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ABSIRACT

The properties of single component diffusion of hydrocarbons in zeolites,
especially its dependence on temperature and concentration, are studied using both
theoretical and experimental approaches. The effects of the molecule-zeolite
interactions and the molecule-molecule interactions on these properties are probed.
Thie molecule-zeolite interactions dominantly determine the orders of magnitude of
the diffusivity, whereas te molecule-molecule interactions could alter the
concentration dependence of the diffusivity.

The mode of translational motion of molecules in zeolites is proposed to be
bounded by two extreme cases characterized by two models: (1) the Gas Translation
(GT) model: molecules within the lattice retain their entity and their gaseous
velocity, although the movement of molecules becomes restricted due to the energy
barrier imposed by the channel system; (2) the Solid Vibration (SV) model:
molecules within the lattice lose their gaseous characteristics due to the strong
interactions between the zeolite framework and the molecules so that they vibrate
w ith their host lattice before accumulating enough energy to jump. Based upon the
information of zeolite structure and molecular properties, the estimation of the
diffuisivity can be made with no fitting parameters.

The first-order correlation function method based on a Markov stochastic
model for single-file diffusion is used to analyze the concentration dependence of the
diffusivity. If the interaction between molecules inside the lattice is negligible and
double-occupancy of a site is excluded, a constant Fick's law diffusivity results. The
isotherm under this condition is of Langmuir type. If the interaction between
molecules is significant at a double-occupied site and the interaction is repulsive, a
rising trend of apparent diffusivity is expected. The Langmuir parameter is of a
decreasing trend.

The effects of microscopic properties of molecule-zeolite systems on the
macroscopic diffusional behavior and equilibrium properties are experimentally
investigated in a systematic manner. The model compounds are 19 different
hydrocarbons, including paraffins, aromatics and naphthene. Zeolites include two
types of ZSM-5, and 5A. The activation energy for diffusion reflects the complicated



interplay between the guest molecule and host lattice, and is mainly responsible for
the different diffusivities of various compounds in ZSM-5. For some molecules in
5.A, the intracrystalline partitioning is important. The diffusion coefficients of
benzene, toluene, and 2-methylbutane in ZSM-5 are not dramatically influenced by
the concentration up to about 4 molecules/unit cell. The isotherms are of the
Langmuir type. At higher concentration, the diffusivities show strong concentration
dependent trends. The Langmuir adsorption isotherm can no longer describe the
equilibrium data. The rising trend of diffusivity is also observed for heptane diffusion
in 5A where one cage can host two molecules.

The predictions of the proposed mechanistic models agree, in general, with
the experimental results of the diffusion measurements by this study on both the
orders of magnitude and the concentration dependence. The good agreement is also
found between the theoretical predictions and a set of the literature data for 5A.

Thesis Supervisor: Professor James Wei
Title: Warren K. Lewis Professor of Chemical Engineering
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1. INTRODUCION

1.1 Research Motivation and Obcaivs

Zeolites have revolutionized the chemical and the petroleum industries over

the past three decades as catalysts, sorbents, and ion-exchangers. Their molecular-

sized pores make it possible to engineer the industrial processes on the molecular

level to achieve high selectivity of desired products in ways not observed heretofore.

The development of new zeolite technology and the understanding of existing zeolite

properties continue to be a challenge.

One very unique property of zeolites is their shape selectivity (Weisz and

Frilette, 1960). The steric and diffusional constraints imposed by the zeolite structure

can discriminate among molecules according to molecular shapes to favor the

production of desirable results.

The diffusion of molecules in zeolite pores of comparable size plays an

important role in the shape selective process. This still poorly understood type of

diffusion has been coined "configurational diffusion (Weisz, 1973). The selectivity

of a desired product in a zeolite could be dramatically enhanced by manipulating

diffusion properties and chemical kinetics (Wei, 1982). The understanding of the

diffusion mechanism can thus greatly facilitate the design of zeolite catalysts.

The objective of this study is to capture the fundamentals of single component

diffusion of hydrocarbons in zeolites, especially its dependence on temperature and

concentration using both theoretical and experimental approaches. The specific aims

9



for this thesis are:

1. To propose mechanistic models capable of predicting the diffusion characteristics

in zeolites based upon the understanding of the interactions between the zeolite

lattice and molecules, and the interactions among molecules.

2. To examine experimentally the diffusion of hydrocarbons in zeolites, particularly

in ZSM-5 and in 5A, in a systematic manner.

3. To compare the experimental results generated from this study and those reported

in the literature with the predictions of the proposed models, and to delineate the

diffusion characteristics in zeolites from these comparisons.

12 Backrund

Zeolites are porous, crystalline alumino-silicates. Their well-defined lattice

structures contains cavities and/or channel intersections connected to each other by

channels (also called windows or pores) of molecular dimensions.

1.2.1 Applications of Z:olites

Natural zeolites have been utilized in ion-exchange and sorption processes

since their discovery two centuries ago by Cronstedt. The breakthrough on synthesis

of zeolites thirty years ago has had a great impact on adsorption, and perhaps more

importantly, catalytic process technology throughout the petroleum and chemical

industries. Over the years, the utilization of synthetic zeolites has not only saved

billions of dollars, but also provided a new flexibility in the design of products and
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processes.

The following properties make zeolites attractive as catalysts, sorbents, and

ion-exchangers (Chen, Degnan, 1988)

(1) well-defined crystalline structure

(2) high internal surface areas (>600 m2/g)

(3) uniform pores with one or more discrete sizes

(4) good thermal stability

(5) highly acidic sites when ion exchanged with protons

(6) ability to sorb and concentrate hydrocarbons.

In catalysis, the largest as well as the oldest application of zeolites is the

fluidized catalytic cracking (FCC). Zeolite X was used, and soon superseded by

zeolite Y due to its better catalytic stability. X,Y, and mordenite are also the most

widely used zeolites for hydrocracking. ZSM-5 is used for a large number of

processes. Some examples of its commercial usage are: selective cracking, dewaxing,

synfuel production, xylene isomerization, toluene disproportionation, ethylbenzene

synthesis, toluene alkylation with methanol, para-ethyltoluene and para-methylstyrene

synthesis, and methanol-to-olefins conversion.

As adsorbents, zeolites A, X, Y, mordenite, and ZSM-5 are widely used in

processes such as air separation, linear paraffin separation, drying of cracked gas,

pressure swing H2 purification, xylene separation, and removal of organics from water

(Ruthven 1984).

Ion-exchange anplication is mainly in industrial and domestic water softening

(Flanigen, 1984).

11



122 Shape Selectivity

The success of the above mentioned processes can be at least partially

attributed in one way or another to the shape selectivity of zeolites. Three types of

shape selectivity are exhibited by zeolites, as shown in Figure 1.1: reactant selectivity

by discrimination among molecules according to their sizes and shapes; transition

state selectivity by constraints the zeolite channel structure imposes on forming

molecules during the transition stage; and product selectivity by discrimination among

molecules that can leave the zeolite. Based upon these principles, some specially

designed zeolites can do catalysis and separation in one step. Thus, zeolites as

catalysts have opened a new avenue to direct dramatically the selectivity of catalysts

by varying the geometry of the zeolite cavities and channel dimensions. The concept

of "molecular engineering" in catalyst design was born (Chen, Weisz, 1967).

One typical example of a molecularly engineered catalytic process is toluene

disproportionation over ZSM-5. The chemical equilibrium concentration of xylene

isomers is typically about 25% para-xylene, 50% meta-xylene, and 25% ortho-xylene.

Para-xylene is the most valuable product. Since the diffusivity of p-xylene is about

1000 times faster than its isomers, the production of p-xylene is then favored in the

diffusion limited regime where the diffusion process of products is the rate limiting

step. By the use of catalyst modifiers such as magnesium and phosphorous to block

partially the entrance of zeolite pores, ZSM-5 functions not only as a catalyst, but

also as a product selector. Due to the product shape selectivity, the selectivity of p-

xylene can be enhanced to over 97% out of total xylene (Wei, 1982). More such

examples can be found in Chen and Garwood (1986), and Chen and Degnan(1988).

