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The exchange of Eu 3+ for Na + cations into the sodalite cages of X zeolite (Eu25NallX) leads 
selectively to the isomerization reaction of cyclopropane to propylene. The latter reaction is 
catalyzed by Brensted acid sites with an apparent activation energy of 10.6 kcal/mol. Sorption 
measurements of cyclopropane and propylene with Eu/NaX and NaX zeolites at 40°C support the 
view that Na + cations might be considered as sites for sorption of these molecules. Force fields 
created by Eu40 I°+ present in Eu/NaX zeolite may affect sorption. On the other hand, Brensted 
acid sites in Eu/NaX enhance sorption of cyclopropane and propylene at 40°C. Chemisorption of 
propylene on the Brensted acid sites of Eu/NaX is reversible and may occur via a propylene 
carbenium cation intermediate. Small amounts of hexene are formed during this sorption, The 
amount of Brensted acid sites in the present Eu/NaX is at least 0.6 mmol/g cat. © 1992 Academic 
Press, Inc. 

INTRODUCTION 

Hydrogen diffusion and sorption experi- 
ments with various ion-exchanged X zeo- 
lites from our laboratory have shown that 
H 2 is encapsulated at 1 bar Hz pressure in 
the sodalite cages of X zeolite (I). Part of 
the argument for this assignment was based 
on the change in the quantity of H2 encapsu- 
lated as Na + ions were partially exchanged 
with Cs +, Ni 2+ , and Eu s+ ions. Since no H2 
was encapsulated in Eu/NaX, it was rea- 
soned that the encapsulated H2 for the other 
zeolites was concentrated in the sodalite 
cages of X zeolite. The bulky ion Eu40l°+ 
(1, 2) could then hinder passage of H 2 
through the six-membered oxygen window 
of the sodalite cage. Electrostatic fields cre- 
ated by Eu4 O1°+ may have also influenced 
sorption of H2 in sodalite cages. 

Infrared (3, 4) NMR (5), electron (6), and 
UV-visible (4) spectroscopies have been 
used to study sorption of propylene and cy- 
clopropane in Na-faujasite and other zeo- 
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lites. These methods provided evidence that 
Na + cations can be considered as sites for 
sorption of cyclopropane and propylene. 
Another way to probe such sorption is to 
exchange Na + for an appropriate cation that 
would occupy a position in the zeolite cavi- 
ties that would result in a decrease of the 
sorption uptake of cyclopropane and pro- 
pylene. This effect might occur not because 
of screening or blocking effects but because 
of inaccessibility of the cation to the sorbing 
molecule. 

The present work is a study of sorption 
and reaction processes of cyclopropane and 
propylene in NaX and Eu/NaX zeolites. Eu- 
ropium (III) exchange was chosen for these 
studies since the kinetic diameters of cyclo- 
propane and propylene are greater than the 
free aperture of the six-membered oxygen 
ring of the sodalite cage of X zeolite where 
the Eu 3+ ions are located. Various transient 
and temperature-programmed methods 
have been employed with on line mass spec- 
trometry, similar to those already reported 
(7). 

Results reported here suggest that Na + 
cations can be considered as sites for cyclo- 
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propane and propylene sorption in NaX zeo- 
lite. BrCnsted acid sites generated after de- 
hydration at 380°C of the ion-exchanged 
Eu/NaX zeolite affect sorption of cyclopro- 
pane and propylene in the latter zeolite. It 
is shown that, unlike NaX, Eu/NaX selec- 
tively catalyzes the isomerization reaction 
of cyclopropane to propylene, probably be- 
cause of BrCnsted acid sites. Similar cata- 
lytic behavior has been reported for other 
rare-earth ion-exchanged zeolites (8), but to 
our knowledge not for Eu/NaX. 

EXPERIMENTAL 

Catalyst. Linde NaX zeolite (600 mesh) 
was purchased from Alfa Ventron Corp. 
(Danvers, MA) and used without further pu- 
rification. The crystal size was about 1.2/xm 
as determined by scanning electron micros- 
copy. This material was ion-exchanged by 
stirring 1 g of zeolite for 18 h in a round- 
bottom flask with 100 ml of a 0.05 M solution 
of Eu(NO3) 3" 6HzO salt purchased from 
Alfa Ventron. The sample was filtered, 
washed with distilled deionized water, and 
dried under vacuum as previously described 
(1). The approximate formula (1) of the ex- 
changed zeolite is Eu25Na~lX" 10.5 HzO. 
The amount of water was determined by 
a TGA experiment of heating the hydrated 
europium-exchanged zeolite to 380°C until 
no further loss was observed (similar to de- 
hydration procedures used throughout this 
work), followed by dehydration of this ma- 
terial to 900°C to determine the total water 
content that could possibly lead to BrCnsted 
acid sites as a result of the initial dehydra- 
tion that corresponds to 24.52 wt% Eu (hy- 
drated). X-ray powder diffraction results for 
the ion-exchanged, calcined, and treated 
(after reaction studies) zeolite showed that 
the sample retained its crystallinity. Prior to 
transient reaction studies the sample was 
checked in situ for residual H20 by mass 
spectrometry. The zeolite bed (52 mg, pow- 
der) was supported by fine stainless-steel 
screens and glass wool. 

Reactor-flow system. A once-through 
stainless-steel microreactor (0.75 ml) was 

used in this study. Response experiments 
have shown that the reactor behaves as an 
ideal mixed-flow reactor (CSTR) (9, 10). 
The flow system was the same as that de- 
scribed in Ref. (10). All the lines and valves 
after the reactor (including the inlet capillary 
and ion source of the mass spectrometer) 
were heated to 150°C, excluding possible 
adsorption of cyclopropane and propylene. 
The pure time delay of cyclopropane and 
propylene response, bypassing the reactor 
from the switching valve to the detector, 
was measured as previously described (7). 

