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Acidic, H-Y zeolite was partially coked with propylene at 250 and 475°C. Standard micropore 
volume determination by N2 physical sorption indicates that nearly all of the coke was confined to 
the micropores with little change in the larger mesopores. Xe NMR chemical shifts increased 
linearly with a decrease in the micropore volume for the coke samples. However, initial coke 
deposition on H-Y increased the Xe chemical shift beyond the changes predicted by the decrease 
in micropore volume. The increase in chemical shift due to coke was also found to be dependent on 
the aromaticity of the coke. Coke formation at 250°C (65% sp 2 carbon) increased the chemical shift 
by 6.5 ppm while coke formed at 475°C (>95% sp 2 carbon) increased the chemical shift by 8.5 ppm. 
The size of the pore apertures, i.e., the opening to the alpha cage, was determined by low-pressure 
Ar adsorption isotherms. As the level of coke increased, the size of the alpha cage aperture 
decreased by as much as 0.07 nm. A bimodal distribution in the pore apertures was clearly resolved 
on some catalysts at higher coke levels. One pore size was characteristic of apertures essentially 
free of coke (0.72 nm); while, the other, smaller aperture was more severely restricted due to coke 
deposits (0.58 nm). The inability of Xe NMR to detect two pore environments observed by Ar 
sorption may result from rapid exchange of Xe between the two sites. This implies that the distance 
between the two pore environments is small and that the two pore environments are uniformly 
distributed throughout the catalyst particle. © 1991 Academic Press, Inc. 

INTRODUCTION 

Progress in the synthesis (1, 2), modifica- 
tion (3), and application of zeolites has con- 
tinued for over 30 years. Major advances 
have led to development of new processes 
in both the petroleum refining and chemical 
industries (4-6). New zeolites optimized 
for acidity, stability, pore size, or composi- 
tion, etc., are being synthesized or modified 
by various post-synthesis treatment. 

The characterization of zeolites has also 
experienced rapid development. Numerous 
techniques have been applied. Most com- 
mon are infrared (IR) spectroscopy (3, 7- 
9), X-ray diffraction (XRD) (1, 10), X-ray 
photoelectron spectroscopy (XPS) (11), 
29Si and 27A1 NMR (12-15), NH3 tempera- 
ture-programmed desorption (16), and elec- 
tron microscopy (TEM) (17, 19), among 
others. More recently, two dissimilar ana- 
lytical techniques, 129Xe NMR (20-25) and 
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quasiequilibrium sorption of Ar (26, 27), 
have been applied with success to the char- 
acterization of zeolites. 

Xenon-129 has a spin i nucleus (no quad- 
rupolar interactions), a natural abundance 
of 26%, a reasonable high-resonance fre- 
quency (83 MHz at 7.05 T), and a relative 
detectability that is 30 times that of carbon. 
The chemical shift, 8, of xenon in a particu- 
lar molecular sieve is determined by a vari- 
ety of factors related to its environment and 
collisions with other species. Fraissard rep- 
resents this dependence in the form (20- 
24): 

8 = 80 + 8 s + 8 E + 8(Xe.Xe ) " P x e ,  

where 80 is the chemical shift of xenon gas 
at zero pressure, 8s is the contribution due 
to collisions of xenon with the sieve walls, 
8 E is caused by electric fields, and 8(Xe-Xe) " 

Pxe is a term due to collisions between ex- 
cess xenon. By determination of the indi- 
vidual components which contribute to the 
chemical shift, information is obtained 
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about the structural and chemical environ- 
ment of the zeolite. 

The use of gas sorption to characterize 
porous solids is well established, but pre- 
vious procedures have been unable to accu- 
rately determine the pore size distribution 
for diameters of less than 2.0 nm since com- 
monly used adsorbates, e.g., N2, liquify in 
zeolite pores even at very low partial pres- 
sures at the sorption temperature. The use 
of a noble gas, Ar, and the availability of 
new instrumentation enables isotherms to 
be obtained starting at relative pressures 
(P/Po) as low as 10 -6 (26). With the quasi- 
equilibrium Ar sorption technique, differ- 
ences in pore size can now be determined 
for microporous solids (27). 

In this study, Xe NMR and Ar sorption 
along with ~3C NMR and N2 sorption, have 
been applied to a series of coke H - Y  zeo- 
lite catalysts. Each technique offers unique 
information providing a better understand- 
ing of the deactivation process in zeolites. 