12
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Tronsition State Selectivity

Product Selectivity

Figure 1.1 Classification of ShapeSelective Catalysis in Zeolite
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1.23 Zolite Structre

The primary building block of the zeolite structure is a tetrahedron of four

oxygen atoms surrounding a central silicon atom. The tetrahedrons are bonded

together via shared oxygen atoms to form a variety of secondary building units, which

in turn generate a wide range of polyhedra. The combination of secondary building

units and polyhedra forms the infinitely extended frameworks of various zeolite

structures, as shown in Figure 1.2. About 60 different structures or topologies are

known (Vaughan 1988). Detailed reviews on zeolite structures have been given by

Breck (1974), and Barrer (1978).

The general formula to describe zeolites in terms of its unit cell is given by:

MxD(Alx+, Sin-(x +-y) O2n) MH20

where M and D respectively designate a mono- or a divalent cation to compensate

the negative charge born by AI04', which determines the acidity of zeolites.

Zeolites can be classified into several groups based on channel size: 12-

membered oxygen ring, large pore zeolites, such as X and Y; 10-membered ring,

intermediate pore zeolites, such as ZSM-5; 8-membered ring, small pore zeolites,

such as A, erionite, and chabazite; and 6-membered rings, such as solidate. The

discovery of aluminophosphate materials has opened a new dimension in molecular

sieves (Flanigen et al, 1986, 1988). Recently, a new aluminophosphate material with

18-membered rings has been successfully synthesized (Davis et al, 1988).

This study has selected zeolite ZSM-5 and, to a lesser extent, zeolite 5-A as

the model zeolites.

14
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ZSM-5, patented by Argauer and Landolt (1972), is a 10-membered ring

zeolite with two distinct sets of intersecting channels. Near circular sinusoidal

channels with a free cross section of 5.4 + 0.2 A are parallel to the a-axis or 100].

Elliptical straight channels with a free cross section of 5.7-5.8 x 5.1-52 A are parallel

to the b-axis or [010]. The calculated free cross section assumes that oxygen ions

have a radius of 13 A (Flanigen et al 1978). Figures 13a and 13b shows these two

types of channels generated from the combinations of the secondary building unit for

ZSM-5. The intersecting channels form a three-dimensional framework with a

coordination number of 4; each intersection connects to four other neighboring

intersections by channels. The size of these intersections is about 9 A in diameter

(Nowak et al, 1987). The distances between intersections are about 10.0 A for

straight channels and 12.0 A for sinusoidal channels respectively (Richards and Rees,

1987). Figure 1.4 is a schematic of the ZSM-5 channel system.

The ZSM-5 unit cell contains 96 T (= Si or Al) atoms and 192 oxygen atoms

with lattice constants a=20.1, b= 19.9, and c= 13.4 A (Kokotailo et al, 1978). There

are four intersections per unit cell. The Si/Al ratio is typically above 10. ZSM-5

with Si/Al ratio above 500 is sometimes referred to as silicalite.

Each unit cell of zeolite A contains 24 tetrahedral (AIO2 or SiO2) units to

form a cubic structure with a lattice constant a= 12.32 A. As shown in Figure 1.5, in

the center of the unit cell is a large cage about 11.4 A in diameter, which is

connected to six like cages by the 8-membered oxygen windows. The window size

can vary from its free diameter of about 4.2 A for 5-A (Ca2+, or Mg2 + form) to 3.5

A for 4-A (Na + form) or 3.2 A for 3-A (K+ form). The framework of zeolite A is

three dimensional with a coordination number of 6. The Si/Al ratio in zeolite A is

always close to one (Breck 1956; Walker et al 1966).

16



Figure 13a The b-face of the unit cell. The axis is horizontal, and the c-axis
vertical. The 10-membered ring apertures are the elliptical entrances to the straight
channels which run parallel to the b-axis (adapted from Kokotailo et al, 1978).

Figure 13b The a-face of the unit cell. The b-axis is horizontal, and the c-axis
vertical. The 10-membered -lng aperture are near circular entrances to the
sinusoidal channels which run parallel to the a-axis (adapted from Kokotailo et al,
1978).
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124 Molecular and Pore Diameters

There are at least two ways to characterize the size of zeolite channels (Breck,

1974; Barrer, 1978; Ruthven, 1984). The free diameter of a zeolite channel can be

calculated from the structural model of the oxygen rings forming the channel

openings, by assuming a diameter for the oxygen atom. This method gives the most

often quoted zeolite pore sizes: 2.8 A for 6-membered rings; 42 A for 8-membered

rings; 5.7 A for 10-membered rings; and 7 to 7.4 A for 12-membered rings. In these

calculations, a radius of 1.4 A for oxygen was used (Ruthven, 1984). The channel

size of a zeolite can also be characterized by the occlusion of guest molecules. The

so-called effective diameter of the zeolite channel is determined experimentally by

subjecting a zeolite to guest molecules with different kinetic diameters. For the

unobstructed 8-, 10-, and 12-membered ring zeolites, the effective sizes are

approximately 4.5, 6.0, and 8.5 A (Ruthven, 1984).

In the study of a guest molecule in a zeolite, the molecular diameter is often

characterized by either the minimum kinetic diameter of the molecule, d., (Breck,

1974) or the Lennard-Jones length constant, a, (or its corresponding van der Waals

diameter, o0, where ao = 21/6 om) (Ruthven, 1984). The minimum kinetic diameter

can be calculated from the minimum equilibrium cross-sectional diameter, and is

often used to characterize how difficult it is for a molecule to penetrate through a

zeolite channel (Breck, 1974). The value of the Lennard-Jones length constant can

be determined either from transport properties (viscosity, thermal conductivity) or

from detailed measurements of the deviations from the ideal gas law (second virial

coefficients) (Reid et al, 1977). This method gives a spherical representation of the

molecule. When a molecule is within a cage (or intersection) of a zeolite, this

potential length constant may give some indication of the interaction between the

20



molecule and the surrounding oxygen ions.

Molecules should not be viewed as rigid spheres, nor should zeolite channels

be viewed as rigid walls. For the case where molecular diameter is close to but still

smaller than the zeolite channel diameter, molecules might experience a net

attraction when passing through the channels; If molecular diameter is slightly larger

than the zeolite channel diameter, molecules might experience a net repulsive force

instead. If molecular diameter is much larger than channel diameter, molecules can

no longer enter the zeolite due to the strong repulsive force from the channels.

Neither zeolite channel diameter nor molecular diameter can be described by

a well-defined number. The diameter of an atom, such as oxygen, is difficult to

define explicitly. In the electron cloud model of the atom, the probability density

distribution theoretically reaches zero only at infinity. The electron density, however,

falls off so rapidly at a short distance from the nucleus that some approximation of

size can be made. In the case of zeolites, different radii of oxygen, such as 13 A

(Flanigen, 1978), 135 A (Olson et al, 1981), 1.4 A (Ruthven, 1984), were used. The

calculation of free diameter of a zeolite channel is also slightly dependent on the

choice of diametrically opposing oxygens (Flanigen, 1978). The vibration of the

crystal lattice and the possible distortions of both molecule and zeolite when the

molecule penetrates through the lattice make it even more difficult to assess the

"true" diameter of either molecule or zeolite pore. Furthermore, it is over-simplified

to characterize a molecule, especially a non-spherical one, by either a minimum

diameter or a potential constant. The free diameter of the zeolite channel, the

minimum diameter of the molecule and the potential constant mentioned above have

nevertheless given some characteristic descriptions on channel and molecule size,

which will be used in this thesis.
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Figure 1.6 lists the minimum diameters of some hydrocarbons (Breck, 1974)

and the pore sizes of three zeolites. The ratio between these two sizes is defined as

A. Hydrocarbons of interest in this thesis are normal-paraffins, single- and double-

branched paraffins, aromatics, such as benzene and toluene, and cyclohexane. Model

zeolites, as mentioned before, are ZSM-5 and 5A. Table 1.1 lists the Lennard-Jones

potential length constants for some hydrocarbons determined by Wilke-Lee method

(Reid et al, 1977).

