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The polymerization of ethylene in NiY zeolite is preceded by a rapid sorption and 
diffusion of GE molecules in the solid. The respective rates of both processes can 
be experimentally distinguished. The influence of intracrystalline mass transport on 
the rate of dimerization has been investigated; the rate of this reaction in terms of 
the local concentration of reactant in the solid and its true activation energy have 
been determined. 

I. IN~~DUCTI~N containing nickel ions. The catalytic 
The question whether the concepts of polymerization of C&H, by zeolites has 

surface catalysis are applicable in the case been described by Jones and Landis (4). 
'of intracrystalline catalytic reactions in The present investigation is concerned with 
zeolites was already raised in one of the the kinetics of this reaction at relatively 
first publications that dealt with the sub- low pressures Of reactant. 
ject (1). The locus of catalytic activity of 
zeolites is the bulk volume of the crystal- 
line solid phase, whereas in surface catalysis D 
the reaction takes place at the phase 
boundary ‘of a solid. The term “surface” is k, 
used in the present context only in the 
sense of a phase boundary, which is a well- 
defined macroscopic concept. “Internal sur- 
faces” can be visualized in the crystal k’z 
structures of zeolites, but these cannot be 
measured unambiguously, and they do not 
constitute phase boundaries. Since the sorp- 
tion in zeolites must be regarded as the m 
formation of solid solutions (2, 3) I a cata- 
lytic reaction in a zeolite can be considered mo 
as a homogeneous reaction in a solid, n 
coupled with the transfer of reactants and P 
products from the gas into the solid and R 
vice versa. 

The different steps of this ,composite 
process can be distinguished experimentally a 
in the polymerization of C&H, in Y zeolite 
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NOMENCLATURE 

diffusion coefficient of C,H, in the 
zeolite 
rate coefficient of bimolecular intra- 
crystalline reaction in terms of concen- 
tration in the solid [Eq. (6)], per unit 
mass of zeolite 
apparent rate coefficient of bimolecular 
reaction in terms of partial pressure in 
the gas phase [Eq. (2)], per unit mass of 
zeolite 
concentration of sorbed species in the 
zeolite in moles per gram 
m at the phase boundary 
number of moles in the gas phase 
pressure 
radius of spherical particles, charac- 
terizing average linear dimension of 
zeolite crystals 
total amount of C&H4 sorbed per gram 
of zeolite 
time 
dimensionless modulus, dependent on 
(o, characterizing the degree of catalytic 
utilization of the intracrystalline space 
[see Refs. (7-IO)] 
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cp =R +$! 

( > 
1’2, dimensionless modulus 

crystallites of about l-pm diameter. The 
nickel zeolite (designated NiNaY) was 

characterizing ratio between rate of obtained from this material by exchanging 
intracrystalline reaction and rate of 62% of the Na+ ions against Ni2+. The 
intracrystnlline diffusion [see Refs. (7- solids were calcined in air at 400°C for 10 
loll. hr, weighed in dry form, transferred to the 

II. EXPERIMENTAL METHODS 
apparatus and evacuated at 360°C for at 
least 5 hr, then cooled in vacuum to the 

Equilibria ,and rates of sorption were temperature of measurement. 
measured by recording the change of pres- Ethylene was C.P. grade; it was purified 
sure (p) in a constant volume of 1.10 liter, from permanent impurities by condensation 
which was kept ,at 25°C and was opened and stripping at -195°C. 
at time zero to a much smaller volume of 
0.050 liter that contained the zeolite sample III. RESULTS 

at the desired temperature. Pressures and The sorption isotherm of C,H, in un- 
pressure changes were measured with 1% reduced NiNaY at 25°C is shown in Fig. 1. 
accuracy by a differential capacitance The isotherm practically ,coincides with 
manometer (Granville-Phillips). The sys- the isotherm obt,ained for the parent NaY 

FIG. 1. Sorptiorl isotherms of C& in NiNaY (+) and NaY (0) at 25 and 70°C. The poirlt,s for NiNaY 
at 70°C represent only t,he reversible fraction of the sorpt,ion. 

tern was evacuated by a mercury diffusion material, which is also shown in Fig. 1. The 
pump with liquid nitrogen trap to pressures sorption is reversible in both solids at this 
below 10e5 Torr. The interaction of C&H, temperature. 
and the zeolites at 350°C was studied in a The rate of sorption is controlled by dif- 
circulation apparatus. The gas (2 liter by fusion (see Fig. 3). The rate of diffusion 
volume) was circulated continuously over into spherical particles of radius R can be 
the solid in a heated reactor. The pressure characterized by a time constant R2/D, 
and thereby the number of moles in the gas where D is the diffusion coefficient. The 
was continuously recorded; its composition time constants R2/D were evaluated from 
was determined intermittently by gas the observed sorption kinetics at different 
chromatography. levels of saturation on the basis of the 