EXPERIMENTAL 

Catalyst Preparation 

The H - Y  zeolite was commercially ob- 
tained from Davison Chemical Company of 
W. R. Grace. The XRD crystallinity and 
the unit cell dimension were 86% and 2.452 
nm, respectively. The zeolite had an Na 
content of 0.5 wt%. Approximately 5.0 g of 
catalyst was placed in a fixed-bed continu- 
ous flow, atmospheric reactor. The sample 
was heated to 450°C under flowing N2 and 
cooled to room temperature. The gas flow 
was switched to 5% propylene/95% N2 (100 
ml/min) at room temperature. The flow was 
continued until the catalyst no longer ad- 
sorbed propylene. The propylene was dis- 
continued, and N2 flow was maintained for 
15 rain. The catalyst was heated under flow- 
ing N2 to the coking temperature, either 250 
or 475°C, and maintained at that tempera- 
ture for 30 rain. Adsorption of propylene at 
room temperature followed by heating un- 
der N2 flow at elevated temperature was re- 
peated up to four times. Additionally sev- 

eral samples were coked by reacting a 
continuous flow of 5%, C3H6/95% N2 at ei- 
ther 250 or 475°C. The propylene was re- 
acted until the propylene conversion de- 
creased to less than 20%. 

N2 Physical Adsorption 

Samples were analyzed on the Microme- 
tritics Corporation ASAP 2400. Total sur- 
face area, mesoporosity, and its associated 
surface area, as well as micropore volumes 
derived from " t "  plots. Micropore vol- 
umes, e.g., pores less than 1.0 nm, were 
determined by the amount of N2 adsorbed 
at P/Po less than 0.1 (28). Mesopore vol- 
umes, pores from 1.0 to 50.0 nm, were cal- 
culated by standard procedures (29). 

Xe Adsorption Isotherms 
Samples were pretreated at 250°C under 

25 mTorr overnight, cooled, backfilled with 
helium, reweighed (taking into account a 
buoyancy factor of 15.7 mg). Target Xe 
pressures were 50, 100, 150, 200, 300, 400, 
470, and 740 mm. Equilibration times were 
typically 5 to 100 min. From each uptake, 
the xenon atoms per a cage were calculated 
at the given pressure. Measurements were 
made at room temperature on the Microme- 
ritics ASAP 2400. 

Quasi-Equilibrium Ar Sorption 
Samples were analyzed on a Coulter Cor- 

poration, Omnisorb 100 CX. The samples 
were outgassed at 250°C and transferred 
under vacuum for the sorption studies. 
Sample size was approximately 100 mg and 
He and Ar flow rates into the sample cham- 
ber were 0.34 and 0.12 ml/min, respec- 
tively. (Helium was used to establish the 
volume of the sample chamber.) Once the 
volume of the sample chamber had been de- 
termined, the sample chamber was evacu- 
ated and Ar was introduced at a known flow 
rate. By monitoring the chamber pressure 
as a function of time, the isotherm could be 
generated. Data acquisition was started at 
P/Po = 1 0 - 6  and ended at approximately 
0.2. In order to better display the adsorp- 
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tion behavior  in the microporous  region, 
i .e.,  P/Po below approximate ly  10 -2, the 
isotherms are given as semilog (P/P0) ver- 
sus normalized sorption,  W/Wo. Wo repre- 
sents the max imum  Ar adsorption.  Fur ther  
details of  this procedure  can be found else- 
where  (26, 27). 

13C NMR 

~3C CP MAS N M R  spectra  were obtained 
on a J O E L  FX 60QS Fourier  t ransform 
spec t rometer  equipped with a Che- 
magnetics  solids accessory .  Spectra  were 
obtained using an 8/zs 1H 90 ° pulse,  a 2-ms 
contact  t ime, and a relaxation delay of  0.5 
s. A spin rate of  2.4 kHz  was employed,  
and chemical  shifts were  referenced to 
tetramethylsi lane.  

129Xe NMR 

Samples  were  prepared  in special N M R  
tubes (Wilmad Corporat ion)  equipped with 
a resealable  valve suitable for a t tachment  to 
a vacuum line. The tube was evacuated  at 
room tempera ture  and a dry weight was ob- 
tained. The sample was loaded as a powder  
to a height of  about  10 ram, and a quartz 
wool plug was weighted and placed in the 
top of  the tube to prevent  catalyst  loss dur- 
ing evacuat ion.  The sample was evacuated  
(2 mTorr)  for 1 h at ambient  tempera ture ,  
heated to 200°C under  vacuum,  and main- 
tained overnight.  