13 Literature Review: Experimental Results

Barrer and his co-workers pioneered the diffusion study of zeolites more than

forty years ago (e.g. Barrer, and Ibbitson, 1944). Over the decades, many research

groups have engaged in probing the diffusional behavior in natural and synthetic

zeolites by various techniques (e.g. Ruthven, 1984; Bilow et al, 1980; Kirger and

Pfeifer, 1987; Hayhurst and Paravar, 1988). Here a brief summary on the

experimental techniques and the results will be presented. An excellent review on

the subject was recently published by Kirger and Ruthven (1989).

13.1 Experimental Methods

The measurements of the diffusivity in zeolites have been made by both

macroscopic and microscopic methods (Krger and Ruthven, 1989).

The macroscopic methods mainly include the transient methods, such as

gravimetric or volumetric uptake, frequency response, chromatographic

measurements, and tracer exchange, and the steady-state or quasi steady-state

methods, such as the Wicke-Kallenbach method, and effectiveness factor calculation

22
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Table 1.1 Dimensions for Various Molecules

Molecule dm(A) am (A) m/R (IK)

methane 3.8 3.65 128
ethane 4.40 212
propane 4.3 4.95 266
n-butane 43 5.41 314
n-pentane 5.79 356
n-hexane 6.14 393
n-heptane 6.44 427
n-octane 6.72 459
n-nonane 6.98 488
n-decane 7.22 514

2-methylbutane 5.0 5.79 346
2-methylpentane 6.14 384
2,2-dimethylbutane 6.2 6.14 371
2,3-dimethylbutane 6.14 381

cvclohexane 6.0 5.79 407
benzene 5.85 5.40 406

carbon tetrafluorine 4.7 434 167

* values of dm from Breck (1974).

* values of am and cm/R estimated by Wilke-Lee method (Reid et al, 1977):

am = 1.18 Vm1/ 3 and em/R = 1.15 Tb

where Vb = Le Bas volume

Tb = normal boiling point, °K.
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under reaction condition. The flux into or through a zeolite crystal (or an

assemblage of crystals) under well-defined boundary conditions is measured. The

diffusivity is then calculated by matching the experimental flux or uptake rate to the

appropriate theoretical solution derived from the Fick's law of diffusion (e.g.

Ruthv'en, 1984). In the chromatographic method, the diffusional time constant is

determined from the dynamic response of a packed column to a change in sorbate

concentration. In the effectiveness factor method, diffusivity can be derived from the

results of simultaneous catalysis and diffusion under diffusion limited conditions over

catalysts of different diameters (Haag et al, 1981).

The uptake methods are experimentally simple and straightforward, they are

however unreliable for fast processes (e.g. practical limit D/rp 2 < 0.01 s for

gravimetric or volumetric method). In the chromatographic method, axial dispersion

and intercrystalline diffusion are difficult to eliminate or estimate with confidence.

The Wicke-Kallenbach technique needs large crystals which are not easy to

synthesize. The advantage of the effectiveness factor method is that the

measurement is made at the reaction condition. The requirement of using at least

two sets of zeolite catalysts with the identical activity but different sizes is not easy

to meet in practice.

All of these measurements are subject to possible limitations from external

heat and mass transfer resistance, although to varying degrees. A small amount of

contaminants on the catalyst surface can also change significantly the measured

diffusivity. It is therefore very important to confirm experimentally the absence of

such effects under experimental conditions. This may be achieved by varying the size

of the zeolite crystals and the configuration of the sample, by checking the conformity

of the shape of the uptake curves to the diffusion model, by varying the nature and

25



flow rate of the carrier gas (or carrier liquid) in the case where carrier is used, and

by carefully eliminating possible sources of contaminants.

The microscopic methods are based on n.m.r. or neutron-scattering

measurements (e.g. Krger et al 1980a, 1980b; Egelstaff et al 1968). These

techniques measure the self-diffusivity, by determining the average time between

molecular jumps indirectly (n.m.r. relaxation, neutron scattering), or directly (n.m.r.

PFG method). The n.m.r. PFG method allows direct determination of the

probability distribution of the lengths of the diffusion paths (typically of the order of

a micron or more) during a known observation time (typically of a few milliseconds).

Both the intracrystalline diffusivity and the extracrystalline diffusivity may be

determined, depending on the ratio between the r.ms. displacement and the mean

crystal radius. This method is, however, only suitable for rapid processes (in practice,

for diffusivities larger than 10 cm2/s). The method has also been extended to

measure the rate of interchange of molecules between the adsorbed phase and the

surrounding gas. The indirect methods all suffer from the disadvantage that the

estimated diffusivity depends on an assumed jump length.

13.2 Experimental Observations

A picture of zeolite diffusion emerges from past studies. Configurational

diffusion can be characterized by the following distinct experimental observations:

(a) very small diffusivities, typically between 106 to 10-14 cm2/s (Weisz, 1973);

(b) a strong dependence on the size and the shape of the guest molecules (up to

1000 times difference between p-xylene and o-xylene; Wei, 1982);

(c) high activation energy (3 to 14 kcal/mol for paraffins in 4A and A; Ruthven,

1984);
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(d) a strong concentration dependence, which may increase or decrease by as much

as two orders of magnitude (Barrer, 1953; Doetsch et al 1974);

(e) a slow rate of counter-diffusion in comparison to that of a single component

diffusion (Satterfield and Katzer, 1971; Qureshi and Wei 1988).

The experimental observations reported in the literature, however, are not

conclusive and sometimes even contradictory on how the microscopic properties of

a molecule-zeolite system affect the macroscopic behavior.

For example, the discrepancy of the diffusivities measured by different

research groups, and/or by different methods for the same system under apparently

similar conditions can be as large as several orders of magnitude. More careful

studies showed that some of the reported data were significantly affected by external

heat and mass transfer resistances (e.g. Ruthven et al, 1980, 1981). In more recent

studies, larger and often unaggregated crystals were used in the uptake measurements

so that the intrusion of rate-limiting steps other than intracrystalline diffusion could

be eliminated. The good agreements for some systems were found not only between

the results for the same system by different macroscopic methods, but also by

macroscopic and microscopic methods. Krger and Ruthven (1989) listed some of

these systems: CH4/4A; C3H8, nC4, CF4/SA; TEA/NaX. The systems where

macro/micro data disagree include: nC4, Benzene, xylenes/NaX; C3Hd/silicalite. In

these cases, the macro diffusivity are smaller. Among these systems, C3H8 is unique

since it shows agreement between n.m.r.PFG and uptake method (square wave) data,

whereas the other macro techniques also yield consistent but much lower diffusivity

values.

Many of the earlier uptake studies were carried out with small commercial
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zeolite crystals, or even with pelleted material. The effects of heat and mass transfer

resistance and existence of contaminants in these samples could be severe. The

difference in the reported diffusivities for the same system might also be the result

of using different techniques, in which different assumptions are involved. In the

chromatographic method, a model of dispersion and diffusion is needed, and the

intracrystalline diffusivity is calculated after considerable deconvolution of the data.

And in some of the microscopic methods mentioned above, a jump length must be

assumed. Furthermore, in some cases, two different dynamic events might be

monitored due to the time scale difference of the measurements (KArger and

Ruthven, 1989). The time scale of an n.mr. (PFG) experiment is of the order of a

few milliseconds, whereas the time scale of most macroscopic sorption rate

measurements is of the order of seconds, minutes, or even hours. The results by the

macroscopic, short-time scale square-wave measurements are corLsistnt with those

by n.m.r., but not with those by other longer-time scale macroscopic rethods. If

there are two types of molecules inside the zeolite lattice: one is mobile while the

other is relatively immobile, different methods with different time scales might just

measure different diffusion processes. This hypothesis, however, needs further

experimental support.

Diffusion in zeolites is often found to be an activated process. The apparent

activation energy of normal-paraffins in zeolites 4A and 5A increases with the van

der Waals diameter of the diffusant (Ruthven, 1984). No other systematic study on

this aspect of the different zeolite systems has been carried out.