The synthetic zeolite Y in the Na form integral of the diffusion equation for 
(designated Nay) had the water-free com- spherical geometry. The procedure is de- 
position NaAlO, (SiO,),,, and consisted of scribed in detail elsewhere (5, 6). At 25°C 
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FIG. 2. CzH4 uptake int,o NiNaY (+) and into NaY (0) at 70°C. The pressllre in tQe closed system of 
constjantj vohlme is plott’ed on a logarithmic time scale. 

the following values of R2/D were 
obtained: 

Sorbed amount 
(mmoles/g) 

Initial Final 

RZ/D (set) 

NiNaY NaY 
___ - 

0 0.2 650 260 
0.2 0.35 650 330 
0.35 0.45 850 320 

different time constants. Only t’he rapid 
sorption in NiNaY is reversible, as is the 
uptake in Nay. The equilibrium isotherm 
in NaY for 70°C is also shown in Fig. 1, 
together with the reversible rapid uptake 
into NiNaY. The isotherm relating the con- 
centration (m) of reversibly sorbed C,H, 
in moles per gram of eit,her zeolite to the 
equilibrium pressure (p) has the slope 

The rate of sorption slows down more 
strongly than should be expected on the 
basis of the diffusion equation towards the 
end of the sorption process-particularly 
in NiNaY. 

At 70°C an initial rapid uptake of C,H, 
was observed in NiNaY and in NaY, but 
only in NiNaY is this rapid sorption fol- 
lowed by a much slower process that con- 
sumes more C,H, than the rapid sorption 
and that did not reach equilibrium within 
3 hr. Figure 2 shows the observed decrease 
in C,H, pressure over both zeolites (1.84 g 
of NiNaY; 1.98 g of Nay) on a logarithmic 
time scale. Whereas the rapid sorption 
process is essentially terminated after 15 
set for both solids and no further sorption 
is then observed in NaY, a much slower 
uptake of C,H, follows the rapid sorption 
in NiNaY. The two processes in NiNaY 
can clearly be distinguished, because of the 

= 1.6 X 10-j mole g-l Torr-‘, at 
W” 

70°C. (1) 

The kinetics of the rapid reversible part of 
the uptake into NiNaY and the kinetics 
of sorption in NaY at 70°C are shown in 
Fig. 3 as a function of the square root of 
time. The rapid sorption process appears to 
be controlled by diffusion in the solid; the 
time constant is for both zeolites 

Rz/D = 8.5 set f 15y0 at 70°C. 

The rate of the subsequent slow uptake 
into NiNaY, which is observed after the 
rapid reversible sorption has reached 
equilibrium, is not proportional to the C,H, 
pressure but, rather, to its second power, 
as shown in the second order plot in Fig. 
4. The rate of the slow C&H4 uptake from 
the gas phase can be represented by 

d?l CxHd - ___ = k’2 . (pcd2, 
r1t (2) 
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FIG. 3. Kinet.ics of C&~ sorption in NaY (0) and of rapid sorption in NiNaY (+) at, 70°C: As = amount 
sorbed from t = 0 t)o time t; Asf = amount sorbed from t = 0 to equilibrium. 

with k’, = 7 x 10e8 mole g-l TorF min-l 
at 70°C. 

At 21O”C, the initial rate of sorption in 
NiNaY follows the second order law, Eq. 
(2) ; the following values of k’, were cal- 
culated from the observed rates: 

at po2nI = 6.6 Torr: k’s = 4.2 
X lo-’ mole g-l TorF mini; 

at P&n4 = 4.2 Torr: k’s = 3.5 
)( lOA7 mole g-l Torr-* mini. 

No distinct initial rapid sorption step was 

FIG. 4. Second order plot of PC& over 1.84 g of 
NiNaY at 70°C. 

observed at this temperature at pressures 
up to 8 Torr. 

At 35O”C, values of 

V2 = 1.2 X lO-‘j mole g-l TorF mm-’ 
at ~c~H, = 50 Torr, 

Vz = 0.8 X lO-‘j mole g-l Tar? min-l 
at PC& = 200 Torr, 

were obtained for the fresh NiNaY in the 
circulation reactor. No reaction was ob- 
served with Nay. At temperatures above 
200°C the C,H, uptake in the solid-fol- 
lowing a second order rate law-is initially 
the ,dominant reaction. The rate of this 
process decreases, however, as the solid ap- 
proaches saturation and desorption of 
products (mainly C&H,) occurs. The sys- 
tem reaches finally a steady state that has 
not been investigated in detail. 