129Xe N M R  spect ra  were  obtained on an 
NT300 spec t rometer  at a f requency of 83.0 
M H z  using a simple pulse-acquire-delay se- 
quence.  The spectral  width was 16 kHz.  
Data  were  acquired into 1K blocks of  mem-  
ory,  but were zero-filled to 4K to enhance 
digital resolution to 0.1 ppm. Delay times 
were  500 ms for zeolite samples  and 10 s for 
pure gas samples.  The T1 measured  for sev- 
eral zeolites was in the range of 40 to 300 
ms,  while the pure gas was between 10 and 
20 s. General ly,  1200 scans were acquired 
for each sample.  Referencing of chemical  
shifts was made relative to the gas at infi- 
nite dilution. 129Xe N M R  spectra  were ob- 
tained at 50, 100, 150,200, 300,400, and 500 
Tor r  Xe. 

RESULTS AND DISCUSSION 

13C NMR 

Propylene rapidly reacts  on the surface 
of H - Y  zeolite at 40°C (30-33). The reac- 
tion proceeds  until the pores  of  the catalyst  
are complete ly  filled, or blocked.  At satura- 
tion, the catalyst  contains 14.39 wt% C with 
an N2 surface area of  6.8 mZ/g and no mea- 
surable micropore  volume.  The carbon spe- 
cies are strongly chemisorbed and cannot  
be r emoved  even under  high vacuum.  The 
~3C N M R  spect rum of the chemisorbed spe- 
cies is shown in Fig. l a  and consists of  sev- 

C I , I I r I I I I I I 
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200 1 O0 0 -1 O0 
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FIG. 1. ~3C NMR. a.) Catalyst A with propylene 
chemisorbed at 40°C. b) Catalyst D (3.5 wt% C), pro- 
pylene chemisorbed at 40°C and heated to 250°C in N2. 
c.) Catalyst F (7.4 wt% C), propylene chemisorbed at 
40°C and heated to 475°C in N2. 
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Catalyst Coking 
conditions 
temp. °C 

(treatments) 

Wt% C N2 BET N2 Micropore N2 Mesopore 
surface area vol. (cc/g) vol. (cc/g) 

(mZ/g) 

Ar Micropore 
vol. (cc/g) 

A a None 
B 475 (Ix) 
C 250 b (lx) 
D 250 (Ix) 
E 250 (2x) 
F 475 (3x) 
G 250 (3x) 
H 250 (4x) 
I 250 c 
J 475 d 
K 475 ~ 

None 636 0.25 0.101 0.29 
2.44 578 0.23 0.093 0.22 
2.51 566 0.22 0.096 -0.19 
3.45 550 0.22 0.092 0.20 
5.60 463 0.19 0.090 0.17 
7.44 464 0.18 0.094 0.16 
8.06 420 0.16 0.090 0.16 
8.38 387 0.14 0.100 0.11 

15.00 100 0.028 0.063 0.00 
10.28 360 0.14 0.079 0.10 
20.10 23 0.001 0.047 ND 

a XRD crystallinity is 86% (ucd = 2.454 nm). 
b Heated at 250°C at 10 .6 Torr. 

Coked with propylene continuously at 250°C. 
Catalyst I heated to 475°C in flowing N2. 

e Coked with propylene continuously at 475°C. 

eral overlapping peaks from 10 to 50 ppm 
with two smaller peaks at 160 and 250 ppm. 
The peaks at 10-50 ppm are due to aliphatic 
carbons (sp3), while the peaks at 160 and 
250 ppm have previously been assigned to 
carbon cations bound to the catalyst sur- 
face (33). These data indicate that the pro- 
pylene is chemisorbed and rapidly trans- 
formed to an aliphatic polymer. 

Coked zeolites were prepared by heating 
the zeolite saturated with the propylene 
polymer at the desired reaction tempera- 
ture, either 250 or 475°C, in flowing N2. As 
the catalyst was heated above 200°C, signifi- 
cant quantities of C3 to C8 paraffins were 
desorbed from the catalyst (33-35). Fol- 
lowing heating at 250°C, for example, the 
catalyst contains 3.45 wt% C, and N2 sur- 
face area and micropore volume have in- 
creased to 550 m2/g and 0.221 cc/g, respec- 
tively (Table 1, catalyst D). The 13C NMR 
spectrum of a catalyst heated to 250°C is 
shown in Fig. 1 b and indicates that the car- 
bon species have undergone a significant 
structural rearrangement (33, 35-37). The 

spectrum consists of two resonances, a rel- 
atively sharp aliphatic resonance at 25 ppm 
and a broad resonance at 140 ppm due to 
unsaturated (sp2), and, probably, aromatic 
carbons. Aromatization of the surface car- 
bon to form coke is occurring at reaction 
temperature near 200°C. 