There are four types of concentration dependence of uptake diffusivity which

have been observed to date: type I, diffusivity, D, increases monitonically with

increasing concentration, c;, type II, D is independent of c; type III, D decreases
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monitonically with c; type IV, D decreases and then increases with c. Ruthven and

co-workers (e.g. 1971a, 1971b, 1972, 1973a, 1973b, 1975b, 1976a, 1976b, 1982) found

that the parameter , defined in section 12.4, is critical to the observed diffusion

types. For 8- and 12-membered ring zeolites, they observed type I or II for most of

the systems with l greater than one, and type III or IV with X less than one. Ruthven

and Lee (1981) later showed that some of the type III and IV results might be

inaccurate due to heat and bed diffusion effects. Type I or II was also observed for

systems with A greater than one by Habgood (1958), Barrer et al (1971), Eagan et

al (1975), Quig et al (1976), Billow et al (1982), Choudhary et al (1986), Tsikoyiannis

(1986), Zikanova et al (1987), Shah et al (1988), Qureshi and Wei (1988). In

contrast, Barrer and co-workers (1948, 1953, 1974) observed type III in several

experiments, even though all I's were greater than one.

The reported concentration dependent trends of diffusivities for a given system

are sometimes not consistent with each other. For the diffusion of benzene in ZSM-

5, for example, Tsikoyiannis (1986) observed a thirty-fold increase in diffusivity as

concentration rises from about 0.5 molecule/unit cell to about 4 molecules/unit cell.

The results of Zikanova et al (1987) showed a roughly concentration independent

trend of diffusivity over the same concentration range, after converting the corrected

diffusion coefficients presented in the paper to uptake diffusion coefficient. Qureshi

(1989) reported no dramatic effect of occupancy on the diffusion coefficient for

concentrations less than about 3 molecules/unit cell.

The lack of reliable data on diffusivity, and its dependence on the temperature

and concentration has therefore limited the quantitative understanding of zeolite

diffusion, which has in turn hindered the development of a comprehensive diffusion

theory for zeolites. A systematic experimental study on these subjects can greatly
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advance the better understanding of this important diffusional phenomenon.

1.4 Liter'ture Review: Estin Theories

There are two main approaches to modeling diffusion in zeolites. These are

the microscopic approach, where kinetic properties of guest molecules are explicitly

considered, and macroscopic approach, where the molecule-zeolite system is viewed

as a continuous medium and kinetic properties of guest molecules are ignored.

The macroscopic model, also known as the irreversible thermodynamics

model, is mainly used to explain the concentration dependence of diffusivities for

one-component and two-component diffusion in zeolites. This model can explain

some data of types I and II described in the previous section. The reason for the

success and failure of the model is, however, not clear since the model is established

on phenomenological ground and the detailed descriptions of molecule motion are

ignored. This model is not capable of predicting the order of magnitude of the

diffusivity. The macroscopic model can, therefore, at most be used as a correlative

model. The microscopic model, on the other hand, can incorporate a variety of

assumptions in regard to individual particle motion, the interaction between the guest

molecule and its host zeolite, and the interaction among molecules themselves.

Through these assumptions, one should be able to predict and explain not only the

concentration dependence of the diffusivity but also its magnitude. Only limited

success has been achieved to date by this approach, mainly due to the difficulty of

making appropriate assumptions and verifying these assumptions. With the recent

emerging experimental results reported on the motion of molecules inside the zeolite

lattice by different techniques, this obstacle might soon be overcome.
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Before proceeding further to detailed discussions on these two approaches, it

would be helpful to review briefly the definitions of diffusivity, particularly those in

zeolites.

1.4.1 Definitions of Diffusivity

Bird et al (1960) presented the relations among the fluxes with respect to

stationary axes as follows:

nA = jA + PAUM (1.1)

where nA is the mass flux of species A,

nA = PAUA (1.2)

and PA is the mass concentration of A (for example: g of A/cm3 of solution), um is

the mass average velocity, defined by

U, = AUA + O,j (1.3)

In the above equation, mi (= pi/P) is the mass fraction of species i (i = A, B), and

ui is the velocity of species i relative to stationary coordinates.

For diffusion in zeolites, component B (zeolite) is stationary (uB = 0). The

mass of component A (guest molecule) is negligible in comparison to the total mass

of zeolite crystal and molecules (PA < ). The right hand side of Eq. (1.3) is

therefore approximately equal to zero. Equation (1.1) can thus be simplified to

nA = jA (1.4)

The mass transfer process inside of zeolites is therefore a pseudo-one-component
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diffusive process if there only one type of guest molecules presents. The

corresponding Fick's first law is of form:

J = -D V (1.5)

where J is the molar flux of guest molecules relative to stationary coordinates, and

D is the diffusion coefficient, or the diffusivity.

It should be noted that the diffusivity is defined here in relation to the

concentration gradient of a targeting species INSIDE the zeolite lattice. If the

partitioning of molecules between gas phase and zeolite can be described by Henry's

law:

= KR CT (1.6)

where KH is the Henry's law constant, and if the flux is expressed in terms of gaseous

concentration, a different diffusivity is then introduced:

J = -D, Vct (1.7)

where

D = D; (1.8)
KR

If the partitioning between two phases is of Langmuir type and gas phase is

ideal, then we have:
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D= DC
c (l- C R(1.9)

where cs is the saturation concentration in zeolite, and K is the Langmuir parameter,

defined by

K=_ c (1.10)
P(c,-c)

where P is the corresponding gaseous phase pressure.

The differences in the definitions of diffusivity can therefore lead to different

values of diffusivity, different activation energies, and different concentration

dependent trends of diffusivity. The mobile species and the immobile species

presented in the adsorption process can add even more complications into the

definition of diffusivity (Haynes, 1988; Garcia and Weisz, 1990). One thus needs to

specify the conditions under which a diffusion experiment was conducted, and the

procedures and the methods used in obtaining the diffusivity. Care should be taken

if the diffusivities by different research groups and/or by different techniques are

compared.

For this thesis, the aim is to investigate how the interaction between the

molecule and the lattice, and the interaction between molecules inside the zeolite can

affect the diffusional behavior. The experimental diffusivity is obtained by the

uptake method in which a concentration gradient inside the lattice drives the uptake

process. The diffuisivity defined by Equation 1.5 is therefore used in both theoretical
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and experimental analysis.

1.42 Macrosopic Approach

This approach is based on the general theory of irreversible thermodynamics.

The theory was presented by Onsager (1931) and later by Casimir (1945), Prigogine

(1967), de Groot and Mazer (1969). The fluxes, Ji, the time derivatives of

appropriate variables, are related to the "thermodynamic force", Xj, by the expression

J,= I LE (1.11)

The force, Xj, arises from the tendency of a nonequilibrium system to return to

equilibrium conditions.

An irreversible thermodynamics theory of diffusion in zeolites has been

developed by Barrer and Jost (1949), Ash and Barrer (1967), Ruthven et al (1971a),

and Kiirger (1973, 1975). When the "true driving force for diffusion", the gradient

of -the chemical potential, is represented in terms of a concentration gradient, the

formulation of the diffusion equation leads to

J= -RTBftnt (1.12)
at

= -Dar -- (1.13)

where B is the mobility, and Dc is the "corrected diffusivity", defined by

D = RMT (1.14)
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Comparing Eq. (1.13) with Eq. (1.5), we have:

D = D (1.15)

Equation (1.15) is commonly known as Darken's equation. The relation

alnP/dlnc can be obtained from the adsorption isotherm. Utilizing the Langmuir

isotherm gives

D D c (1.16)
1-0

where the occupancy, 0, is simply c/cs. An order of magnitude increase in diffusivity

should be observed if 0 rises from about zero to about 0.9 for the case where Dc is

a constant.

Habgood (1958) extended the irreversible thermodynamics concept to two-

component systems. The same concept was also used in the studies of self-diffusion

(Barrer and Fender, 1961; Kicrger, 1976).

Experimentally, it has been observed that for a number of molecule/zeolite

systems the concentration dependence of diffusivity can be correlated by using

Darken's equation with a concentration-independent Dc. This approach, however,

gives no mechanistic reason why it happens and when it should fail since the details

of molecular motions were ignored in the formulation of this correlation. There is

also no theoretical basis why a term of concentration, c, should be included in Eq.

