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Transient diffusion and sorption experiments of cyclopropane and propylene in Cs + and Ni 2+ 
ion-exchanged Zeolites X in a flow microreactor reveal that the nature of the diluent gas affects the 
kinetics of intracrystalline mass transport of these molecules in the zeolite. The rate of intracrystal- 
line mass transport and the equilibrium uptake are strongly dependent on temperature. The results 
indicate that cyclopropane does not react with either Cs + or Ni 2+ ion-exchanged Zeolites X in 
the range 40-240°C to give other gas-phase products. For Cs/NaX the enthalpy of sorption for 
cyclopropane at loadings approaching zero is - 8.8 kcal/mol, and the entropy of sorption is - 31.2 
cal/mol-K. For Ni/NaX the enthalpy of sorption for both cyclopropane and propylene is - 9.1 kcal/ 
mol, and the corresponding values for the entropy of sorption are -30.8  and -29 .8  cal/mol-K. 
© 1992 Academic Press, Inc. 

INTRODUCTION 

The large amount of work in zeolitic diffu- 
sion and sorption shows that diffusion and 
sorption rates of different molecules are sen- 
sitive to the (a) nature of the cation in the 
zeolite (charge, ionic radii), (b) position of 
the cation in the framework (effective win- 
dow opening), (c) degree of ion exchange, 
and (d) molecular occupancy (number of 
molecules per unit cell) in the zeolite crystal 
(1-3). A thorough understanding of the ef- 
fect of each of these inherent zeolitic param- 
eters on diffusion and sorption processes 
would certainly improve the practical appli- 
cations of zeolite materials. 

The transient sorption of c-C3H 6 in H2, 
He, and Ar diluent gases in the NaX zeolite 
has been studied (4). The nature of diluent 
gas used in the c-C3H 6 mixture affected the 
kinetics of intracrystalline mass transport of 
c-C3H 6 in the zeolite. It was suggested that 
this phenomenon is due to collisional effects 
that influence the diffusion of c-C3H 6 from 
one cavity to the next one, rather than a 
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competition for sites between the inert dilu- 
ent gas and c-C3H 6 (4). 

In our recent work on cyclopropane and 
propylene transient diffusion, sorption, and 
reaction with E u  3+ ion-exchanged Zeolite 
X, it was found that this zeolite promotes 
the isomerization reaction of cyclopropane 
to propylene at temperatures higher than 
80°C (5). In addition, propylene sorption in 
Eu/NaX was larger than that in NaX (5). 
These results were due to the presence of 
BrCnsted acid sites formed after dehydra- 
tion of the Eu/NaX zeolite at 380°C. Evi- 
dence was also given that Na ÷ cations in the 
NaX zeolite might be considered as sites for 
sorption of cyclopropane and propylene (5). 

The objective of the present work was to 
study the effect of Cs ÷ and Ni 2 + ions present 
in NaX zeolite on the transient diffusion, 
sorption, and reaction of cyclopropane and 
propylene at 1 atm total pressure. For this, 
Cs + and Ni 2+ ions were exchanged for Na + 
ions mostly in the supercages and hexagonal 
prisms of Zeolite X, respectively (6-8). Our 
observations support the view that Na + and 
Cs ÷ ions might be considered sites for sorp- 
tion of cyclopropane and propylene. In addi- 
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tion, electrostatic fields produced by Ni 2+ 
may affect sorption of these molecules in 
the o~-cages of the Ni/NaX zeolite. The 
isomerization reaction of cyclopropane to 
propylene in the range 40-240°C was not 
observed in either Cs/NaX or Ni/NaX zeo- 
lites, a result opposite to that obtained with 
Eu/NaX (5). For the present Cs/NaX and 
Ni/NaX zeolites, the diluent gas used (Ar 
and H2) in the c-C3H 6 and C3H 6 mixtures 
affects the kinetics of mass transport of 
these molecules in the zeolite in a manner 
similar to that observed with c-C3H 6 in the 
NaX zeolite (4). The present results are dis- 
cussed in relation to those obtained with 
NaX (4) and Eu/NaX zeolites (5). Transient 
and temperature-programmed methods 
have been employed with on-line mass spec- 
trometry as has been reported (4, 5). 