Further heating of the catalyst to 475°C 
produces only small additional amounts of 
desorbed hydrocarbons; however, these 
consist mainly of methane, ethane, and pro- 
pane. The carbon on the catalyst has de- 
creased to 2.44 wt%, and the N2 surface 
area and micropore volume have increased 
to 578 mVg and 0.231 cc/g, respectively. 
The ~3C NMR spectrum of a catalyst heated 
to 475°C is shown in Fig. lc. No saturated 
carbons (sp 3) remain on the catalyst, and 
the carbon in the coke is completely aro- 
matic at 475°C. 

A series of catalysts with increasing coke 
was prepared by repeated saturation with 
propylene at 40°C followed by reaction at 
higher temperatures. The catalysts' physi- 
cal properties are given in Table 1. The N2 
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micropore volume continually decreases as 
the coke on the catalyst increases, indicat- 
ing that much of the coke is deposited in- 
side the zeolite pores. The N 2  mesopore 
volume, however, changes little as the coke 
content is increased, indicating that little 
coke has been deposited in the larger meso- 
pores. 

The H-Y zeolite was also coked by the 
continuous reaction of propylene at 250°C 
(catalyst I) and 475°C (catalyst K). At 
250°C, for example, propylene is converted 
to C3 to C8 paraffins. These are the same 
products which were formed by heating the 
low-temperature propylene polymer to 
250°C in N2. The flow of propylene was 
continued until the conversion dropped be- 
low 20%. At both 250 and 475°C, isothermal 
coking results in the near complete loss of 
surface area and micropore volume. The 
carbon distribution by 13C NMR, given in 
Table 2 shows that the degree of aromatiza- 
tion (percentage s p  2) is determined mainly 
by the maximum reaction temperature of 
the catalyst, rather than by the availability 
of gas-phase propylene at a given tempera- 
ture. 

129Xe NMR and Xe Sorption Isotherms 

129Xe NMR chemical shifts were ob- 
tained at Xe pressures from 50 to 500 Torr 
for each catalyst in Table 1. Xe adsorption 
isotherms (cc Xe/g catalyst) at 25°C were 
also obtained for each catalyst. The adsorp- 
tion isotherms (cc/Xe/g catalyst) were con- 
verted to the number of Xe atoms/alpha 
cage assuming the H-Y zeolite unit cell 
contains 192 SiO2 (MW = 11,520 g/mol) 
with eight alpha cages per unit cell. Ac- 
counting for the zeolite crystallinity of 86%, 
3.6 x 102° Xe atoms/g catalyst (0.078 g 
Xe/g catalyst) equals one Xe atom/alpha 
cage. Coked zeolites were additionally cor- 
rected for percent carbon. Each Xe iso- 
therm (Xe/alpha cage vs Xe pressure) was 
fit to a second-order polynomial. 

The plots of Xe chemical shift versus Xe/ 
alpha cage were nearly linear for all cata- 
lysts. The contribution to the chemical shift 

T A B L E 2  

Carbon  Dis t f ibu t ionby~3C N M R  ° 

Cata lys t  Wt% C Coking temp.  % sp 2 % sp 3 
(oc) 

B 2.44 475 0 100 
D 3.45 250 40 60 
E 5.60 250 37 63 
F 7.44 475 0 100 
G 8.06 250 31 69 
H 8.38 250 28 72 
I c 15.00 250 42 58 
jb 10.28 475 0 100 
K ~ 20.10 475 0 100 

Precision of  %sp 2 is 3%. 
b Sample J was obtained by heat ing sample  I in N2 at 

475°C. 
c Coked cont inuous ly  with propylene at the reaction 

temperature .  

due to Xe collisions with the zeolite sur- 
face, i.e,, zeolite wall and coke, was deter- 
mined by linear extrapolation of the chemi- 
cal shifts to zero Xe/alpha cage, i.e., zero 
Xe pressure. The zero-pressure chemical 
shift, 8s, is given in Table 3. A plot of ~s 
versus N2 micropore volume reveals two 
families of curves, as shown in Fig. 2. At 

T A B L E  3 

I29Xe N M R  Chemical  Shift at Zero Xe/Alpha  Cage" 