Mass spectrometry. The high-resolution 
mass spectrometer (Nuclide 12-90-G), data 
acquisition, calibration, and integration of 
the mass spectrometer response have been 
described (11). The mass numbers (m/e) of 
42, 41, and 18 were used for cyclopropane 
(c-C3H6) , C3H6, and H20, respectively. The 
similar cracking patterns ofc-C3H 6 and C3H 6 
limited the accuracy of gas-phase analysis 
of the mixture of these components during 
transient reaction studies of c-C3H 6 with 
Eu/NaX zeolite. 

Gas chromatography. Product distribu- 
tions of the isomerization reaction of c-C3H 6 
were measured by a GC (CARLE 311) with 
a 1.8 m × 2 mm stainless-steel column 
packed with Chromosorb 102 and an H 2 flow 
rate of about 25 ml/min. A flame ionization 
detector (FID) was used. A complete sepa- 
ration of c-C3H 6 and C3H 6 was achieved by 
programming the column at 8°C/min from 
45 to 180°C. GC peaks were measured with 
a microcomputer at the rate of 5 points/s. 
Integration was performed using the trape- 
zoidal rule. Known dilute mixtures of 
c-C3H 6 and C3H 6 were prepared for calibra- 
tion purposes. 

Infrared spectroscopy. For the IR spec- 
troscopic studies, the samples were pressed 
into thin wafers of about 10 mg/cm 2. Dehy- 
dration of the wafer sample placed in a spe- 
cially designed quartz cell was performed in 
a vacuum line (10 -5 Torr) at 380°C for 12 h. 
After dehydration or adsorption of pyridine, 
the cell was transferred to the spectrometer 
and mounted there without any exposure to 
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air. The spectrometer used was a Galaxy 
Series Model 4020 FTIR. The spectra were 
recorded as percentage transmission and ob- 
tained at room temperature. Introduction of 
pyridine into the Eu/NaX and NaX samples 
was accomplished by adsorption at room 
temperature for 10 min in a vacuum line, fol- 
lowed by evacuation at 120°C for 1 h. 

Gas mixtures. Transient diffusion and re- 
action studies of c - C 3 H  6 and C3H 6 a t  1 bar 
total pressure were performed with dilute 
mixtures of 0.5 mol% (3.8 Torr) sorbate gas 
in three different carrier gases: H 2 , He, and 
Ar. Cyclopropane and propylene were CP 
grade (Matheson Co.), and At, He, and H2 
were zero grade (Aero All-Gas Co). Less 
than 2 ppm of propylene was measured by 
gas chromatography in the 0.5 mol% c-C3H 6 
mixtures, and less than 5 ppm of C3H8 was 
measured in the 0.5 mol% C3H 6 mixtures. 
Argon was used in the temperature-pro- 
grammed desorption (TPD) studies. Purifi- 
cation of this gas has been described else- 
where (10). The flow rate of all gases used 
was 30 ml/min (ambient). 

RESULTS 

An overview of the types of experiments 
presented below is given here to aid the 
reader. Two major types of experiments, 
sorption and desorption, are performed in 
our transient studies. In sorption experi- 
ments dimensionless gas-phase responses of 
(typically) hydrocarbon gases are monitored 
by high-resolution mass spectrometry. The 
gas phase response (Z) varies from 0, before 
the experiment, to 1, at equilibrium. The 
x axis represents time in these isothermal 
experiments. Three different experiments 
(forcing, mixing, and transient responses) 
are measured. The forcing function is the 
response of the mass spectrometer in the 
absence of catalyst via a bypass of the reac- 
tor. The mixing curve is the response with 
a catalyst for a switch of gas stream between 
two inert gases. The transient response is 
performed by switching from an inert gas to 
the gas of interest, typically a hydrocarbon 
(cyclopropane or propylene here). 
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FIG. 1. Effect of carrier gas on the dimensionless gas- 
phase transient response of cyclopropane. Delivery se- 
quence: Ar ~ c-C3H6/carrier. T = 40°C; carrier gas: 
H 2, He, and Ar; Eu/NaX sample used 52 mg. 

An initial fast response for Z suggests that 
the gas-phase concentration of the gas of 
interest is high. An initial slow response for 
Z suggests that the gas-phase concentration 
is low and that the gas is sorbing on the 
catalyst. The difference between the mixing 
and transient response is the total amount 
of gas sorbed on the catalyst. The advantage 
of this particular method is that both the gas- 
phase response and the amount sorbed on 
the solid can be measured. 

Desorption experiments are performed ei- 
ther isothermally or by temperature pro- 
gramming after initial sorption experiments 
by switching from the hydrocarbon feed to 
an inert gas and then heating. 

(A) Transient Sorption, Reaction, and 
Desorption of  Cyclopropane in Eu/NaX 

Transient sorption data at 40°C for c - C 3 H  6 

in H 2, He, and Ar carrier gases with dehy- 
drated Eu/NaX zeolite are given in Fig. 1. 
The dimensionless parameter Z represents 
the gas-phase concentration of c-C3H 6 at 
some time t divided by the equilibrium gas- 
phase concentration (0.5 mol%, 3.8 Torr), 
reached after 18 min. The initial dZ/dt value 
for Ar carrier (curve C) is greater than that 
for either H2 or He. However, between 6 
and 18 rain of sorption curve C lies below 
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FIG. 2. Arrhenius plot for the cyclopropane isomer- 
ization reaction. Pc.c3H6 = 3.8 Torr; Eu/NaX sample 
used 52 rag; q = 30 ml/min (ambient). 

those of Hz or He. All three curves of Fig. 
1 reach equilibrium (Z = 1) after 18 min. 
The equilibrium amount of c - C 3 H  6 sorbed in 
Eu/NaX is 0.46 mmol/g independent of the 
carrier gas used. 