EXPERIMENTAL 

Ion-exchanged zeolites. Linde NaX zeo- 
lite (600 mesh) was purchased from Alfa 
Ventron Corp. (Danvers, MA) and used 
without further purification. The crystal size 
was about 1.2 txm as determined by scanning 
electron microscopy. This material was ion- 
exchanged by stirring 1 g of zeolite for 18 h 
in a round-bottom flask with 0.05 M solu- 
tions of CsNO3 • 6H20 and Ni(NO3) 2 • 6H20 
salts purchased from Alfa Ventron. Samples 
were filtered, washed with distilled deion- 
ized water, and dried under vacuum as pre- 
viously described (6). The approximate for- 
mula of the exchanged zeolites are 
Cs52Na34X (36 wt% Cs) and Niz8Na30X (11.9 
wt% Ni) (6, 9). 

Powdered samples of 0.048-0.052 g were 
supported by fine stainless-steel screens and 
glass wool. X-ray powder diffraction results 
for the ion-exchanged, calcined, and treated 
(after sorption studies) zeolite showed that 
the sample retained its crystallinity (6). 
Prior to a transient experiment the sample 
was checked in situ for residual H20 by 
mass spectrometry. 

Reactor-flow system. A once-through 
stainless-steel microreactor (0.75 ml) was 
used in this study. Step change response 

experiments have shown that the reactor 
behaves as an ideal mixed-flow reactor 
(CSTR) (4, 10). The flow system was the 
same as described earlier (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, exclud- 
ing possible adsorption of cyclopropane and 
propylene. The pure time delay of cyclopro- 
pane and propylene response, bypassing the 
reactor from the switching valve to the de- 
tector, was measured as previously de- 
scribed (4). 

Mass spectrometry~gas chromatography 
(GC). The high-resolution mass spectrome- 
ter (Nuclide 12-90-G), data acquisition, cali- 
bration, and integration of the mass spec- 
trometer 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 composition of 
the effluent stream of the reactor was 
checked by a GC (CARLE 311) with a 1.8 
m x 2 mm stainless-steel column packed 
with Chromosorb 102 and an H 2 flow rate of 
about 25 ml/min. A flame ionization detec- 
tor (FID) was used. Known dilute mixtures 
of c-C3H 6 and C3H 6 were prepared for cali- 
bration purposes. 

Infrared spectroscopy. For the IR spec- 
troscopic studies, the samples were pressed 
into thin wafers of 10 mg/cm 2. Dehydration 
of the wafer sample placed in a specially 
designed quartz cell was performed in a vac- 
uum line (10 -5 Tort) at 380°C for 12 h. After 
dehydration, pyridine was introduced into 
Cs/NaX and Ni/NaX samples by adsorption 
at room temperature for 10 rain in a vacuum 
line, followed by evacuation at 120°C for 
1 h. The cell was then transferred to the 
spectrometer and mounted there without 
any exposure to air. The spectrometer used 
was a Galaxy Series Model 4020 FTIR. The 
spectra were recorded as percentage trans- 
mission and obtained at room temperature. 

Temperature-programmed desorption 
(TPD) studies. All the TPDs presented in 
Fig. 4, 10, and 11 were performed with Ar 
as a carrier gas at I bar pressure, a flow rate 
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FIG. 1. Effect of diluent gas on the dimensionless 

gas-phase transient response (Z) of c-C3H 6 in Cs/NaX. 
Delivery sequence: Ar---> c-C3H6/diluent. T = 40°C; 
diluent gas, H 2 and Ar; 52-rag sample used. 

of 30 cc/min, and a heating rate,/3, of 14°C/ 
min. The initial amount of sorption, 0i, was 
obtained by flowing 3.8 Torr of sorbate gas 
at 40°C over the zeolite for a given time. 
Before initiating the TPD, the reactor was 
purged with Ar at 40°C for 90 s to ensure 
complete removal of the sorbate in the gas 
phase. 

Gas mixtures. Transient diffusion and re- 
action studies of c-C3H 6 and C3H 6 at 1 atm 
total pressure were performed with dilute 
mixtures of 0.5 mol% (3.8 Torr) sorbate gas 
in  H 2 and Ar carrier gases. Cyclopropane 
and propylene were CP grade (Matheson 
Co.), and Ar and H 2 were zero grade (Aero 
All-Gas Co). Less than 2 ppm of propylene 
was measured by gas chromatography in the 
0.5 mol% c-C3H6 mixtures, and less than 5 
ppm of C3H 8 was measured in the 0.5 mol% 
C3H 6 mixtures. Argon was used in the tem- 
perature-programmed desorption studies. 
Purification of this gas has been described 
(10). The flow rate of all gases used was 30 
ml/min (ambient). 