Catalyst  Wt% C N2 MPV 6s (ppm) 
(cc/g) 

A None  0.25 62.3 
B 2.44 0.23 73.9 
C 2.51 0.22 71.5 
D 3.45 0.22 73.3 
E 5.60 0.19 77.1 
F 7.44 0.18 80.4 
G 8.06 0.16 83.0 
H 8.38 0.14 83.7 
jb 10.28 0.14 84.8 

Mixture (A + F) c - -  - -  61.8, 79.0 

a Precision of  chemical  shift, ~s, is 0.5 ppm.  
b Catalyst  I coke cont inuously  with propylene at 

250°C. Catalyst  J prepared by heat ing catalyst  I at 
475°C in Nz. 

c Mixture  of  48.6% A + 51.4% F. 
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FIG. 2. Xe chemical shift (zero Xe/alpha cage) vs. N 2 micropore volume. 
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each coking temperature, the chemical shift 
increases linearly with decreasing micro- 
pore volume. The samples coked at 475°C 
(>95% sp 2 carbon) had chemical shifts that 
were 2.0 ppm higher, at constant pore vol- 
ume, than those of samples coked at 250°C 
(65% sp 2 carbon). The coke-free zeolite, 
catalyst A, is not on either curve. The inter- 
action of the Xe with the coke surface 
results in an increase in the Xe chemical 
shift relative to the shift resulting from in- 
teraction with the coke-free zeolite walls. 

At an equivalent pore volume, the 250°C 
coke is estimated to increase the chemical 
shift by 6.5 ppm, while the 475°C coke in- 
creases the chemical shift by 8.5 ppm. The 
Xe chemical shift, therefore, is affected by 
the coke composition, increasing slightly as 
the aromaticity of the coke increases. 

Ar Physical Sorption at 87K 

The 87K Ar adsorption isotherms for the 
coked Y zeolites are shown in Fig. 3. As the 
coke content on the zeolite increases, the 
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FiG. 3. Argon physical sorption isotherm at 87K. Catalyst: A (0.0 wt% C), B (2.4 wt% C), C (2.5 wt% 

C), D (3.5 wt% C), E (5.6 wt% C), F (7.4 wt% C), G (8.1 wt% C), H (8.4 wt% C). 
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Fie. 4. Low pressure region of the Ar sorption isotherm at 87K. Catalyst: A (0.0 wt% C), B (2.4 wt% 
C), C (2.5 wt% C), D (3.5 wt% C), E (5.6 wt% C), F (7.4 wt% C), G (8.1 wt% C), H (8.4 wt% C). 

Ar adsorption at saturation decreased. The 
Ar micropore volumes are given in Table 1 
and are comparable to the N2 micropore 
volumes. For microporous materials, there 
are two inflections in the 87K Ar adsorption 
isotherm, one at P/Po from 10 -4 to 10 3 and 
a second at P/Po > 10 3. The first inflection 
has been shown to reflect small changes in 
the pore size for molecular sieves (27). As 
the pore size is decreased, there is a shift to 
lower P/Po in the initial inflection point of 
the Ar isotherm. Figure 4 shows the nor- 
malized (W/W0 = 1) Ar isotherms for the 
coked catalysts expanded to show the low- 
pressure inflections. The progressive shift 
to lower P/Po in the initial inflection point is 
indicative of a decrease in the pore size 
with increasing coke. 

An effective pore size distribution was 
obtained from the Ar adsorption isotherm 
for pressures P/Po less then 10 3 by applica- 
tion of the Horvath-Kawazoe equation 
(38). The effective pore diameters are listed 
in Table 4, and representative pore size dis- 
tributions are presented in Fig. 5. While the 
absolute values in Table 4 are affected by 
the specific choice of parameters in the 
Horvath-Kawazoe equation, the relative 
changes observed for the series are qualita- 

tively correct. For the coke-flee H - Y  zeo- 
lite (Fig. 5a), one pore size 0.725 nm is ob- 
served. For catalyst with low coke levels, 
catalyst E (Fig. 5b), for example, the effec- 

I I r T I " ~ " ~ 1  I I I ~ T T I ~ T I 

.5 .6 .7 .8 

E f f ec t i ve  p o r e  d i a m e t e r  (nm) 

FIG. 5. Effective aperture diameter by Ar adsorption. 
a.) Catalyst A (0.0 wt% C). b.) Catalyst E (5.6 
wt% C). c.) Catalyst F (7,4 wt% C). 
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TABLE 4 