In summary we observe in the system 
NiNaY/CzH4, (a) a reversible sorption of 
C,H,, following the isot’herm 

= 8 X 10WL 

. exp {i$ Eil} mole g-l Torr-’ (3) 

at small pressures, the rate of sorption 
being controlled by diffusion in the solid 
with 

l-22 - = 1.6 X 1W4. exp {$$$-] sec. 
II (4) 
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(b) A second order reaction of C&H, in the 
solid, following eq. (2) with 

ICI2 = j x 10-7.exp{~~lnj:T~1}moleg-1 

Torr-2 see-l. (5) 

The sorption of trans-2-butene in NaY 
has also been investigated at 25”C, where 
it is reversible and the equilibrium can be 
described by a Langmuir isotherm 

mC4Hs = mm 
%HB b 

1 + PCaHs h 

with mM = 2.5 X 1O-3 mole g-l; b = 14.3 
Torr-I. The rate of sorption of C,H, in 
NaY at 25°C corresponds to R2/D < 100 
set ; the rate of desorption is much smaller, 
it can be characterized by a first order 
rate constant of lOa set-I. 

IV. DISCUSSION 

The behavior of C,H, towards NiNaY 
and NaY can be explained as reversible 
sorption in the Y lattice-which is rather 
unspecific with respect to the cation-be- 
ing followed by a chemical reaction between 
two C2H, molecules in the case of NiNaY. 
The products of this ‘reaction ‘are essentially 
not desorbed at 70°C and small pressures 
of reactant. This observation can be ex- 
plained by the intracrystalline dimeriza- 
tion of C,H,, in agreement with earlier re- 
sults of Jones and Landis (4). These authors 
found that C&H, polymerizes in fauj’asite 
zeolites containing nickel ions, the reaction 
product consisting mainly of the dimers 
C,H,. 

This reaction exemplifies the sequence, 

sorption/diffusion/reaction/desorption, 

that has to be expected for any catalytic 
reaction in a zeolite. If we consider the 
polymerization to gaseous products, then 
the last step in the sequence-that is, the 
desorption-is clearly rate ‘determining. 
This condition is most obvious at 7O”C, 
where the ethylene dimerizes with a finite 
rate to a product that remains then sorbed 
in the solid. At 350°C the rate of C,H, 
consumption is initially much greater than 
the rate of C, desorption. The solid reaches 

a steady state, finally, where it is saturated 
with polymerized material and where the 
desorption of reaction products limits the 
rate of further C,H, consumption and thus 
the rate of the overall process. 

In the case ‘of a zeolite catalyst, desorp- 
tion means the transfer of a sorbed mole- 
cule from the solid into the gas phase, that 
is, the penetration of a phase boundary. 
For trczns-&butene, the rate of sorption in 
NaY at 25°C is 100 times faster than the 
rate of desorption; despite the high mobility 
of C,H, in the crystal, its rate of desorption 
is relatively small. 

The analysis of the system NiNaY/C2H4 
can be carried further because the rates of 
sorpt,ion and diffusion, on the one hand, 
and chemical reaction, on the other hand, 
can be experimentally distinguished. 

Under the conditions of the measure- 
ments at 70 and 21O”C, the solid contained 
only negligible amounts of ‘polymerization 
products (less than 3% of its capacity) 
and the degree of saturation with rcvers- 
ibly sorbed C,H, was less than 4%. 

There will be a concentration gradient 
of C,H, in the zeolite crystal if the reaction 
is fast enough to compete with the supply 
of reactant by diffusion in the solid. The 
kinetic principles that apply to a system 
where mass transport in a condensed phase 
is coupled with a chemical reaction are 
well established (7,8) ; methods to estimate 
the deplet’ion of reactant towards the cen- 
ter of the solid particles from the time 
constant of diffusion (R2/D) and from the 
observed rate of reaction have been de- 
scribed by Wagner (9) and by Weisz and 
Prater (10). 