(1.12).
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1.43 icroscopic Approach

A first attempt to model the diffusion in zeolites by kinetic theory was made

almost an half of century ago by Barrer (1941). The diffusion rate of a molecule

with sufficient energy to jump from one site to another depends on the chance of

finding a vacant site. The probability of a site being occupied by a molecule, 0, the

vibration frequency, v, the lattice constant, a, and the activation energy, E, were

related to the apparent diffusivity, Dapp by

D, = D (1-0) (1.17)

and

D = C2ve f (1.18)
6

Barrer and Jost (1949) modified the above equations by superimposing the

effect of equilibrium isotherm into the formulation. For the Langmuir isotherm, the

effect of finding a vacant neighboring site, (1-0), and the effect of the chemical

potential, 1/(1-0), compensated exactly, and a constant diffusivity results. They also

assumed that the activation energy persisted long enough for an n-fold molecular

jump in a straight line, which led to different types of concentration dependence of

diffusivity. There is no experimental evidence, however, as to whether such a multi-

step jump actually occurs.

Riekert (1970) used a lattice model to conclude that single-component

diffusion in zeolites gives a concentration-independent diffusivity, similar to Eq.

(1.18). The effect of the decrease in the average jumping frequency of the targeting

particle with increasing occupancy cancels out in the expression. For binary diffusion,
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the apparent diffusivity decreases with the concentration, proportional to (1-0).

Palekar and Rajadhyaksha (1984) modelled a zeolite lattice with one-

dimensional, parallel, non-intersecting channel system as tanks-in-series. An

activated molecule was assumed to jump to its neighboring site unless both of the

adjacent sites were occupied. This leads to the concentration dependence of

diffusivity being (1-O2). Based upon the same assumption, they (1985a, 1985b, 1986a)

later carried out Monte-Carlo simulations to model one- and two-component

diffusion in the same type of zeolite lattice. A rising trend of apparent diffusivity was

observed for the single-component diffusion. Aust et al (1989) extended the work

of Palekar and Rajadhyaksha to the two-dimensional lattice by similar Monte Carlo

simulations. They reported a rising trend of diffusivity under the assumption that a

molecule would jump if it could. An almost concentration-independent trend was

observed when the assumption was changed so that the molecule would not leave the

site if the first assigned direction led to an unsuccessful jump.

Theodorou and Wei (1983) developed a Monte Carlo model, in which the

movement of molecules within zeolites was assumed to be a random walk from

intersection to intersection in a finite two-dimensional square lattice. A molecule

was randomly activated, and one of four neighboring sites was randomly selectived.

If the site was unoccupied, the activated molecule "jumped" to the new site. If the

site was already occupied by another molecule, then both molecules remained where

they were. A decreasing trend in self-diffusivity with increasing concentration was

predicted due to the exclusion of double occupancy of the sites. The blockages of

the interior diffusion path and the pore entrance could also cause a decrease in

diffusivity.
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Tsikoyiannis (1986) has further extended this study by the theory of Markov

Pure Jump Processes (Hoel et al, 1972). Zeolitic sorption, diffusion, and reaction

were modelled as a sequence of elementary jump events taking place in a finite

periodic lattice. The Master equation was derived, and Monte Carlo simulations

were used. Approximate analytic solutions were presented, based on first order

correlation functions where only the sites immediately adjacent to the targeting site

were considered. Assuming exclusion of double occupancy of the lattice sites and

non-interacting molecules, the single-component uptake diffusivity was found to be

independent of occupancy. In contrast, self-diffusivity decreased with occupancy.

These results are the same as those from Riekert (1970). The first order correlation

was also applied to the case where the weak attractive or repulsive interparticle

interaction existed.

The advantage of the above models is their flexibility in incorporating a

variety of assumptions in regard to individual particle motion on a microscopic scale.

The macroscopic diffusional behavior of the system can then be derived. The first-

order correlation function method can even give an approximate, easy-to-use analytic

solution. The assumption of weak interaction between molecules needs further

justification. The experimental results in the literature (e.g. Ruthven, 1984)

suggested that an increasing trend in diffusivity occurred at the same time as a

decreasing trend in Langmuir parameter was observed. The attraction between

molecules, according to the model, could result in a rising trend in diffusivity with

occupancy. And a rising trend in the Langmuir parameter, defined by Eq. (1.10),

with occupancy was also expected under this condition. The repulsion between

molecules, on the other hand, could result in a decreasing trend in diffusivity and

Langmuir parameter. The theoretical predictions mentioned are, therefore, not

consistent with the experimental observations. A further modification on the theory
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needs to be advanced.

The above discussions mainly concern the concentration dependence of the

diffusivity. Another important issue is the estimation of the order of magnitude of

the diffusivity. Equation (1.18) is one of those attempts based upon the view that

zeolitic diffusion is similar to atomic diffusion in solid.

Ruthven and Derrah (1972) applied transition state theory to estimate the

"corrected diffusivity", defined by Eqs. (1.13) and (1.14):

De = T 2fe AT (1.19)
6 f,

where k is Boltzmann's constant, h is Planck's constant, fc and fi are the partition

functions at the channel (pore) and at the intersection (cage) respectively, and fc-t i

is the molecule potential difference between the channel and the intersection.

Utilizing Henry's law, they related Dc to the ratio of the partition function at the

channel and that of the gaseous phase, the pre-exponential term of Henry's law

constant (KH°), the molecule potential difference between the gaseous phase and the

channel, and the heat of the adsorption. The values of KH° and the heat of

adsorption might be found from equilibrium data. The potential difference may be

calculated from potential theory. And the ratio of the partition functions may be

estimated from theoretical considerations. Kirger et al (1980) extended this method

on the estimation of the ratio of the partition functions.

In using this model, two parameters, KH° and the heat of adsorption, need

to be experimentally determined. Furthermore, in the derivation of the transition

state theory, the species at the transition state is assumed to be weakly bound and
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vibrate with a frequency, vrc, along the "reaction" coordinate. It is also assumed that

hvrc is much less than kT. These assumptions lead to the pre-exponential term

expressed in Eq. (1.19). This picture might not describe diffusion in zeolites.

Molecules reside preferably at the intersection for most of the time due to the

attractive force from the framework. When a molecule is slightly larger in size than

the channel size, such as the case of normal-paraffins/5A, the molecule might

experience a soft repulsive force while passing through the channel. It is very

unlikely that this molecule would be 'bound' at the channel (the "transition state" of

the zeolitic diffusion). The effective vibrational frequency, vc, of simple molecules

within a zeolite lattice was estimated to be about the order of 1012 s' 1 (Barrer, 1978).

This frequency would give the ratio of (hv/kT) a value of the order of 0.1 at 300K.

Even though vrc could be smaller than v. due to the weak 'bonding" (assuming the

existence of such a bonding"), it might not be safe to assume that hvrc is much

smaller than kT, as required by the derivation of the transition state theory.

Derouane (1986) described the interactions between molecules and the zeolite

framework as a stereochemical, rather than diffusional, issue. He proposed the "nest

effect' image wherein a molecule and its direct environment tend to reciprocally

optimize their van der Waals interaction. And van der Waals bonding was suggested

to be proportional to the Gaussian curvature of the zeolite surface. A molecule may

acquire supermobility when its dimension(s) match intimately that of the surrounding

pore, a case referred to as the floating molecule. And serpentine or creeping motion

of chain molecules along the channel wall should be expected in other situation.

Derouane et al (1988) then applied an uptake formula based on this van der Waals

model to determine the mass transfer coefficient for n-hexane in zeolites. That

formula suggests that the uptake should follow an exponential function. This is

mathematically equivalent to the surface barrier model proposed by Ktrger and
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Herman (1974) in which the uptake is assumed to be controlled by transmission

through a surface skin, instead of by intracrystalline diffusion. In most of the

experimental observations of diffusion in zeolites, the uptake follows Fick's law. The

surface curvature effect, though it may exist, is at least not a dominant factor in most

of the uptake measurements.

Choudhary and Akolekar (1989) proposed a shuttlecock-shuttlebox model

The relative penetrability and diffusivity of bulky sorbate molecules in ZSM-5 were

discussed qualitatively, based on the configuration and flexibility of molecules and

zeolite pores. No quantitative analysis was given.

The computer modeling based upon the principles of statistical mechanics and

molecular dynamics has been applied to the study of structural, adsorptive, diffusive

and catalytic properties of zeolites (e.g Kiselev et al., 1981; Ramdas et al, 1984;

Nowak et al., 1987; June et al., 1988). Some interesting features of zeolites were

predicted by these computation-intensive studies.