Effective Pore Diameter by Low Temperature Ar a 

Catalyst Effective pore diameter (nm) 

A 0.725 
B 0.715 
C 0.708 
D 0.706 
E 0.694 
F 0.690 0.580 
G 0.667 0.575 
H 0.648 0.575 

Mixture (A + F) 0.720 0.560 

Precision of effective pore diameter is 0.01 nm. 

tive pore diameter decreases to 0.694 nm. 
For catalysts with higher coke, e.g., cata- 
lyst F (Fig. 5c), a bimodal pore size distri- 
bution is observed, 0.690 and 0.580 nm. 
Catalyst F contains some pore apertures 
which are free, or nearly free, of coke 
(0.690 nm), while other apertures are par- 
tially restricted by coke deposits (0.580 
nm). For the entire series, the number of 
coke-free apertures increases with increas- 

ing coke on catalyst. Although it is likely 
that all coked catalysts have both types of 
pores, the bimodal distribution is clearly 
apparent at coke levels above 7 wt% C. 

Mixtures of Catalysts 

For catalysts with greater than 7 wt% 
carbon, catalysts F, G, and H, the effective 
pore size distribution by 87K Ar adsorption 
clearly indicates that there are two pore en- 
vironments. ]29Xe NMR, however, gave ev- 
idence for only one pore environment. In 
order to resolve these discrepancies, physi- 
cal mixtures of coke-free and coked zeo- 
lites were analyzed by each technique. 

The 129Xe NMR spectra for a mixture of 
catalyst A (0.0 wt% carbon) and catalyst F 
(7.4 wt% carbon) are given in Fig. 6. The 
catalyst particle size was approximately 0.5 
to 1.0 mm, and the particles of the two cata- 
lyst were well mixed. In the mixture, the 
two chemical shifts are well resolved. In 
addition, both the pressure dependence of 
the observed chemical shift and the chemi- 
cal shift at zero pressure, ~s, for the two 
components in the mixture are equal to the 

A 

., ._~____ 506 Torr 
401 

204 
153 
103 
54 

1 O0 50 0 ppm 

FIG. 6. ]29Xe chemical shift vs. pressure. Mixture of catalyst A (0.0 wt% C) and catalyst F (7.4 
wt% C). 
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FIG. 7. Effective aperture diameter by Ar adsorp- 
tion. a.) Catalyst A (0.0 wt% C). b.) Catalyst F (7.4 
wt% C). c.) Mixture of Catalyst A and Catalyst F. 

chemical shifts obtained for the individual 
catalysts, Table 4. 129Xe NMR, therefore, 
can resolve separate pore (volume) envi- 
ronments, at least, when the different pore 
environments are separated by 0.5 mm, 
i.e., occur in separate macroscopic catalyst 
particles. 

The Ar adsorption isotherm was obtained 
on the same mixture. A plot of the effective 
pore size distribution is given in Fig. 7. 
While two pore environments are clearly 
resolved in catalyst F, Fig. 7b, only one 
pore environment at 0.720 nm is prominent 
in the mixture of catalyst A and F, Fig. 7c. 
The smaller coked pores in catalyst F, 
0.580 nm, appear as a shoulder at smaller 
diameter (0.56 nm) in the mixture of A and 
F, Fig. 7c. This is similar to the pore size 
distribution of catalyst E (7.4 wt% C), Fig. 
5b. It is likely that in catalyst E, and all 
coked catalysts where one pore size is ob- 

served, there are smaller, coke-restricted 
pores. As the number of coke-restricted 
pores increases with increasing coke, two 
pore environments are more easily resolved 
when the number of restricted pores are ap- 
proximately equal to the number of coke- 
free pores. 

The inability of 129Xe NMR, even for 
spectra obtained at -125°C, to detect the 
two pore environments observed by Ar 
sorption may result from rapid exchange of 
Xe between the two sites (24, 39, 40). This 
would imply that distance between the two 
pore environments is small and that the two 
pore environments are uniformly distrib- 
uted throughout the catalyst particle. 