RESULTS 

(A) Transient Diffusion and Sorption o f  
C~clopropane in Cs/NaX 

Transient sorption responses of c-C3H6 in 
dehydrated Cs/NaX zeolite (52 rag) for two 
different diluent gases (HE and Ar) at 40°C 
are shown in Fig. 1. The ordinate is labeled 

Z, which represents the concentration 
(mol%) of c-C3H 6 in the gas phase at some 
time t, y(t), divided by the gas-phase con- 
centration of c-C3H 6 at equilibrium time, y~, 
or 

Z(t) = y(t)/y~. (1) 

These data show that the gas-phase concen- 
tration of c-C3H 6 rises faster (small sorption 
rate) at sorption times less than 15 min when 
Ar diluent gas is used instead of H2. In both 
cases equilibrium (Z = 1) is obtained after 
about 45 min, and the same equilibrium 
sorption amount (1.05 mmol/g, Z = 1) is 
obtained independent of the diluent gas 
used. The latter amount is calculated from 
the area between the mixing and sorbate 
gas-phase responses (11). 

Data for the gas-phase response of c-C3H 6 
with H2 diluent gas have been used to deter- 
mine the amount of c-C3H 6 sorbed in the Cs/ 
NaX sample vs temperature. These results 
are given in Fig. 2 for the range 100-240°C. 
There is a progressively faster approach to 
equilibrium as the temperature is increased. 
Equilibrium uptake data of c-C3H 6 as a func- 
tion of temperature deduced from Fig. 2 are 
plotted in Fig. 3a. Note that the equilibrium 
uptake of c-C3H 6 is plotted on a log scale 
and that this isobar is for a pressure of 3.8 
Torr. The uptake data are: 0.127, 0.070, 

Ar --, c-Carte/H2 
1.0 

0 . 8 ~  
- r~ B: 130°C 

- L  ~" D C: 160°(2 
0.6 / ~ C D: 185°C 

Z B E: 240°C 

0"4ll / / -- A CslNaX 

0 . 2 ~  

O.0 
0 1 2 3 4 

TIME (min) 

FIG. 2. Effect of temperature on the dimensionless 
gas-phase transient response (Z) of c-C3H 6 in Cs/NaX. 
Delivery sequence: Ar ---> c-C3H6/H 2 , T; 52-rag sample 
used. 
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FIG. 3. (a) Equilibrium uptake of c-C3H 6 (mmol/g, 
molecules/unit cell) vs temperature for Cs/NaX. 
Pc.c3n6 = 3.8 Torr (0.5 tool%). (b) Determination of 
limiting values for enthalpy (AH °) and entropy (AS °) of 
sorption for c-C3H 6 in Cs/NaX at 3.8 Torr based on a 
Langmuir model for sorption. 

0.028, 0.017, and 0.005 mmol/g for 100, 130, 
160, 185, and 240°C, respectively. 

Thermodynamic data can be extracted 
from the isobar of Fig. 3a based on a Lang- 
muir isotherm for sorption combined with 
the thermodynamic expression for the ad- 
sorption equilibrium constant in terms of 
Gibbs free energy. The resulting equation is 

ln(1/q - 1/q~) = ln(1 /boqsP)  + AH°/RT, 
(2) 

where q is the c-C3H 6 uptake (molec./u.c.); 
qs is the c-C3H 6 uptake at saturation (molec./ 
u.c.); and b0 is the limiting Langmuir equilib- 
rium constant (Torr-l). (b ° = exp(AS0/R): 

AS ° is the entropy of sorption (cal/mol-K), 
AH ° is the heat of sorption (kcal/mol), and 
P is the pressure of c-C3H 6 (Tort) .)  Figure 
3b gives the results obtained after using the 
data of Fig. 3a in the range 100-240°C 
and Eq. (2). A value of 23.9 
(molec./u.c.) was used for q~ as obtained 
elsewhere (4). The enthalpy of sorption of 
c-C3H 6 (AH 0) is found to be - 8 . 8  kcal/mol 
and the entropy of sorption (AS °) is -31 .2  
cal/mol-K. 

(B) Temperature-Programmed Desorption 
of c-C3H 6 in Cs/NaX 

T e m p e r a t u r e - p r o g r a m m e d  deso rp t ion  
da ta  for  c-C3H 6 sorbed  at 40°C and 3.8 Tor r  
in H2 for  coverages  ranging f rom 0.27 to 
1.15 mmol /g  are shown  in Fig. 4. F o r  the 
exper iment  at the lowest  c o v e r a g e  (curve  
D) the t empera tu re  (Tm) at wh ich  the peak  
m a x i m u m  occurs  for  the TPD is 140°C, 
which  is the highest  T m of  all the different  
coverages .  