On increasing the temperature of sorption 
between 80 and 160°C, the gas-phase c - C 3 H  6 

signal does not reach the equilibrium value 
of Z = 1 as in Fig. I. Gas chromatographic 
analyses of the effluent stream reveal the 
presence of C3H 6 in addition to that of 
c - C 3 H  6. Results of this isomerization reac- 
tion are given in Fig. 2 after 20 min on 
c - C 3 H 6 / H  2 stream, at which time a pseu- 
dosteady-state is achieved. The correspond- 
ing reaction rates for C3H 6 a r e  0.031, 0.083, 
0.268, and 0.506/~mol/g-s for 80, 100, 130, 
and 160°C, respectively. The apparent value 
for the activation energy, E, of the c -C3H 6 

isomerization reaction is found to be 10.6 
kcal/mol. Similar catalytic results are ob- 
tained for c - C 3 H  6 in He or Ar carrier gases 
also. 

Temperature-programmed desorption ex- 
periments for c-C3H 6 sorbed at an equilib- 
rium amount (0.46 mmol/g) at 40°C from H 2 , 
He, and Ar carrier gas mixtures are given in 
Fig. 3. After sorption from 0.5 mol% 

c-C3H6/carrier mixture (Fig. 1; Z = 1), the 
feed is changed to Ar for 120 s at 40°C fol- 
lowed by a ramp of the temperature (TPD) 
in Ar flow. The mass spectrometer response 
at m/e = 42 and 41 shows two peak maxima 
(Tm) at 87 and 180°C in all cases. Gas chro- 
matographic analyses indicate that at 87°C 
the c-C3H 6 concentration is 2600 ppm and 
that of C3H6 is 50 ppm. At 180°C, no c-C3H 6 
but 440 ppm of C3H 6 and 50 ppm of hexenes 
are found. 

(B) Transient Sorption, Reaction, and 
Desorption o f  Propylene in NaX and 
Eu/NaX Zeolites 

Transient sorption of C3H 6 in Ar and He 
carrier gases with Eu/NaX at 40°C is shown 
in Fig. 4. The gas-phase transient response 
of C3H 6 in He carrier is similar to that ob- 
tained for sorption of c - C 3 H  6 in Eu/NaX 
(Fig. 1, curve B). However, due to chemi- 
sorption of C3H 6 in Eu/NaX to be discussed 
later, the carrier gas effect is more pro- 
nounced for C3H 6 in Ar (Fig. 4) than that for 
c-C3I-I 6 in Ar (Fig. 1). Equilibrium gas-phase 
concentrations of C3H 6 (Z  = 1) at 40°C are 
obtained, corresponding to an amount 
sorbed of 0.62 mmol/g for either carrier. The 
transient response of C3H6 in H 2 carrier gas 
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FIG. 3. TPD experiments based on m/e = 42. Experi- 
mental procedure: c-C3Hr/carrier (40°C) until equilib- 
rium is reached ~ Ar (180 s), 40°C ---> TPD (/3 = 
14°C/min); carrier gas, H 2, He, and Ar; Eu/NaX sam- 
ple used 52 mg. 
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FIG. 4. Effect of carrier gas on the dimensionless 
gas-phase transient response of propylene. Delivery 
sequence: Ar ~ C3H6/carrier. T = 40°C; carrier gas, 
He, Ar; Eu/NaX sample used 52 mg. 

Then a TPD experiment is carried out. Fig- 
ure 6 gives the results of this experiment. A 
significant increase in the amount of C3H 6 
desorbed from 0.21 to 0.40 mmol/g is mea- 
sured on increasing the time on C3H6/He 
stream from 15 (curve A) to 45 (curve B) 
min. Desorptionof C3H 6 in both cases oc- 
curs between 160 and 380°C. Less than 30 
ppm of hexenes was measured by gas chro- 
matography at 305°C for the results in 
Fig. 6. 

A material balance is made to check the 
results of Figs. 5a, 5b, and 6. The amount 
of C3H 6 consumed (hexene production) after 
a given time o n  C3H6/He stream is obtained 

is also very similar to that of C3H 6 in He 
carrier gas. 

Transient responses of C3H 6 in He carrier 
gas with Eu/NaX and NaX zeolites at 130°C 
are shown in Fig. 5a. The response with 
Eu/NaX essentially reaches Z = 1 after 45 
min on stream, whereas with NaX, Z = 1 is 
reached after 8 min on stream. Gas chro- 
matographic analyses of the effluent stream 
of reactor during the 45 rain on C3H6/He 
stream show the presence of hexenes in ad- 
dition to that of propylene. Figure 5b gives 
the concentration of hexenes with time on 
C3H6/He stream. No hexenes were found 
during passage over NaX zeolite (Fig. 5a). 

The amount of C3H 6 consumed for either 
NaX or Eu/NaX in Fig. 5a is obtained from 
the difference in the area between the C3H 6 
gas-phase response and that of mixing (7). 
This is found to be 0.91 and 0.25 mmol/g for 
Eu/NaX and NaX, respectively. Integration 
of the response in Fig. 5b provides 0.18 
mmol/g of hexenes after 45 rain of reaction. 