CONCLUSIONS 

At room temperature, propylene is 
strongly chemisorbed, forming an aliphatic 
polymer which fills, or blocks, the available 
micropore volume in H-Y zeolite. Expo- 
sure of the aliphatic polymer to high tem- 
perature converts the carbon to aromatic 
coke with release of C3 to C8 (iso) paraffins. 
The aromaticity of the coke increases with 
increasing temperature and is determined 
by the highest reaction temperature. The 
coke is deposited in the micropores with 
little coke forming in the mesopores. For 
coked H-Y zeolites, 129Xe NMR chemical 
shifts (at zero Xe pressure) increase lin- 
early with decreasing micropore volume. 
At a constant pore volume, the Xe chemical 
shift is increased by 7 to 9 ppm relative to 
the coke-free zeolite at the same pore vol- 
ume. The increase in the chemical shift due 
to coke is slightly dependent on the aroma- 
ticity of the coke. Low-temperature physi- 
cal sorption of Ar is sensitive to the size of 
the pore aperture. As the coke content in- 
creases, the pore aperture decreases 
slightly. At high coke levels, two pore aper- 
ture environments, one aperture with de- 
posited coke and one with little coke could 
be resolved. Since the two pore environ- 
ments were not observed by 129Xe NMR, it 
is likely that the two pore environments are 
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e v e n l y  d i s t r ibu ted  th roughou t  the zeol i te  

par t ic le  and  the d i s tance  b e t w e e n  the two 
pore  e n v i r o n m e n t s  is small .  E a c h  tech-  
n ique ,  13C and  129Xe N M R ,  N2, Ar,  and  Xe 

phys ica l  adsorp t ion ,  p rov ides  u n i q u e  infor-  

ma t ion  n e c e s s a r y  for the u n d e r s t a n d i n g  of  
coke  deposi ts  and  c o m p l e m e n t s  the infor-  

ma t ion  ob t a ined  by  the o the r  t echn iques .  

REFERENCES 

1. ~,lacobs, P. A., and Martens, J. A., "Synthesis of 
High-Silicon Aluminosilicate Zeolite, Studies in 
Surface Science and Catalysis," Vol. 33. Elsevier, 
Amsterdam, 1987. 

2. Wilson, S. T., Lok, B. M., Messian, C. A., Can- 
nan, T. R., and Flanigen, E. M., in "Intrazeolite 
Chemistry: ACS Symposium Ser. 218" (G. D. 
Stucky, and F. G. Dwyer, Eds.), p. 79. 1983. 

3. Scherzer, J., "Catalytic Materials: Relationship 
Between Structure and Reactivity, ACS Sympo- 
sium Ser. 248" (T. E. Whyte, Jr., R. A. Dalla 
Betta, E. G. Deronane, and R. T. K. Baker, Eds.), 
p. 158. 1984. 

4. "New Catalytic Materials: Vol. IX. New direc- 
tions in Zeolite Science and Technologies," Cata- 
lytica Associates, 1985. 

5. Magee, J. S., and Blazek, J. J., In "Zeolite Chem- 
istry and Catalysis, ACS Mongraph" (J. A. Rabo, 
Ed.), Vol. 171, p. 615. Amer. Chem. Soc., Wash- 
ington, DC, 1976. 

6. Csicsery, S. M., in "Zeolite Chemistry and Catal- 
ysis, ACS Monograph" (J. A. Rabo, Ed.), Vol. 
171, p. 680. Amer. Chem. Soc., Washington, DC, 
1976. 

7. Baker, M. D., Ozin, G. A., and Godber, J. Catal. 
Rev. Sci. Eng. 27, 591 (1985). 

8. Flanigen, E. M., in "Zeolite Chemistry and Catal- 
ysis, ACS Monograph" (J. A. Rabo, Ed.), Vol. 
171, p. 80. Amer. Chem. Soc., Washington, DC, 
1976. 

9. Ward, J. W., in "Zeolite Chemistry and Catalysis, 
ACS Monograph" (J. A. Rabo, Ed.), Vol. 171, p. 
118. Amer. Chem. Soc., Washington, DC, 1976. 

10. Breck, D. W., and Flanigan, E. M., "Molecular 
Sieves," p. 47. Society of Chemical Industry, 
London, 1968. 

11. Ness, J. M., Joyner, D. J., and Chapple, A. P., 
Zeolites 9, 250 (1989). 

12. Lippmaa, E., M~igi M., Samoson, A., Tarmak, 
M., and Engelhardt, G., J. Amer. Chem. Soc. 103, 
4992 (1981). 

13. Klinowski, J., Prog. NMR Spectrosc. 16, 237 
(1984). 

14. Engelhardt, G., and Michel, D., "High Resolution 
Solid-State NMR of Silicates and Zeolites," Wi- 
ley, New York, 1987. 

15. Nagy, J. B., and Decouane, E. G.,.in "Perspective 
in Molecular Sieve Science, ACS Ser. 368" (W. 
H. Flank and R. E. Whyte, Eds.), p. 2. Amer. 
Chem. Soc., Washington, DC, 1988. 