(C) Transient Sorption of Cyclopropane 
in Ni/NaX 

Transient sorption responses of c - C 3 n  6 in 
dehydrated Ni/NaX zeolite (48 mg) for two 

"-" 1"0 t 

~ 0.8 

~ 0.6 

-- 0.2 

0.0 

1 o 17 ~C A: 1.15 mmol/g 
:4°C:~N B: 1.04 mmol/g 
• - , . / / '~'N~ C: 0.64 mmol/g 
, , ~ / /  ~ D: 0.27 mmol/g 

3 6 9 12 15 

TIME (min) 
[ ~ TPD (~ = 14°C/rain) 

FIG. 4. TPD experiments for measuring c-C3H6 sorp- 
tion in Cs/NaX. Experimental procedure: 3.8-Torr 
c-C3H6/H2 (40°C, 0i) ~ Ar(90 s), 40°C ~ TPD (/3 = 
14°C/min); 52-rag Cs/NaX. Curve A, 0i = 1.15 mmol/ 
g; curve B, 0i = 1.04 mmol/g; curve C, 0i = 0.64 retool/ 
g; curve D, 0i = 0.27 mmol/g. The effect of 0i on the 
peak maximum temperature T m is also shown. 
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FIG. 5. Effect of diluent gas on the dimensionless 
gas-phase transient response (Z) of c-C3H 6 in Ni/NaX. 
Delivery sequence: Ar ~ c-C3H6/diluent. T = 40°C; 
diluent gas, H2 and Ar; 48-mg sample used. 
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FIG. 7. Effect of diluent gas on the dimensionless 
gas-phase transient response (Z) of C3H 6 in Ni/NaX. 
Delivery sequence: Ar ~ C3H6/diluent. T = 40°C; dilu- 
ent gas, H2 and Ar; 48-mg sample used. 

different diluent gases (H2 and Ar) at 40°C 
are shown in Fig. 5. The effect of diluent gas 
on the transient mass transport  of  c - C 3 H  6 in 
Ni /NaX is apparent.  Some differences in 
both the responses between Ni /NaX (Fig. 
5) and Cs/NaX (Fig. 1) are indicated. The 
equilibrium uptake (Z = 1) of  c-C3H 6 for 
Ni /NaX,  independent  of  diluent gas, is 
found to be 1.50 mmol/g. 

The effect of  temperature on the transient 
uptake of  c - C 3 H  6 in Ni /NaX in the range 
100-240°C is given in Fig. 6 with the H2 
diluent gas. All responses reach equilibrium 

Z 

Ar ~ 0.5% c-CzHeJH 2 

1.0 L   i:oi 0.6 

0.4 / Ni/NaX 

0.2 

0"( 0.0 210 410 6:0 

TIME (min) 
8.0 

FIG. 6. Effect of temperature on the dimensionless 
gas-phase transient response (Z) of c-C3H 6 in Ni/NaX. 
Delivery sequence: Ar ~ c-C3H6/H 2 , T; 48-mg sample 
used. 

(Z = 1) in a relatively short period of  time, 
for example, after 1 and 7 min for the tem- 
peratures of  240 and 100°C, respectively.  
Equilibrium uptakes of  0.252, 0.105, 0.050, 
and 0.010 mmol/g for 100, 130, 160, and 
240°C, respectively, were measured.  

(D) Transient Sorption of Propylene 
in Ni/NaX 

A comparison of  transient sorption re- 
sponses of  C3H 6 to c-C3H 6 in dehydrated 
Ni /NaX for the diluent gases of  H2 and Ar 
(Figs. 5 and 7) is of  interest. Figure 7 gives 
responses of C3H 6 for Ni /NaX at 40°C with 
Hz and Ar diluent gases. In general these 
responses are qualitatively similar to those 
with c - C 3 H  6 (Fig. 5), but some differences 
in the shapes of  the curves can be seen. In 
the case of  H 2 diluent equilibrium (Z = 1) is 
reached after about 30 min, whereas for Ar 
diluent, it is reached after about 40 min. This 
behavior is similar to that observed with 
c - C 3 H  6 in Fig. 5. The equilibrium uptake of  
C3H 6 deduced from Fig. 7 is found to be 1.85 
mmol/g. 