To further probe the results of Fig. 5, the 
following TPD experiment was performed. 
After reaction in C3H6/He at 130°C for 15 or 
45 min on stream, the reactor is purged with 
Ar at 130°C for 10 min and then cooled to 
80°C in Ar flow. During this treatment 0.08 
and 0.20 mmol/g of C3H 6 desorb after 15 and 
45 min of reaction in C3H6/He  , respectively. 

0.4 

Ar I'-* 0.5% CaHJHe 

0.5 

\ T = 130°C 
Eu/NaX 

0.1 

I I 

0"00 10 21) 31) 40 
TIME (min) 

"~ 0.3 

<D 

~ 0.2 

50 

Ar ]--, 0.5% CaI-Ie/He 

3OO 

2OO 

f ~  

lOO 
A Z  

o 
o 

ci 

10 20 3~) 40 50 
TIME (rain) 

FIG. 5. (a) Dimensionless gas-phase transient reac- 
tion responses of propylene with NaX and Eu/NaX 
zeolites. Delivery sequence: Ar --~ C3H6/He (130°C); 
(b) gas-phase concentration of hexenes vs time for the 
delivery sequence in (a); NaX and Eu/NaX samples 
used 52 rag. 
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FIG. 6. Temperature-programmed decomposition re- 
action of the proposed propylene carbenium cation. 
Delivery sequence: C3H6/He(130°C, At) --o Ar(130oc, 
10 min)---~ cool to 80°C in Ar--o TPD. (A) At = 15 min, 
(B) At = 45 min; Eu/NaX sample used 52 mg. 
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FIG. 7. Dimensionless gas-phase transient responses 
of propylene. Delivery sequence: Ar ~ C3H6/He (T); 
T = 80, 130, 240°C; NaX sample used 52 mg. 

from the transient response in Fig. 5a as 
explained before, after correcting for the 
gas-phase  C3H 6 in the CSTR microreactor. 
This is found to be 0.41 and 0.91 mmol/g 
after 15 and 45 min on stream, respectively. 
This amount must agree with the sum of 
amounts of (a) C3H 6 desorbed during the Ar 
purge (before the start of TPD in Fig. 6), (b) 
C3H 6 obtained during the TPD of Fig. 6, and 
(c) hexenes produced during 15 min (0.085 
mmol/g) or 45 min (0.18 mmol/g) on 
C3H6/He s t ream (Fig. 5b). A good  
agreement is obtained. 

Transient responses for C3H 6 sorption in 
NaX zeolite with He carrier gas at 80 and 
240°C are shown in Fig. 7. For these sorp- 
tion experiments equilibrium values for 
C3H 6 are observed, 0.87 and 0.023 mmol/g 
for 80 and 240°C, respectively. The transient 
response of C3H 6 at 130°C of Fig. 5a is also 
plotted in Fig. 7 on a different time scale. 
Results similar to those of Fig. 7 are ob- 
tained with H2 carrier gas. 

The equilibrium uptakes of C3H 6 in NaX 
from a 3.8-Torr C3H 6 pressure are plotted in 
Fig. 8 as millimoles per gram or molecules 
per unit cell vs temperature (isobar). Note 
the large decrease in the uptake of C3H 6 
as temperature is increased. The number 
of molecules of C3H 6 sorbed per unit cell 

decreases from 25 at 40°C to less than 1 at 
180°C. 

Figure 9 gives the fit to a Langmuir iso- 
therm for sorption results of Fig. 8 in the 
range 80-240°C at 3.8-Torr C3H 6 pressure, 
as previously described (7). A value of - 9.0 
kcal/mol and - 17.5 cal/mol-K are obtained 
for the enthalpy AH ° and entropy AS ° of 
sorption, respectively. 

Temperature-programmed desorption ex- 
periments of C3H 6 from Eu/NaX, after equi- 
librium sorption at 40°C from 0.5 mol% C3H 6 
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FIG. 8. Propylene equilibrium uptake (mmol/g, mole- 
cules/unit cell) vs temperature for N a X .  PC3H6 = 3.8 
Tort. 
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FIG. 9. Determination of limiting values for AH ° 
(kcal/mol) and A S ° (cal/mol-K) of sorption for propyl- 
ene in NaX based on Langmuir isotherm. 

NaX,  pretreated in the same way as the 
Eu /NaX,  was practically absent.  

DISCUSSION 

(A) Brcmsted Acid Sites in Eu/NaX 
Zeolite 

Many studies (8, 12-14, 33) presented evi- 
dence that for a rare-earth ion-exchanged 
zeolite the general reaction,  

[ R E ( H 2 0 ) ~ ]  ~+ 

[RE(OH)x] ~-x)+ + x H  + (I) 

occurs  upon dehydration.  The protons  re- 
leased form BrCnsted acid sites in the zeo- 
lite, whereas  the rare-earth cations migrate 

in He  and Ar carrier  gases,  are shown in 
Fig. 10A. After  equilibrium is reached,  the 
feed is changed to Ar  for 10 min at 40°C 
followed by increase of  the tempera ture  at 
the rate of /3  = 14°C/min. Two peaks  are 
observed  for both carrier  gases (T m = 125 
and 255°C). Corresponding TPD experi- 
ments  with N a X  zeolite are shown in Fig. 
10B. In contras t  to the results with E u / N a X  
(Fig. 10A), only one peak (T m = 125°C) is 
observed  with N a X  (Fig. 10B). The equilib- 
r ium amount  of  C3H 6 sorbed in N a X  at 40°C 
(Fig. 10B) is 1.55 mmol/g,  and that in 
E u / N a X  (Fig. 10A) is 0.58 mmol/g.  The lat- 
ter amount  is in good agreement  with the 
sorption results of  Fig. 4. 