It is directly obvious from the experi- 
mental data obtained at 70°C (Fig. 2) 
that at this tem,perature no concentration 
gradient of reactant persisted in the solid 
when the dimerization was observed be- 
cause sorption equilibrium with C,H, is 
established before the dimerization be- 
comes noticeable. At elevated temperatures 
(210 and 350°C) the amount of reversibly 
sorbed C&H4 is too small to be observed 
directly, but we can estimate if a signifi- 
cant concentration gradient of C&H, is 
necessary to sustain the observed rate of 
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reaction, since we know the order of mag- 
nitude of R2/D. Following the procedure 
described by Weisz and Prater (10) and 
using their notation, we obtain the dimen- 
sionless moduli T# and v for t.he conditions 
in the zeolite crystals. For example, we 
have at 70°C and PC& = 5 Torr: for the 
rate of reaction per unit mass of solid from 
Eq. (21 

d71, 
-= 
df 

-3 X 10e8 mole g-l see-I; 

for the concentration of reactant (C2H4) in 
the solid at the phase boundary from Eq. 
(1) 

(m)~ = 8 X lo-” mole g-l; 

for the time constant of diffusion of C,H, 

R2/D = 85 sec. 

We obtain with these values 

= 3.2 X 10-2; 7 > 0.99. 

In the same way we find, for the remaining 
temperatures and partial pressures, where 
k’, was determined, 

Temp (“C) : 70 210 
P&H4 (Torr’l : 5 5 

VP 0.03 0.14 
7 0.99 0.98 

rate FIG. 3. Temperature dependence of the 
coefficient k’* (mole Torr-2 g-1 set-1): Ordinate: 
(+) log10 (109 .k’z); (0) log*0 (log . k’*l?). 

0 

in moles per gram of solid), which then de- 
fines a rate constant k, for the intracrystal- 
line reaction: 

- - = k, . m2CzH4. 
dt (6) 

By combining Eq. (2) with Eq. (6), 

5 50 200 
- 

0.27 2.7 5 4 
0.95 0.85 0.7 

Thus the observed rate coeficient I?‘, was 
not influenced by mass transport up to 
210°C; even at 350°C the influence is in- 
significant as far as the order of magnitude 
is concerned. The observed rate coefficients 
k’, and k’,/q are shown as a function of 
temperature in Fig. 5, the straight line in 
Fig. 5 corresponds to Eq. (5). 

The rat’e coefficient k’, in Eq. (2) is only 
an apparent rate constant, characterizing 
the rate of the reaction ,in terms of the 
part,ial pressure of reactant in the gas 
phase, whereas the reaction occurs between 
C&H, molecules in the solid. The rate equa- 
t,ion can also be written in terms of the 
concentration of C,H, in the solid (?ncl~ir, 

(7) 

we obtain k, in the temperature-dependent 
form from Eqs. (3) and (5) : 

k2 = 1014.exp{~~~~~}gmole-1sec-1. 

(8) 

This quantity has to be divided by the 
density of the zeolite (1.4 g cm-3) to obtain 
k, in the alternate unit (cm3 mole-l see-I) . 
The rate constant k, characterizes the rate 
of reaction in the solid, undisguised by the 
preceding sorption and diffusion of reac- 
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tant; its temperature coefficient gives a 
%ue” activation energy of 21 kcal/mole. 

The rate coefficient that determines the 
intracrystalline Thiele modulus (p is, of 
course, the coefficient in terms of the con- 
centration in the solid, that is, k, and not 
the apparent rate constant Ic’,. This con- 
sideration was implied in the evaluation 
of the product v(p2 because the observed 
rate was normalized by the concentration 
in the solid at the phase boundary. 

We have analyzed the first two steps in 
the sequence (sorption/diffusion) + (reac- 
tion/desorption) quantitatively, but we 
have excluded the last one (desorption). It 
seems that the desorption controls the 
overall rate of formation of gaseous prod- 
ucts. At 350°C and pCZH1 2 50 Torr, the 
solid is first saturated with polymers, 
while at steady state a slow desorption of 
C,H, and other hydrocarbons controls the 
rate of further ethylene consumption, de- 
spite the high mobility of C,H, in Nay. 
With respect to desorption, the situation 
in a zeolite is different from the condition 
in a macroporous solid. Whereas in the 
macroporous system the gas phase extends 
into the pore structure, a discontinuity ex- 
ists at the phase boundary of a zeolite 
catalyst, since reactants or products enter 

or leave the force field of the solid at the 
phase boundary. The transfer from the 
solid into the gas phase (desorption) will 
be associated with an activation energy 
that is at least equal to the value of the 
heat of sorption. A complete analysis of 
the system, including the rate coefficients 
of desorption of the individual products, 
appears to be rather difficult in the present 
case because a large variety of polymers 
is generated in the solid. 
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