The effect of  temperature on the transient 
response and equilibrium uptake of  C3H 6 
with Ni /NaX is given in Fig. 8 in the range 
130-240°C. These transient uptake re- 
sponses are similar to those obtained with 
c-C3H 6 in Ni /NaX (Fig. 6) and in Cs/NaX 
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FIG. 8. Effect of temperature on the dimensionless 
gas-phase transient response (Z) of C3H 6 in Ni/NaX. 
Delivery sequence: Ar ~ C3H6/H2, T; 48-mg sample 
used. 

ference in the T M obtained for the same ini- 
tial loading of c-C3H 6 and C3H 6 . This is 
clearly indicated in Fig. 10, curve C, and in 
Fig. 11, curve D for 20.3 mmol/g, where 
the TM for C3H 6 is higher by 22°C than that 
for c-C3H 6 . For a higher initial loading (= 1.5 
mmol/g) the same behavior is observed 
(compare Fig. 10, curve A, and Fig. 11, 
curve B). 

(F) Acidity in Cs/NaX and Ni /NaX 
Studied by Infrared Spectroscopy 

Adsorption of pyridine at room tempera- 
ture in a dehydrated fresh Cs/NaX sample 
resulted in no infrared band at about 1540 

(Fig. 2). The equilibrium amounts of C3H 6 
sorbed for the conditions of Fig. 8 are 0.170, 
0.078, and 0.016 mmol/g for 130, 160, and 
240°C, respectively. 

Figure 9a gives the isobar at 3.8 Torr of 
c-C3H 6 sorption in Ni/NaX zeolite in the 
range 40-240°C. Following the same analy- 
sis as for c-C3H 6 sorption in Cs/NaX (Eq. 
(2), Fig. 3b), results for c-C3H 6 and C3H 6 
sorption in Ni/NaX are given in Fig. 9b. The 
enthalpy of sorption (AH °) of both c-C3H 6 
and C3H 6 for Ni/NaX is found to be -9 .1  
kcal/mol, and the corresponding values for 
the entropy of sorption (AS °) are - 30.8 and 
-29 .8  cal/mol-K, respectively. 

(E) Temperature-Programmed Desorption 
of  c-C3H 6 and C3H 6 in Ni/NaX 

Temperature-programmed desorption 
data for c-C3H 6 sorbed at 40°C and 3.8 Torr 
for coverages ranging from 0.33 to 1.50 
mmol/g for given times on stream are shown 
in Fig. 10. Similar responses for C3H 6 cover-  
ages ranging from 0.31 to 1.81 mmol/g are 
given in Fig. 11. In both cases, the same 
effect of initial loading of sorbate on the shift 
of temperature at which the maximum in the 
desorption rate occurred (T M) is obtained. 
This effect is the increase of TM with de- 
creasing initial loading of c-C3H 6 or C3H 6. 
On the other hand, there is a significant dif- 
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FIG. 9. (a) Equilibrium uptake of c-C3H 6 (mmol/g, 
molecules/unit cell) vs temperature for Ni/NaX. 
P~.c3H6 = 3.8 Torr (0.5 tool%). (b) Determination of 
limiting values for enthalpy (AH °) and entropy (AS °) of 
sorption for c-C3H 6 and C3H 6 in Ni/NaX at 3.8 Torr 
based on a Langmuir model for sorption. 
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FIG. 10. TPD experiments for measuring c-Call 6 
sorption in Ni/NaX. Experimental procedure: 3,8-Torr 
c-C3H6/H 2 (40°C, 0i) --~ Ar(90 s), 40°C -* TPD (/3 = 
14°C/min); 48-mg Cs/NaX. Curve A, 0i = 1.50 mmol/ 
g; curve B, 0i = 1.25 mmol/g; curve C, 0i = 0.33 mmol/ 
g. The effect of 0i on the peak maximum temperature 
T m is also shown. 

c m  -1,  the latter corresponding to the 
BrCnsted-bound form of pyridine. On the 
other hand, adsorption of pyridine in a dehy- 
drated fresh Ni/NaX sample resulted in a 
small band at 1548 cm-1 due to the presence 
of BrCnsted acid sites. 

DISCUSSION 

(A) Effect o f  Cation in X Zeolite on the 
Transient Sorption o f  c-Call 6 

An effect of diluent gas on the rate of 
sorption of c-C3H 6 in both Cs/NaX (Fig. 1) 
and Ni/NaX (Fig. 5) is apparent. The data 
of Figs. 1 and 5 show that the initial sorption 
rate of c - C 3 H  6 is greater with the diluent Hz 
than with Ar. This is also true for NaX (4) 
and Eu/NaX (5) zeolites. Experimental evi- 
dence (4) that indicated that these c - C 3 H  6 

transient responses are only related to intra- 
crystalline mass transport processes only 
was presented. Even though there are some 
small differences in the specific shapes of 
transients in Figs. 1 and 5, it is safe to say 
that the cations Na+(4), EU 3+ (5) ,  C s  +, and 
Ni 2+ have only a little influence on the dilu- 
ent effect observed. On the other hand, the 
aforementioned cations show a pronounced 
effect on the equilibrium uptakes of c - C 3 H  6 . 