(C) Acidity in Eu/NaX Studied by 
Infrared Spectroscopy 

Figure 11 shows the spec t rum of  chemi- 
sorbed pyridine in the form of  pyridinium 
ion, which gives rise to the strong bands 
at 1541 and 1442 cm -1 and makes  a major  
contr ibution to the band at 1490 cm-1.  The 
band at 1541 cm -~ is that of  the BrCnsted- 
bound form, and that at 1442 cm -1 is that of  
the Lewis-bound form. The infrared band 
at 1541 c m - l  after pyridine adsorpt ion into 
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0.01 , , ,---"r-----, 
0 8 16 24 32 40 

TIME (min) 

Ar, 40°C [ --. TPD ~ = 14°C/min) 

1.0 

0.8 
O 

0.6 

0.4 

0.2 es_ 

0.0 

125°C CaI-I~Ar 

0 8 16 24 32 40 
TIME (rain) 
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FiG. 10. TPD experiments of propylene with (A) 
Eu/NaX (52 mg) and (B) NaX (70 mg). Experimental 
procedure: Ar ~ C3H6/carrier (40°C) until equilibrium 
is reached ~ Ar (600 s), 40°C ~ TPD (/3 = 14°C/min). 
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FIG. 11. Infrared spectrum of chemisorbed pyridine 
in Eu/NaX zeolite after dehydration at 380°C. 

into the sodalite cage for X and Y zeolites 
forming a stable rare-earth oxide (2, 12, 13) 
according to 

4[Eu(H~O)9] 3+ 

Eu4 O1°+ + 35H20 + 2H ÷. (2) 

The nonahydrate is implicated from lumi- 
nescence lifetime measurements of hy- 
drated EuNaX (34). 

A detailed FTIR study on the hydrolysis 
of europium cations in zeolite X has recently 
appeared (33). An infrared OH stretching 
band at 3650 cm- 1 (Si-OH) has been consid- 
ered responsible for the formation of 
BrCnsted acid sites in the Na20EUl7 X zeolite 
(33) due to hydrolysis of the initially hy- 
drated Eu 3+ cations. A similar band at 3668 
cm- ~ has been observed in the present work 
and by Bolton (13) for the La/NaY zeolite 
(infrared band at 3640 cm-l). This infrared 
band is thought to arise from the protons 
released upon dehydration from the hy- 
droxyl group attached to the rare-earth cat- 
ion (15). Another distinct band at 3520 cm- 
has also been observed by Bolton (13) for 
La/NaY and has been assigned to the hy- 
droxyl group attached to the rare-earth cat- 
ion (15). This band has not been observed 
in the present zeolite perhaps because no 
[Eu(OH)] 2+ cation was present in the 
Eu/NaX after dehydration at 380°C. Rele- 
vant to this is our early proposal for the 
formation of Eu40 ~°+ after dehydration at 

380°C of the ion-exchanged prepared 
Eu/NaX zeolite (1). 

For the purpose of this work the results 
of Fig. 11 are sufficient to provide evidence 
that the ion-exchanged prepared Eu/NaX 
zeolite after dehydration at 380°C leads to 
the formation of BrCnsted acid sites (infra- 
red band at 1541 cm -1, (16)) capable of in- 
teracting with c-C3H 6 and C3H 6 . Results of 
these interactions given in Figs. 1, 2, and 5 
are discussed later. A more detailed infrared 
study on the effect of degree of Eu 3+ ion 
exchange and other experimental conditions 
on the development of OH stretching and 
pyridine adsorption bands will be presented 
elsewhere (17). 

(B) Transient Diffusion and Sorption of 
Cyclopropane in Eu/NaX Zeolite 

Transient diffusion and sorption of c-C3H 6 
at 40°C depends on the carrier gas as shown 
in Fig. 1. Diffusion of c-C3H 6 in Eu/NaX is 
initially faster for H 2 or He than Ar, although 
equilibrium values are independent of car- 
rier gas. These phenomena have also been 
observed and discussed for diffusion of 
c-C3H 6 in NaX zeolite (7). Collisional ef- 
fects of c-C3H 6 with the carrier gas inside 
the zeolite cavities and the walls rather than 
competition for sites of sorption were in- 
voked to explain the aforementioned phe- 
nomena (7). Evidence that the transient up- 
take of c-C3H 6 in NaX is only controlled 
by intracrystalline diffusion only has been 
given (7). This is also true for the results 
of Fig. 1, since mass transfer resistances 
outside the zeolite crystals were minimized 
(7). 

The equilibrium amount of c-C3H 6 sorbed 
at 40°C in Eu/NaX is 7.2 molec./u.c., and 
that in NaX is 21.9 molec./u.c. (7), after 
accounting for the difference in weight be- 
tween Na + and Eu 3+. These results show 
that the amount ofc-C3H 6 sorbed in Eu/NaX 
is about one-third of that sorbed in NaX. If 
the force field created by Na ÷ cations in 
NaX is responsible for c-C3H 6 sorption as 
suggested (3-6), then the amount of c-C3H 6 
sorbed in NaX corresponds to the 3.2 
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Na+/c-C3H6 molecule; this is based on the 
number of Na + cations accessible to c-C3H 6 
sorption (70 Na+/u.c.) (18). In the absence 
of any other source that would contribute to 
c-C3H 6 sorption in Eu/NaX, it is calculated 
that for the observed amount of c-C3H 6 sorp- 
tion in Eu/NaX 23 Na+/u.c. are required. 
This number is twice the available one in the 
present Eu/NaX. Note also that the Na + 
cations inside the hexagonal prisms (16 
Na+/u.c.) (18) of NaX are the least likely to 
have been exchanged first. In addition, no 
c-C3H 6 is expected to enter the hexagonal 
prisms of NaX (18, 19). Therefore, the large 
decrease observed in the amount of c-C3H 6 
sorbed in Eu/NaX (Fig. I) compared to that 
in NaX (7) strongly suggests that Na + cat- 
ions could be considered sites for sorption 
of c-C3H 6. 