Ramdas et al. used computer graphics to depict features of zeolite structures

determined by X-ray studies. They also modeled the possible zeolite intergrowths,

and twinning. Dynamic simulations of interaction between organic molecules and the

framework were performed by summing the atom-atom interactions.

Nowak et al. extended the above study to consider the adsorption and

diffusion of benzene and toluene in the zeolites theta-1 and silicalite. A molecule

was placed in a specified starting configuration, and then allowed to translate along

and rotate about the molecular axis that was parallel to the channel axis. The

Lennard-Jones description of the atom-atom potentials was employed. The average
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interaction energy between molecule and zeolite was obtained by Boltzmann factor

averaging of the position-dependent interaction energy. They predicted that a

molecule is most likely to be situated in the channel center instead of at the channel

wall. The calculated heat of adsorption for benzene in silicalite is about -573

kJ/mol. An activation energy of about 22-45 kJ/mol was estimated for the diffusion

of benzene and toluene in silicalite. The movement for both benzene and toluene

seems to have similar energy constraints.

For hydrocarbons in silicalite, June et al. determined Henry's law constants

and isosteric heat of sorption by the evaluation of configurational integrals with a

Monte Carlo integration scheme. The spatial distribution of sorbate molecules within

the pore network, as well as perturbations to their conformation due to confinement

in the pores, were determined via a Metropolis Monte Carlo algorithm. They

concluded that the linear alkanes, such as n-butane and n-hexane, prefer to reside

in the channels and bulky branched alkanes, such as 2-methylpentane, reside at more

spacious channel intersection. The self-diffusivity of methane was also estimated by

molecular dynamics simulations.

These kind of models seem very promising in the modeling of zeolite

properties, since the structures of zeolites are well defined and more powerful

computers are emerging. The bottleneck is the availability of the proper inter-atomic

potential parameters for the interaction of hydrocarbon atoms with the zeolite

framework The calculation results are very sensitive to the values of these

parameters, and how the interactions are modeled. For example, June et al (1989)

used an optimal value' for the oxygen van der Waals radius determined by

comparing the computed Henry's law constant to a set of experimental data for

methane in silicalite. This optimal oxygen radius was found to be 1.575 A, which is
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larger than the often-used values, such as 13 A (Flanigen et al, 1987), 135 A (Olson

et al, 1981), and 1.4 A (Ruthven, 1984). The ultimate goal for these type of

approach is to determine all the parameters from an independent source, such as

from quantum mechanics calculation and the structural analysis of the zeolite and

molecules, and then to predict the adsorptive, diffusive and catalytic properties of a

given molecule/zeolite system with no fitting parameter.

1.5 Thesis Outline

As stated at the beginning of this chapter, the objective of the thesis is to

obtain a better understanding of diffusion in zeolites, particularly in relation to

temperature and concentration effects.

In Chapter 2, two models (the GT model and the SV model) will be derived

from the principles of statistical mechanics to bound the diffusional behavior of

hydrocarbons in zeolites. The fundamental assumptions of the models will be

validated by recent emerging experimental results characterizing molecular behavior

inside zeolites. These two models are self-consistent models capable of predicting

the diffusivity, based upon the information of molecular structure and zeolite

framework, and that of the molecule-zeolite interactions. All the parameters in the

models are well-defined, and can be determined independently. A Lennard-Jones

potential method is used to estimate the potentials of a molecule at the channel and

at the intersection. The concept of intracrystalline partitioning is introduced to

account for differences in molecular rotational degree of freedom at the channel and

at the intersection.

The stochastic models proposed by Theodorou and Wei (1983), and
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Tsikoyiannis (1986) are extended to predict the collective behavior of molecules

inside the lattice. Attempts are made to explain the concentration dependences of

the diffusivity and the Langmuir parameter of the equilibrium isotherms in relation

to the interactions among molecules. Molecular distributions due to the molecule-

molecule interactions inside the lattice are also discussed.

In Chapter 3, the results of a systematic experimental study are presented.

The diffusional and adsorptive properties of about 19 different hydrocarbons,

including paraffins, aromatics and naphthene, in ZSM-5 and, to a lesser extent, in 5A

are investigated. The effects of temperature, molecular diameter, molecular length,

concentration, cage, Si/Al ratio, adsorption and desorption, zeolite modifier and

activating process are probed. The equilibrium isotherms and adsorption capacities

are reported. The objective is to generate reliable data to facilitate our

understanding of zeolitic behavior, and to serve as a basis for comparison with the

theoretical predictions.

In Chapter 4, the comparisons are made between the models proposed in

Chapter 2 and the experimental results from Chapter 3, along with some of the

experimental data in the literature which are reportedly consistent among different

research groups. There are two key issues in these comparisons: the orders of

magnitudes of diffusivity for a given molecule/zeolite system, and the concentration

dependence of diffusivity. No fitting parameters are used in the model predictions.

The good agreements between the experimental results and the theoretical

predictions suggest that we might have captured the fundamentals of the diffusion in

zeolites.

In Chapter 5, the results will be summarized.
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2 THEORY

In this chapter, the effort will be devoted to developing a diffusion theory of

hydrocarbons in zeolites. Four well-known diffusion regimes and their relationship

to zeolite diffusion will be discussed first. A brief summary of the molecule-lattice

interaction characterized by different techniques reported in the literature will be

presented. These characteristics will lead to formulations capable of estimating the

orders of magnitude of diffusivity for a given molecule/zeolite system. The

interaction between molecules at high concentration will be proposed to be

responsible for the concentration dependent trend of the diffusivity.

2.1 Introduction

2.1.1 Diffusion Regimes

According to Fick's first law of diffusion, the net diffusive flux of one species

in a given direction is related to the gradient of the concentration of this species by

a phenomenological relation:

J, = -d (2.1)

where D is the diffusion coefficient or diffusivity. The minus sign means that

diffusion occurs away from regions of high concentration.

There art four well-known types of diffusion: gaseous (or molecular) diffusion

(Hirschfelder, 1954), Knudsen diffusion (Satterfield, 1980), liquid diffusion (Kirkaldy

and Young, 1987), and atomic diffusion in solids (Kittle, 1976; Girigalco, 1973).
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Figure 2.1 is a schematic of these four diffasion regimes.

In porous media exposed to a gas phase, gaseous diffusion retains its

characteristics so long as the pore size is much larger than the mean free path of the

molecules. Molecules collide with each other after travelling an average distance

equivalent to their mean free path with the average kinetic speed determined by the

Maxwell-Boltzmann distribution. When the pore size is smaller than the mean free

path, collisions between molecules and the wall occur more frequently than collisions

among molecules themselves. The average distance travelled before collisions

approximately equals the pore diameter. Knudsen diffusion results.

In the condensed state of liquids, the diffusion process could be viewed as a

gradual movement of molecules through the matrix as a result of thermal vibration

and expansion. A liquid molecule would retain its kinetic energy, and the mean jump

length is related to the free volume in the somewhat loosely packed structure of

liquid molecules, and to the variation in free volume due to thermal expansion

(Kirkaldy and Young, 1987).

For solids, an atom vibrates about its equilibrium position due to the strong

bonding with neighboring atoms. The atomic vibrational mode with its frequency,

v, becomes responsible for diffusion. In one unit of time, the atom makes v passes

at the energy barrier presented by its neighbors, with a probability exp(-E/kT) of

surmounting the barrier on each try. The jump length is often relatd to a, the lattice

constant (Kittle, 1976).

The mathematic formulas to estimate the diffusivities of these four types of

diffusion are summarized in Table 2.1. These formulas can be easily derived from
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Figure 2.1 Schematic of Diffusion Regimes
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* Z: coordination

J x = - D C/ax

= g u L EXP(-E/RT)

number;
E: kcal/mol.

Table 2.1 Summary of Diffusivity Formulas (1)
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their well-understood mechanisms. The diffusivities for all of these four cases can

be expressed as:

E (2.2)D=guLe Rr

where u is the velocity, at which the molecule or the atom travels. L is the

diffusional length (the average distance between collisions or jumps). E is the

activation energy for diffusion, and g is a geometrical factor.