For the case of Eu/NaX zeolite the pres- 

ence of BrCnsted acid sites in an amount of 
at least 0.6 mmol/g caused isomerization of 
c-C3H6 to propylene in the range 80-240°C 
(5), absent in NaX zeolite (4), and an in- 
crease in the uptake of c - C 3 H  6 a t  40°C com- 
pared to NaX zeolite (4, 5). The BrCnsted 
acidity in Eu/NaX detected by FTIR was 
the result of hydrolysis of [Eu(HzO)x] 3+ ions 
during dehydration of the zeolite at 380°C. 
The c - C 3 H  6 uptake results with Eu/NaX (5) 
and NaX (4) zeolites provided evidence that 
Na ÷ cations might be considered as sites of 
sorption for c-C3H 6 . 

The present equilibrium uptakes of 
c - C 3 H  6 with Cs/NaX are slightly higher than 
the corresponding ones with NaX (4). For 
example, the uptake of c-C3H 6 at 40°C in 
NaX is 1.64 mmol/g (4) compared to 1.75 
mmol/g in Cs/NaX, after accounting for the 
difference in weight between Na + and Cs +. 
To probe this result let us consider what 
might be the effect of the polarizing power 
(q/r) of Na + and Cs + cations on the c - C 3 H  6 

uptake. Given the radius, r, o fNa  + and Cs + 
to be 0.97 and 1.67 A, respectively, and the 
composition of unit cells for NaX and Cs/ 
NaX, it is calculated that the Na + cations in 
NaX create a polarizing power by a factor 

1.0 

~ 0.8 

0.6 

0.4 

~ 0 . 2  

0.0 

128oc A: 1.81 mmol/g 
B :  1 . 4 8  mmol/g 

A. /l'46°C~x C: 0.88 mmoI/g 
re.o,,,  

0 12 15 
TIME (rain) 

[ --, TPD (/~= 14°C/rain) 

FIG. 11. TPD experiments for measuring C3H 6 sorp- 
tion in Ni/NaX. Experimental procedure: 3.8-Torr 
C3H6/H2 (40°C, 0i) --* At(90 s), 40°C ~ TPD (/3 = 14°C/ 
rain); 48 mg Ni/NaX. Curve A, 0 i = 1.81 mmol/g; curve 
B, 0 i = 1.48 mmol/g; curve C, 0i = 0.88 mmol/g; curve 
D, 0i = 0.31 mmol/g. The effect of 0 i on the peak 
maximum temperature T m is also shown. 
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of 1.34 larger than that created by Na ÷ and 
Cs ÷ cations in the present Cs/NaX zeolite. 
Considering the evidence found (4) that Na ÷ 
ions might be considered as sites for c-C3H 6 
sorption, the slightly higher uptake of 
c-C3H 6 by Cs/NaX than by NaX (4) does not 
seem to be accounted for by electrostatic 
effects. 

Based on the c-C3H 6 sorption results at 
40°C in NaX (4), a value of 3.2 Na+/c-C3H6 
molecules is calculated, whereas for the 
present Cs/NaX zeolite a value of 2.9 Cs+/ 
c-C3H 6 molecules is calculated. These re- 
sults indicate that the presence of Cs ÷ ions 
enhance the uptake of c-C3H 6 from that ob- 
tained with NaX. Spatial constraints im- 
posed by the specific positions of Cs + ions 
in the o~-cages of X zeolite, together with the 
appropriate orientation of c-C3H 6 molecules 
that might be needed in order to diffuse from 
one s-cage to the next one, may reasonably 
explain the higher uptake of c-C3H 6 in Cs/ 
NaX than that in NaX zeolite. 

The results of Figs. 1 and 2 with Cs/NaX 
show that in the range 40-240°C equilibrium 
is reached (Z = 1). Gas chromatographic 
analyses revealed that no isomerization re- 
action of c-C3H 6 to propylene had occurred. 
These results are consistent with the infra- 
red results of pyridine adsorption, where no 
band near 1540 cm -1 was found, and the 
absence of distinct infrared -OH bands in 
Cs-Y zeolite (12). It is apparent that no 
hydrolysis of the initially hydrated Cs + ions 
that would create BrCnsted acid sites oc- 
curs. Note that these sites sorb c-C3H 6 at 
40°C (5). 