The uptake of c-C3H6 by Eu/NaX at 40°C, 
which is two times greater than what might 
be expected, as mentioned in the previous 
paragraph, needs to be explained. Let us 
consider the ratio of the polarizing power 
(q/r) of Na + to that of Eu4 O1°+ cation, the 
latter formed after exchange of Na + for 
Eu 3+ in NaX followed by dehydration at 
380°C (1, 2, 12). This ratio can be calculated 
based on the ionic radius (r) of 0.97 and 
2.5 A for Na + and Eu4 O1°+, respectively; 
the latter radius is that of a sphere inscribed 
in the Eu4 O1°+ (Eu 3 + is tetrahydrally coordi- 
nated with 02 in the U site of the sodalite 
cage (1, 2)). This ratio is found to be 0.26. 
On the basis of a unit cell of X zeolite and 
after considering the composition of the 
present Eu/NaX zeolite, it is calculated that 
the polarizing power of Eu4 O1°+ cations is 
one-third that of Na ÷ cations, the latter be- 
ing exchanged for an equivalent number of 
Eu 3 +. Therefore, it seems that the effect of 
electrostatic force field created by Eu4 O1°+ 
cannot be used to explain the higher sorp- 
tion uptake of c-C3H 6 in Eu/NaX than what 
might be expected based on the number of 
available Na + cations (sorption sites) in 
Eu/NaX compared to that in NaX. 

The experimentally determined one-third 
ratio of equilibrium amount sorbed can also 

be calculated by assuming that the amount 
adsorbed is proportional to the product of 
the number of adsorption sites times q/r. If 
the 16 inaccessible sites in hexagonal prisms 
are excluded, then the ratio for Eu/NaX to 
NaX is 

ratio = [(4.00)(6)]/[(1.031)(70)]. (3) 

This calculation suggests that some of the 
cyclopropane sorption may be due to sorp- 
tion on sites other than the BrOnsted sites, 
such as Na + or Eu 3+ sites. This is an im- 
portant point and we acknowledge a re- 
viewer for this suggestion. 

It is suggested that at 40°C chemisorption 
of c-C3H 6 primarily occurs on the BrCnsted 
acid sites of Eu/NaX (Fig. 11) via a cyclo- 
propane carbenium cation (8, 20) without 
leading to an isomerization reaction. This is 
supported by the results of Figs. 1-3. In Fig. 
1 no C3H 6 is found, whereas in Figs. 2 and 
3 at temperatures higher than 80°C the cy- 
clopropane carbenium cation intermediate 
leads to C3H 6 as a reaction product. Thus, 
this explanation is appropriate for interpre- 
ting the sorption results of c-C3H 6 in Fig. 1, 
as discussed in the previous paragraphs. In 
fact, the interaction of c-C3H 6 with BrCnsted 
acid sites at room temperature has been 
shown for various zeolites having a differ- 
ent proton content (4, 21, 22). Considering 
the concentration of Eu 3+ in the present 
Eu/NaX and the fact that the remaining Na + 
cations after exchange are likely to be found 
in the hexagonal prisms (18), where no sorp- 
tion of c-C3H 6 is expected, the uptake of 
c-C3H 6 by Eu/NaX (Fig. 1) is mostly due to 
chemisorption on BrCnsted acid sites. The 
exact nature of the species responsible for 
desorption from the first peak of the TPD of 
Fig. 3 is questionable. Isomerization occurs 
at temperatures as low as 80°C implying that 
at least some of the desorption from the first 
peak is due to BrCnsted sites. Desorption 
from Na + and Eu 3+ sites in this region is 
also possible. 

The first peak appearing in the TPDs of 
Fig. 3 is similar to that obtained after c-C3H 6 
sorption in NaX for the same experimental 
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conditions (7). It is, therefore, likely that 
c-C3H 6 desorbed from the BrCnsted acid 
sites of Eu/NaX as discussed before has an 
interaction energy similar to that of c-C3H 6 
desorbed from the Na ÷ cations. 

The transient mass transport of c-C3H 6 in 
Fig. 1 is affected by the concentration of 
BrCnsted acid sites in Eu/NaX as well as 
the carrier gas as discussed before, but not 
significantly by the concentration of Na + 
cations. Simulations of the transients of Fig. 
I are expected to probe further these effects 
by providing kinetic information. This work 
is in progress. 

(C) Cyclopropane lsomerization in 
Eu/NaX Zeolite 

The isomerization reaction of cyclopro- 
pane to propylene has been widely used in 
the past as a test for the activity of acid-type 
solid catalysts including zeolites (8, 23, 24). 
The infrared results of Fig. 11 discussed be- 
fore suggest that isomerization of c-C3H 6 to 
propylene is catalyzed by the BrCnsted acid 
sites in Eu/NaX, in line with catalytic stud- 
ies on other acidic zeolites (8, 20). The re- 
suits of Fig. 2 probe the large increase in the 
rate of isomerization of c-C3H 6 with increas- 
ing temperature. The apparent activation 
energy for the isomerization reaction ob- 
tained here (10.6 kcal/mol) is smaller by 7 
kcal/mol than that obtained with mordenites 
of different acidity (21). This activation en- 
ergy was found to decrease with increasing 
BrCnsted acidic strength (21). A study of 
the effect of BrCnsted acidity in Eu/NaX 
(various Eu 3+ loadings) on the kinetics of 
c-C3H 6 isomerization reaction is in progress 
in our laboratory (17). Since isomerization 
of c-C3H 6 (Fig. 2) has also been observed 
for He and Ar carrier gases, this suggests 
that the H z carrier gas does not promote 
other reactions (i.e., hydrogenation or hy- 
drogenolysis). 