16. Mieville, R. L., and Meyers, B. L., J. Catal. 74, 
196 (1982). 

17. Sanders, J. V., "Catalysis, Science and Technol- 
ogy" (J. R. Anderson and M. Boudart, Eds.), Vol. 
7, p. 51. Springer-Verlag, 1985. 

18. Millward, G. R., Thomas, J. M., Radas, S., and 
Barlow, M. T., in "Proceedings of the 6th Interna- 
tional Zeolite Conference, Reno," (D. Olson and 
A. Bisio, Eds.), p. 793. Butterworths, London, 
1984. 

19. Thomas, J. M., in "Proceedings, 8th International 
Congress on Catalysis, Berlin, 1984," Vol. 1, p. 
31. Dechema, Frankfurt-am-Main, 1984. 

20. Fraissard, J., Ito, T,, Springuel-Huet, M., and De- 
marquay, J., Stud, Surf. Sci. Catal., (New Dev. 
Zeolite Sci. Technot.), 393 (1986). 

21. Ito, T., and Fraissard, J., Proc. Int. Conf. Zeo- 
lites, 5th, 510 (1980). 

22. Demarquay, J., and Fraissard, J., J. Chem. Phys. 
Lett., 136(3-4), 314 (1987). 

23. De Menorval, L. C., Fraissard, J. P., and Ito, R. 
J. Chem. Soc., Faraday Trans. 1 78(2), 403 (1982). 

24. Fraissard, J., Ito, T., and DeMeorval, L. C., in 
"Proceedings, 8th Internation Congress on Catal- 
ysis, Berlin, 1984," Vol. 3, p. 25. Dechema, 
Frankfurt-am-Main, 1984. 

25. Ito, T., Bonardet, J. L., Fraissard, J., Nagy, J. B., 
Andre, C., Gabelico, F., and Derouane, E. G., 
Appl. Catal. L5, 43 (1988). 

26. Venero, A. F., and Chiou, J. N., in "Microstruc- 
ture and Properties of Catalysts, Nat. Res. Soc. 
Syn. Proc." (M. M. J. Treacy et al., Eds.), Vol. 3, 
p. 235. Mars, PA, 1988. 

27. Davis, M. E., Hathaway, P. E., and Montes, C., 
Zeolites 9, 436 (1989). 

28. "1990 Annual Book of ASTM Standards," Vol. 
5.03, D 4365-85, p. 862, 1990. 

29. Barret, E. P., Joyner, L. G., and Halenda, P. P., 
J. Amer. Chem. Soc. 73, 373 (1951). 

30. Van den Berg, J. P., Wolthnizen, J. P., Clague, 
A. D. H., Hays, G. R., Huis, R., and Van Hooff, 
J. H. C., J. Catal. 80, 130 (1983). 

31. Ghosh, A. K., and Kydd, R. A., J. Catal. 100, 185 
(1986). 

32. Fleisch, T. H., Zajac, G. W., Meyers, B. L., Ray, 
G. J., and Miller, J. T., in "Proceedings, 9th Inter- 
national Congress on Catalysis, Calgany, 1988" 
(M. J. Phillips and M. Teruan, Eds.), Vol. 1, p. 
483. Chem. Institute of Canada, Ottawa, 1988. 

33. Zardkoohi, M., Haw, J. F., and Lansford, J. H., 
J. Amer. Chem. Soc. 109, 5278 (1987). 

34. Derouane, E. G., Lefebvre, C., and Nagy, J. B., 
J. Mol. Catal. 38, 387 (1988). 



446 MILLER,  MEYERS, AND RAY 

35. Lange, J. P., Gutsze, A., Allgeier, J., and Karge, 
H. G., Appl. Catal. 45, 345 (1988). 

36. Weitkamp, J., and Mai×ner, S., Zeolites 7, 6 
(1987). 

37. Richardson, B. R., and Haw, J. F., Anal. Chem. 
61, 1821 (1989). 

38. Horvath, G., and Kawazoe, K., J. Chem. Eng. 
Japan. 16(6), 470 (1983). 

39. Ryoo, R., Liu, S. B., De Menorval, L. C., Take- 
goshi, K., Chemelka, B., Trecoske, M., and 
Pines, A., J. Phys. Chem. 91, 6575 (1987). 

40. Gedeon, A., Ito, T., and Fraissard, J., Zeolites 8, 
376 (1988). 