The equilibrium uptake of c-C3H 6 with Ni/ 
NaX at 40°C is 1.80 mmol/g compared to 
1.64 mmol/g with NaX (4), after accounting 
for the difference in weight between Na + 
and Ni 2+. This increase in the uptake of 
c-C3H 6 is comparable to that obtained with 
Cs/NaX, and this was discussed before. In 
the present case, however, a different expla- 
nation for this result may be appropriate. 
The polarizing power (per unit cell) of NaX 
is now about 0.8 times that of the present 
Ni/NaX zeolite. This result could give rise 

to the observed increase in c-C3H 6 uptake 
by Ni/NaX compared to NaX. Note that 
most of the Ni 2+ ions go to the I sites inside 
the hexagonal prisms and also to the I' sites 
in the sodalite cages (7, 13), where c-C3H 6 
is unlikely to get into the hexagonal prisms 
and sodalite cages. The present infrared re- 
suits of pyridine adsorption with Ni/NaX 
show some BrCnsted acidity. This may be 
another cause related to the increase in up- 
take of c-C3H 6 by Ni/NaX compared to 
NaX. As mentioned before, c-C3H 6 can sorb 
on the BrCnsted acid sites at 40°C (5). A 
reviewer has suggested that the adsorption 
of c-C3H 6 on Ni/NaX is higher than that on 
Cs/NaX perhaps because Ni has vacant d 
orbitals but Cs does not. 

The transient results of c-C3H 6 with Ni/ 
NaX in the range 100-240°C (Fig. 6) show 
that equilibrium is reached (Z -- 1), as was 
the case with Cs/NaX (Fig. 2), NaX (4), but 
not with Eu/NaX (5). Despite the fact that 
some BrCnsted acidity is apparent from the 
infrared results of pyridine adsorption with 
Ni/NaX, 0.15 times that with Eu/NaX (5), 
isomerization of c-C3H 6 to propylene was 
not observed under the present conditions. 
This may be consistent with the results of 
Bassett and Habgood (14) for Ni/NaX, 
where the isomerization reaction was stud- 
ied at temperatures higher than 350°C. 

(B) Effect of Cation in X Zeolite on the 
Temperature-Programmed Desorption 
of c-C3H6 

The effect ofCs + and Ni 2+ for the present 
zeolites on the temperature-programmed 
desorption of c-C3H 6 in 1 atm Ar gas can be 
seen in Figs. 4 and 10, respectively. In both 
cases the peak maximum temperature, Tm, 
increases with decreasing initial amount of 
c-C3H 6 sorbed (before the start of TPD). On 
the other hand, there is a clear indication 
that for the same initial amount of c-C3H 6 
sorbed in Cs/NaX and Ni/NaX the corre- 
sponding value of Tm is higher for Ni/NaX 
than for Cs/NaX. This result may be due to 
electrostatic fields created by Ni 2+ that may 
affect sorption and desorption of c-C3H 6. 
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On the other hand, for Eu/NaX (5) an exper- 
iment similar to that illustrated in Figs. 4 
and 10 resulted in two peaks. The first peak 
was associated with desorption of c-C3H6 
and the second peak was associated with 
desorption of C3H 6 from the BrCnsted sites 
of the Eu/NaX zeolite. The latter was the 
product of isomerization of c-C3H 6 during 
the TPD. 

Many factors may influence desorption of 
c-C3H 6 from the present zeolites. Some of 
these factors are: cation size, intracrystal- 
line force field, cation positions in the zeo- 
lite, and degree of ion exchange. In studying 
desorption and diffusion in zeolites, it is a 
real challenge to learn the exact contribution 
of each of these factors. Simulations of the 
c-C3H 6 isothermal transients of Figs. I, 2, 5, 
and 6 and those reported for NaX (4) would 
be more appropriate for obtaining additional 
information on the effects of cation on the 
kinetics of mass transport of c-C3H 6 in Zeo- 
lite X. 

Lee and Ma (15) have studied the effects 
of exchangeable cations on the diffusion of 
n-butane, isobutane, and 1-butene in Na-, 
Ca-, and La-forms of X zeolite. They found 
that the intracrystalline diffusion coefficient 
decreases in the order La/NaX > Ca/NaX 
> NaX. Their explanation for this result 
was (a) the different cation positions in the 
zeolite and (b) the fact that one Ca 2+ re- 
places two Na ÷ and one La 3÷ replaces three 
Na ÷, which results in a different channel 
opening, causing different resistances to 
sorbate diffusion. 