The number of BrCnsted acid sites in the 
present Eu/NaX can be calculated based on 
the information reporting (12, 25) that four 
rare-earth cations produce two acidic hy- 
droxyl groups (see Eqs. (1) and (2)) and on 

the composition of Eu/NaX. This is found 
to be 0.8 mmol/g of zeolite. This number 
represents the maximum amount of 
BrCnsted sites generated on dehydration of 
Eu 3+ cations during dehydration. As men- 
tioned in the Experimental section, it is pos- 
sible that other BrCnsted sites could be gen- 
erated during dehydration of the zeolite; the 
amount of water in the formula for the dehy- 
drated material in the Experimental section 
represents total water (including hydroxyl 
groups) remaining after dehydration at 
380°C that is tightly bound. This information 
is discussed later based on the propylene 
desorption results of Fig. 6. 

(D) Transient Sorption, Reaction, and 
Desorption of Propylene in NaX and 
Eu/NaX Zeolites 

The transient sorption data ofC3H 6 in Fig. 
7 show qualitative behavior similar to those 
of c-C3H 6 sorption in NaX (7). However,  
for Eu/NaX in Figs. 1 and 4 the effect of 
carrier gas on the transient sorption is some- 
what different for c-C3H 6 than for C3H6; 
note the position of curve A with respect to 
that of curve B in Fig. 4, and similarly the 
position of curve C with respect to that of 
curve B in Fig. 1. It is suggested that (a) a 
different intracrystalline diffusivity value 
for c-C3H 6 and C3H 6 diffusion in Eu/NaX, 
and (b) different kinetics that describe diffu- 
sion and sorption of c-C3H 6 and C3H 6 in 
Eu/NaX are two main reasons that give rise 
to these results. The techniques applied here 
are appropriate to study these effects when 
a complete mathematical analysis of the 
transients of Figs. 1 and 4 is made. The latter 
is in progress. 

The transient sorption and reaction data 
of C3H 6 in Figs. 5a and 5b, and the TPDs in 
Figs. 6 and 10 show the interaction of C3H 6 
with the BrCnsted acid sites in Eu/NaX. Ac- 
cording to the literature (4, 8, 26) and the 
results of the present work the reaction 
scheme 

C3H 6 + H + ~ C3H ~" .---> 
dimerization to hexenes (4) 
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is suggested, where H ÷ represents a 
BrCnsted acid site in the Eu/NaX zeolite. 
The reversibility of the first reaction step in 
(4) is supported by the results of Fig. 6. That 
is to say, the amount sorbed during sorption 
experiments of Fig. 5 must match the 
amounts desorbed during desorption experi- 
ments of Fig. 6. Note that for H-ZSM5 zeo- 
lite, Kiricsi and F6rster (4) suggested an 
irreversible step for the protonation of pro- 
pylene. The fact that only hexenes have 
been produced via dimerization of propyl- 
ene in the present Eu/NaX zeolite might 
lead to some conclusions about the mecha- 
nism of dimerization. It is suggested that a 
C3H 6 molecule in the zeolite cavities reacts 
with a protonated propylene intermediate 
(C3H¢) to give hexene and H +. This pro- 
posed mechanism finds support in the work 
of Grady and Gorte (27) with H-ZSM5 ze- 
olite. 

The transient uptake of C3H 6 with 
Eu/NaX in Fig. 5a can be discussed only 
qualitatively at this point. Comparing the 
transient response of C3H 6 with NaX to that 
with Eu/NaX (Fig. 5a) it can be seen that 
the initial part of the transient response is 
the same for both zeolites. This may be be- 
cause of the similar diffusion process in the 
two zeolites. Then as C3H 6 builds up inside 
the zeolite crystal, it appears to interact with 
the BrCnsted acid sites to form a propylene 
carbenium cation C3H~-, followed by dimer- 
ization to hexene. The latter process ap- 
pears to be an activated one based on the 
results of Figs. 4 and 5. The horizontal part 
of the transient in Fig. 5a for Eu/NaX seems 
to be the result of an accumulation of chemi- 
sorbed propylene on the BrCnsted acid sites 
in agreement with the TPD results of Fig. 6. 

The decrease in the concentration of hex- 
enes with time on stream (Fig. 5b) is sug- 
gested to arise from steric hindrance and 
self-poisoning effects associated with hex- 
enes, rather from the formation of inactive 
carbonaceous species (i.e., coke). Note that 
in the TPDs of Fig. 6 small quantities of 
hexenes were found, but no CH4 was ob- 
served after H 2 treatment of the zeolite at 

the end of TPDs in Fig. 6. Thus during the 
TPD (with reaction) the process of Eq. (2) 
may be reversed with loss of BrCnsted and 
Lewis sites as well as a decrease of forma- 
tion of carbonaceous residue in the solid. 

For the present Eu/NaX zeolite oligomer- 
ization of C3H 6 occurred only to a small 
extent (Fig. 5b). On the other hand, for other 
acidic zeolites polymerization of C3H 6 to a 
greater extent has been obtained (4, 8, 27). 
No propylene was found in the desorption 
experiment following adsorption of C3H 6 on 
a H-ZSM5 zeolite (27), a result opposite to 
that found here (Fig. 6). 