For gaseous, Knudsen, and liquid diffusion, the velocity is simply the averaged

kinetic velocity, as stated in their mechanisms. The diffusional lengths are,

respectively, the mean free path of the molecule for gaseous diffusion; the pore

diameter, dp, of the porous media for Knudsen diffusion; and the free volume length

for liquid diffusion, which is related to the thermal expansion coefficient, aT, the

temperature, and the molecular size (Kirkaldy and Young, 1987). The orders of

magnitude of the diffusional length at room temperature are typically about 1000 A

for gaseous diffusion, 100 A for Knudsen diffusion, and 0.1 A for liquid diffusion.

Based on these diffusional lengths and the velocity value, the orders of magnitude

of diffusivity yield 0.1 cm2/s for gaseous diffusion, 0.01 cm2 /s for Knudsen diffusion,

and 105 cm2 /s for liquid diffusion. These estimated values agree in order of

magnitude with the measured diffusivities of these three diffusional regimes.

The weak temperature dependence of the diffusivities are T15 for both

gaseous and liquid diffusion, and T05 for Knudsen diffusion. There is no activation

energy for these diffusion processes. Gaseous diffusivity is inversely proportional to

pressure, whereas Knudsen diffusivity is independent of pressure.
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The factor of 1/3 listed in Table 2.1 as the geometry factor, g, is to indicate

that those molecules moving in the y and z directions do not contribute to the

diffusive flux in the x direction. In porous media, a tortuosity factor, r, should be

included in g to account for the irregular shapes of pores and the tortuous diffusion

path in real pores which is greater than the distance along a straight line in the mean

direction of diffusion. Values of r are often found experimentally in the range of 2

to 7, and a value of r =4 is recommended for estimation purposes in the absence of

other information. Moreover, the diffusion flux per unit total cross section of the

porous solid would be a fraction, Op, of the flux under similar conditions with no

solid present, where Op is the porosity. Values of Op vary from about 0.3 to 0.7. In

the absence of other information a value of Op=0.5 is recommended (Satterfield,

1980). The resulting diffusivity from considering the above effects is called the

effective diffusivity, Deff, defined as

D = D P (2.3)

The estimated effective diffusivities are, therefore, about 0.01 cm2/s for gaseous

diffusion, 10-3 cm2 /s for Knudsen diffusion in porous media.

It should be noted that for gaseous and Knudsen diffusion, the effective

diffusivity defined above is often determined by passing two gases past opposite faces

of a catalyst pellet and measuring the flux of one gas into the other (the Wicke-

Kallenbach method). The concentration gradient used in the flux expression is the

concentration difference in these two gaseous phases. If the concentration gradient

inside porous media is to be used, a partition coefficient describing the equilibrium

of molecules between gas phase and solid phase should be included in Eq. (23), as

discussed in section 1.4.1., in the case where such a partitioning exits. There would
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be significant corrections when the adsorbed concentrations are not linear with the

gaseous concentrations.

Many solid solutions are interstitial, as shown in Figure 2.1, and interstitial

atoms are able to move through the narrow interatomic channels. This type of

diffusion is called interstitial diffusion. Furthermore all crystals contain vacancies,

indicated by V in Figure 2.1. The number of vacancies increases rapidly with

temperature up to about 0.01% of sites near the melting point. Even substitutional

atoms near V (see Figure 2.1) can move by interchanging with the vacancies. This

type of diffusion is called vacancy diffusion. The values of the characteristic atomic

vibrational frequency, v, are of the order of 1013 to 1014 s-1 (Kirkaldy and Young,

1987; Kittle, 1976). The lattice constant, a, is of the order of about 10 A. Activation

energy barriers that atoms have to overcome for a successful jump are about 10 to

90 kcal/mol (Kittle, 1976). Based on the above information, the upper bound for the

diffusivity at room temperature is of the order of 10 cm2/s. The temperature

dependence of the diffusivity in solid is more dramatic, since diffusion in solids is an

activated process. At the melting point, the diffusivities in solids may approach liquid

diffusivity values (Kirkaldy and Young, 1987).

The diffusion of molecules in zeolite pores of comparable size presents us with

a new diffusion regime, the "configurational regime" as coined by Weisz in 1973. As

discussed in Chapter 1, the mechanism for this type of diffusion is still far from being

well-understood. There is no well-accepted formula for estimating the diffusivity in

this regime, in contrary to the four regimes discussed above where the mechanisms

are well-understood and formulas are available for estimating the diffusivities. The

objective of this chapter is, therefore, to develop a mechanistic theory for

configurational diffusion, to propose a model (models) to estimate the diffusivity in
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zeolites and predict the temperature as well as concentration dependence of the

diffusivity.

Qualitatively, the movement of molecules in zeolites are "bounded" by two

diffusional regimes: Knudsen diffusion and solid diffusion. Molecules inside zeolites,

however, are not as free as in Knudsen diffusion where the effect of the potential

field of the solid surface is minimal. In zeolites, molecules can never escape

completely from the potential field of the lattice since the pore size is comparable

to the molecular size. On the other hand, a molecule should not be bonded as

strongly as an atom in the interstitials due to the existence of well-defined pore

opening in zeolites. Interactions among molecules inside the lattice can further

complicate the diffusional behavior. In order to understand how a molecule behaves

inside zeolites, a brief summary of the molecule-lattice interaction characterized by

different techniques reported in the literature will be presented in the following

section. These characterization results will lead to the assumptions of our proposed

diffusion models.

2.12 Characterization of Molecules Inside Zeolites

Recently, attempts have been made to characterize experimentally the

interactions between molecules and zeolites by different techniques.

Cohen De Lara et al (1984) studied methane in 4A and 5A by IR and neutron

scattering techniques. They observed that molecules inside the zeolites behaves in

practically the same way as those in a liquid medium in respect to the rotational

freedom. Molecules stay in the cavities for most of the time, although not at a

specific site at a high temperature (> 300 K). At a lower temperature (<200 K),
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molecules tend towards the surface of the wall and the mobility becomes more

restricted.

Nagy et al (1983) studied the mobility of o-xylene and p-xylene in ZSM-5 at

37 C by proton decoupled 13C NMR spectroscopy. It was concluded that the

spectrum of p-xylene was consistent with the rapid translational motion of molecules

in all three zeolite channel directions. The p-xylene diffusion was fast on the NMR

time scale, with an estimated mean time between jumps of less than 10.4 s. The o-

xylene, however, gave a "rigid lattice" pattern, and was estimated to have a diffusion

coefficient of about four orders of magnitude less than the p-xylene. The dynamics

of organic molecules, such as methanol, benzene, toluene, and p-xylene, sorbed by

zeolites ZSM-5, mordenite, Y and erionite were investigated by using solid-state

deuterium NMR (Eckman and Vega, 1986). The results suggested that up to 150

°C, p-xylene molecules can move along the straight channels in ZSM-5, but do not

move from the straight channels into the zigzag channels nor move along the zigzag

channels on the NMR time scale of 10' 5 s. The reorientation motion of toluene in

ZSM-5 is less restricted than that of p-xylene. At room temperature, the toluene

molecule cannot undergo a complete head-over-tail flip or complete three-

dimensional diffusion. These motions become possible at higher temperatures. For

benzene/ZSM-5, the motion of benzene molecules is nearly isotropic and benzene

molecules rotate rapidly about the C6 axes. Kustanovich et al (1988) demonstrated

by (MASS) NMR study that the para axes of all sorbed p-xylene species are fixed in

the lattice up to -70 C. At higher temperature, p-xylene freely rotates about the

molecular para axis, and reorientates the para axis by 900 to 1120. No evidence for

the three-dimensional diffusion inside the channel system was found on the NMR

time scale of 10' 5 s.
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Mentzen and his co-workers (1987a, b, c; 1988) probed the guest molecules,

such as benzene, p-xylene, and n-hexane, adsorbed on ZSM-5 by X-ray powder

profile refinements. They found that the benzene molecule appears to be present

in the channel intersections, up to about 4 molecules/unit cell, with two simultaneous

orientations, and free rotations about the axis. N-hexane molecules preferentially

reside in the channels up to about 7 molecules/unit cell At low concentration, p-

xylene occupies the channel intersections with the methyl groups parallel to the

straight channel, and at higher coverage (up to about 8 p-xylene molecules/unit cell)

p-xylene appears in the sinusoidal channels, resulting in significant molecule-molecule

interaction in addition to the interaction between molecules and the framework of

zeolite.