(C) Effect of Cation in X Zeolite on the 
Transient Sorption and Desorption 
of C3H 6 

The transient uptake responses of C3H 6 
with Ni/NaX in the range 40-240°C are very 
similar to those obtained with NaX zeolite 
(5). On the other hand, the C3H 6 transient 
response at 130°C with Ni/NaX (Fig. 8, 
curve A) is totally different from that ob- 
tained with Eu/NaX zeolite (5). The latter 
response was due largely to chemisorption 
of C3H 6 on the BrCnsted acid sites of Eu/ 

NaX. These results, therefore, along with 
those of c-C3H 6 discussed before, show that 
BrCnsted acid sites play a minor role in the 
interaction of C3H 6 and c-C3H 6 with the 
present Ni/NaX in the range 40-240°C. The 
C3H 6 transient uptake responses in Figs. 7 
and 8 may, therefore, be attributed mostly 
to the presence ofNa + ions (5). These C3H 6 
uptakes are slightly higher than those of 
c-C3H 6 (Fig. 3a), a result consistent with 
those obtained for NaX zeolite (4, 5). In 
addition, the C3H 6 TPDs in Fig. 11 show 
higher T m values for the same amount of 
sorption than the c-C3H 6 TPDs in Fig. I0. 
These results are also consistent with the 
stronger interaction between C3H 6 and Na ÷ 
than that between c-C3H 6 and Na ÷ ions, 
probably due to the larger ~--electron den- 
sity of C3H 6 . 

(D) Effect of Cation in X Zeolite on the 
Limiting Values of Heat and Entropy of 
Sorption of c-C3H 6 and C3H6 

Figures 3b and 9b show that the Langmuir 
model for sorption of c-C3H 6 and C3H 6 at 
3.8 Torr and in the range 100-240°C fits the 
experimental data very well. The same is 
true for the NaX zeolite (4, 5). The very low 
occupancy of these molecules in the zeolite 
crystal at the conditions studied allows cal- 
culation of limiting values for the heat and 
entropy of sorption of c-C3H 6 and C3H 6 
(Figs. 3b and 9b, respectively). Table I sum- 
marizes these values for the three ion- 
exchanged zeolites studied, where good 
agreement with calorimetric values reported 
is obtained (1-3). Essentially, the heat of 
sorption for both c-C3H 6 and C3H 6 is inde- 
pendent of the cation used. On the other 
hand, the entropy of sorption does show 
dependence on the nature of the cation used. 
For example, zeolite NaX gives the lowest 
value for the entropy of sorption of c-C3H 6 
( -  18.2 cal/mol-K) compared to about - 30 
cal/mol-K for Cs/NaX and Ni/NaX zeo- 
lites. It would be difficult to pinpoint the real 
causes of this behavior based only on the 
present results. Further results of the iso- 
steric heats of sorption in all three zeolites 



TRANSIENT SORPTION OF c-C3H 6 AND C3H 6 IN X ZEOLITES 

TABLE 1 

Limiting Values for Heat and Entropy of Sorption of Cyclopropane and Propylene in Some 
Ion-Exchanged X Zeolites Based on a Langmuir Isobar 
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Zeolite - 2xH ° (kcal/mol) - 2xS ° (cal/mol-K) Reference 

c-C3H6 C3H6 c-C3H6 C3H6 

Na86X 9.0 9.0 18.2 17.5 (4, 5) 
Cs52Na34 X 8.8 - -  31.2 - -  This work 
Ni28Na30X 9.1 9.1 30.8 29.8 This work 

studied and use of the procedure described 
(3) to calculate the entropy of sorption are 
more appropriate for shedding some light on 
this matter. However, this was out of the 
scope of the present work. 

CONCLUSIONS 

The following conclusions result from this 
work: 

1. Cyclopropane and propylene sorb on 
Cs/NaX and Ni/NaX zeolites at 40°C with 
a diluent gas effect. Sorption decreases with 
increasing temperature but there is no reac- 
tion. Sorbed cyclopropane and propylene 
are recovered unchanged by temperature- 
programmed desorption. 

2. Sorption equilibrium data for cyclo- 
propane and propylene is Cs/NaX and Ni/ 
NaX show good fits to the Langmuir model 
for sorption. The heat of sorption for these 
molecules is essentially independent of the 
Cs +, Ni 2+ and Na + (4) cations in zeolite X, 
but the entropy of sorption does depend on 
the nature of the cation. 

3. Propylene shows a stronger interac- 
tion with Ni/NaX and NaX (4) than cyclo- 
propane, probably because of the larger 
•--electron density of propylene. 
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