The amount of C3H 6 desorbed from 
Eu/NaX during the 10-rain isothermal Ar 
purge before the start of the TPD in Fig. 6 
is found to increase with time on stream 
(compare the results after 15 and 45 rain). 
On the other hand, the transient response 
of C3H 6 with NaX in Fig. 5a indicates that 
equilibrium is achieved after 8 rain. These 
results indicate that an accumulation of a 
less strongly chemisorbed propylene than 
that associated with the TPD peak of Fig. 
6 occurs in the Eu/NaX zeolite. The TPD 
results of Fig. 10A, which suggest two kinds 
of chemisorbed propylene, are also relevant 
to this. 

The TPD experiments related to the re- 
sults of Fig. 6 provided 0.6 mmol of C3H6/g, 
this amount being associated with the 
BrCnsted acid sites of Eu/NaX zeolite. This 
amount is consistent with the maximum 
amount (0.8 retool/g) of BrCnsted sites gen- 
erated in the Eu/NaX zeolite as discussed 
before and the presence of BrCnsted acid 
sites inaccessible to propylene sorption (28) 
as well as due to sorption on Lewis sites. In 
addition, the c-C3H 6 sorption (0.46 mmol/g, 
Fig. 1) that occurred on the BrCnsted acid 
sites is also a related result. 

The TPD data of Fig. 3 can now be ex- 
plained based on what has been mentioned 
in the previous paragraphs. The first peak 
(T m = 87°C) is due to desorption of c-C3H 6 
from Lewis and BrCnsted acid sites in 
Eu/NaX zeolite. As the temperature is in- 
creased above 80°C, c-C3H 6 reacts  with 
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BrCnsted acid sites to give C3H7 ~. This then 
decomposes at higher temperatures to give 
offpropylene. Also, some of it reacts to give 
hexenes. The different T m values obtained 
for the second peak in Figs. 3 and 10A are 
likely due to (a) effects of the initially sorbed 
C3H 6 on  the Tm value (7, 29, 30), (b) competi- 
tive reactions of c-C3H 6 and C3H 6 with the 
BrCnsted acid sites, and (c) codiffusion ef- 
fects of c-C3H 6 and C3H 6 for the case of Fig. 
3, absent in Fig. 10A. 

The equilibrium uptake of C3H 6 at 3.8 
Torr (isobar, Fig. 8) shows an exponential 
decrease as temperature is increased from 
40 to 240°C. This behavior has also been 
observed for sorption of c-C3H 6 in NaX (7) 
and NaY (31) zeolites. The heat of sorption 
for C3H 6 obtained from the present work is 
in line with published calorimetric data (19). 
At 40°C (Fig. 8) a ratio of 5 Na+/C3H6 mole- 
cule is obtained (based on 70 Na÷/u.c.), 
compared to 6 Na ÷/C3H 6 molecule reported 
for 5A and 13X zeolites (5, 32). The higher 
equilibrium uptake of C3H 6 at 3.8 Torr in 
NaX (Fig. 10B) compared to that of c-C3H6 
(7) could be explained by the stronger inter- 
action between Na ÷ and C3H 6 than that be- 
tween Na + and c-C3H 6. This is due to the 
larger ~--electron density of C3H 6 . 

Finally, the large difference observed in 
the sorption amount of C3H 6 at 40°C be- 
tween Eu/NaX and NaX zeolites is evi- 
dence for Na ÷ cations being sorption sites 
for C3H 6 in NaX, as already discussed ex- 
tensively for the case of c-C3H 6. 

The relatively long sorption times of Figs. 
1, 4, 5, and 7 are not totally understood 
at present. Based on BET and pore size 
distribution measurements, the pores of 
NaX and Eu/NaX are not blocked. We are 
currently carrying out experimental and 
modeling studies to address this obser- 
vation. 

CONCLUSIONS 

1. Cyclopropane sorbs on NaX at 40°C 
with a carrier gas effect. Sorption decreases 
at higher temperatures but there is no reac- 
tion, and sorbed cyclopropane is recovered 

unchanged by isothermal or temperature- 
programmed desorption (7). 

2. Cyclopropane sorbs on Eu/NaX at 
40°C to a lesser extent than on NaX, proba- 
bly because the Na + cations in the su- 
percages have been replaced by Eu4 O1°+. 
The latter cation is in the sodalite cages 
inaccessible to cyclopropane. However, 
BrCnsted acid sites that are present on 
Eu/NaX but not on NaX result in a sorption 
higher than expected because of the de- 
crease in Na +. 

At higher temperatures cyclopropane is 
isomerized to propylene over Eu/NaX. A 
little hexene is also formed. 

3. Propylene sorbs to a much greater ex- 
tent on Eu/NaX than on NaX. This may be 
due to sorption on BrCnsted and Lewis sites. 
Hexenes are formed during this sorption, 
but the reaction is self-poisoning so that pro- 
duction of hexenes dies out as the amount 
of C3H ¢ reaches saturation. 

4. TPD results show that most of the pro- 
pylene sorbed on Eu/NaX is recovered as 
propylene according to the reversible 
process 

C3H7 + ~ C3H6(g) + H +. 

A little hexene is also formed. 
5. The shape of the uptake transients of 

cyclopropane and propylene in Eu/NaX 
shows carrier gas effects. The kinetics of 
diffusion and sorption of cyclopropane and 
propylene in Eu/NaX zeolite are also 
greatly affected by the concentration of Na + 
and BrCnsted acid sites present in the ze- 
olite. 
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