 
should be regarded as ultrastable samples.] 

As one would expect, coke yields gener- 
ally increased with increasing aluminum 
content. Significant in the yield plot, 
however, is the discontinuity between Y 
and mordenite trends, coke formation in Y 
being intrinsically more facile. This distinc- 
tion, reported in earlier experiments (8), is 
attributed to the large cavities which result 
from intersection of the three-dimensional 
pore channels present in Y but absent in 
mordenite. 

In the chemical o+ph of those carbon 
deposits, however, a limiting contribution 
of aromatics is observed with increasing 
aluminum content in the six samples in- 
vestigated, and the dashed line in Fig. 1 
postulates that this contribution may be 
independent of zeolite structure. (Mor- 
denites cannot be made Gth an aluminum 
content above 4 per 1000 A3 of framework, 
i.e., SiOz/A1203 below 10, so the postulate 
cannot be directly tested.) Such a trend is 
attributed to selective adsorption of ben- 
zene (as opposed to hexane) at the low 
temperature of these runs (SSO”C), a 
preference which increases as the aluminum 

density in the framework increases. Several 
authors have reported selective adsorption 
of aromatics in noncatalytic experiments 
(g&28), a selectivity which decreases with 
increasing SiOz/A1203 ratio of a zeolite (29). 
Once the surface is covered with aromatics 
a limiting behavior would be expected 
which would be little affected even by 
doubling the aromatic content of the feed 
(experiment 15). The sharp decrease in the 
contribution of aromatics to coke formation 
with increased temperature is in good agree- 
ment with this explanation. 

In addition to its substantial, even 
dominant role in coking, a parallel par- 
ticipation of aromatics in light gas for- 
mation is evident in Tables 1 and 2. It is 
suggested that such a participation evi- 
dences the continuing transformations of 
intracrystalline LLcoke” under these reaction 
conditions, rather than any new reaction 
path for the conversion of aromatics. The 
parallel between coke and light gas origins 
supports such a suggestion. 

Finally it is proposed that, in these 
reactions of paraffin-aromatics mixtures 
over large-pore zeolites, the initiating re- 
action in coke formation is alkylation of 
aromatics and that coke results from the 
continuing transformation of these alky- 
lated intermediates. Evidence for this pro- 
posal is: (a) The equal or preferential 
incorporation of aromatics into coke, the 
experiment with trimethylbenzene indi- 
cating that direct reactions such as dis- 
proportionation are not strong coke pro- 
ducers ; (b) the proportionality between 
aromatic content of the feed and that of 
the carbon deposits in the reactions over 
mordenite ; and (c) coke yield but not origin 
was influenced by major changes in hy- 
drogen partial pressure. 

CONCLUSIONS 

Radiotracer experiments on the conver- 
sion of benzenehexane mixtures over 
mordenite and over Y zeolites sho\ved a 
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substantial aromatic contribution to wkc 
formation which increased with incwasing 
aromatic content of the frcd and tvith 
decreasing temperature, and which ap- 
proached a limiting value as framework 
aluminum density incrrased. That con- 
tribution was inwnsitivc, ho~vwcr, to 
hydrogen partial pressurcl. An aromatic 
contribution to light gas make \vas ob- 
served, probably occurring via a coke 
intermediate. 

It was proposed that the initial reaction 
in coke formation in these experiments was 
the alkylation of aromatics by the olefinic 
fragments of paraffin cracking. Hydrogen 
transfer is assigned a major role in the 
continuing transformation of a coke de- 
posit, but need not be invoked in the initial 
coke formation step. 
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