Fraissard (1987) conducted an NMR study of 129Xe adsorbed on zeolites Z,

ZSM-5, ZSM-11, CaA, X, and Y. He found that at lower concentrations the

molecule-wall collision is the dominant factor whereas at higher concentrations the

molecule-molecule collision becomes important.

An IR study done by Aroson et al (1987) indicated that 2-methyl-2-propanol

and 2-propanol dehydrate in ZSM-5 to form carbonium ion-like intermediates prior

to desorption. Egelstaff et al (1968) examined water, methyl alcohol, methyl

cycanide, and ammonia in 3A by neutron scattering. They concluded that molecules

vibrate with the vibrational frequency of the zeolite lattice before they jump to a new

orientation in the cage.

Some of the above observations are supported by some of the theoretical

calculations. Nowak et al (1987) showed by a Lennard-Jones type of approach that

benzene retains the orientational freedom, though restrictively, at the intersections
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of silicalite channels. The simulations by June et al (1988) predicted that normal

hexane prefers to sit in the sinusoidal pores while branched 2-methyl pentane prefers

to sit at the intersections.

The experimental and the theoretical results in the literature on

characterization of molecules inside zeolites are not conclusive, sometimes even

cortradictory. The following pictures have nevertheless emerged om these

observations:

(1). Bulky molecules, such as aromatics and branched paraffins, are

localized at the channel intersections of ZSM-5. Smaller molecules, such as normal

paraffins, prefer to sit in the channels of ZSM-5.

(2). Above room temperature, non-polar molecules rotate as freely, if not

as those in the gas phase, at least as those in the liquid phase. At very low

temperatures, molecules might become more attached to the surface of the lattice.

(3). Polar molecules with strong specific interactions with the framework

of zeolites, such as water and alcohol, might be adsorbed very strongly on the

adsorption sites, and vibrate with the host lattice.

(4). At low concentrations, the molecule-lattice interaction is the dominant

factor. The molecule-molecule interaction becomes important at high concentrations.

In the remainder of this chapter, a diffusion theory of hydrocarbons in zeolites

will be proposed based on the above pictures.
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2.2 Diffivit In Zeolites Orders of Magnitude and Temperature Effect

Based upon the experimental observations discussed above, we propose that

the diffusion in zeolites is bounded by two extreme cases characterized by two

models:

the Gas Translation (GT) Model:

the molecules inside the

characteristics, although the

site becomes restricted and

imposed by the channels;

zeolite lattice retain their gaseous

movement of molecules from site to

has to overcome the energy barrier

the Solid Vibration (SV) Model:

the molecules inside the zeolite lattice lose their gaseous entity because

of the strong interaction between the zeolite framework and the

molecules; the molecules vibrate with their host lattice before

accumulating enough energy to jump to the neighboring sites.

In reality, the molecules would behave somewhere in between those two

limitiig cases.

2.21 Derivations of the GT Model and the SV Model

In this section, the mathematical expressions for the GT model and the SV

model will be derived from the principles of statistical mechanics.

Considering a molecule in a potential field, V(x), of a periodic lattice, as

56



shown in Figure 2.2, we assume that

(1). The diffusion process in zeolites is an activated process. A molecule spends

most of its time at its equilibrium position. The difference between the maximum

energy, Omax and the minimum energy, m n, is approximately the activation barrier,

E. When the molecule of mass, m, acquires an energy equal to or greater than the

activation energy by thermal interaction with its surroundings, it climbs out of the

well and moves over the barrier to enter a new equilibrium position adjacent to its

old one.

(2). The molecule will have a mean velocity u given by classical statistical mechanics

as

u 8T (2.4)
am

The assumption (1) is consistent with the experimental observations

summarized in the last section that the molecules are localized in the zeolite, and

that the diffusion process is an activated process. For the small molecules that

preferentially reside in the channels, the equilibrium positions of the molecules are

in the channels; and for the bulky molecules that preferentially reside at the channel

intersections, the equilibrium positions are at the intersectons. In assumption (2), we

assume that the mean velocity can still be determined by the Maxwell-Boltzmann

distribution. As verified by Ross and Mazur (1961), the characteristic velocity is still

Maxwellian type as long as the rate of diffusion is slower compared to the rate of

collision between molecule and wall. The diffusion can only perturb the Maxwellian

distribution of the speeds by, for instance, removing the molecules with kinetic energy
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larger than the activation energy. The continuous molecule-wall interaction,

however, tends to restore this distribution.

In a time interval, t, the molecule spends most of its time, tb, near the bottom

of a well, and a small amount of time, t at the top of the barrier with velocity, u.

The average velocity of the molecule travelling in the lattice, ua, can be determined

by

a UI (25)
t

Since a jump is relatively rare, t is very nearly equal to tb. Thus, the above equation

becomes approximately

tt
Us4 U (2.6)

tb

The ratio tt/tb can be obtained from the basic axiom of statistical mechanics that

staffs that ensemble averages are equal to time averages. The time a system spends

in any group of states is proportional to the partition function for those states.

Therefore, we have

fe vYTdx
u = u - (2.7)

fe - xW'dx

At the top of the potential well,

V(x) s= = constant (2.8)

Therefore,

59



ft e- dx = e - ' at

where act is the size of the well-top.

At the intersection (the bottom of the well), V(x) can be expanded in its

Taylor's series as

1 ayV2 +XV(x) = + x2 + O(x (2.10)

We consider two extreme cases, the flat-bottom well and the harmonic

oscillator, as shown in Figure 2.3.

For the flat-bottom well case, the potential, V(x), at the bottom remains

approximately constant even for a small perturbation from its equilibrium position.

The following equations hold

(2.11)0V 0
&2

and

(2.12)

For the case of the harmonic oscillator, we assume that the molecule is

harmonically bound to the energy minimum in accord with Hooke's law so that
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32V= =H (2.13)
a 2

and

V(x) + Hx 2 (2.14)
min 2

where H is the Hooke's law constant, which is the curvature of potential well at the

well bottom. Therefore, we have

fe"IxWdx - ekTCC b for te flat-bottom well (2.15)

\where ab is the length of the well bottom, and

f /v: -d AIT ~f+ · 2e = I ei ITe (2.16)

for the harmonic oscillator

The integral should be taken over the bottom of the well and part way up to its wall.

The above integration is, however, taken from -co to +o. Only a negligible error is

introduced since the exponential factor rapidly approaches zero as x becomes large.

The flat-bottom well corresponds to the GT model where molecules have no

specific interaction with the lattice. The activation energy is mainly due to the

structural constraints of the lattice. We call this type of the activation energy

"configurational activation energy". The harmonic oscillator corresponds to the SV

model where the specific interaction between molecule and lattice is strong and

dominant. The corresponding activation energy is called "desorption activation

energy". In reality, the ativation energy for the diffusion should be the combination

of these two types of activation energy.
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Combining Eqs. (2.7), (2.9), (2.15) and (2.16), and assuming abcat05a,

where a is the distance between the adjacent sites, we obtain the following

expressions for the GT model and the SV model:

a= X C1 eRT for the GT model (2.17)
iem

where E- max-mn; and

ua = V a e- mE for the SV model (2.18)

where ve( (1/r)(H/m) 0 5) is the effective vibrational frequency of the molecule

inside the zeolite.

Analogous to Eq. (2.2), the diffusivity formula for molecules in zeolites can

be expressed as a product of z, ua and a:

D =1 8kTs e-,r for the GT model (2.19)
z -rm

D = v a2 e- EkT for the SV model (2.20)
z

where z is the coordination number of the zeolite. It should be noted that the

diffusivities given above are the diffusivities of molecules from a site to a particular

adjacent site for the GT model and the SV model respectively. The average velocity

in the lattice as in Eq. (2.17) or in Eq. (2.18) is the overall velocity of the molecule.

A factor of 1/z is included in Eqs. (2.19) and (2.20) to indicate that the possibility

of a molecule moving to other sites does not contribute to the diffusive flow in the

direction under consideration.
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In the section 23, we will re-derive Eqs. (2.19) and (2.20) more rigorously

from Eqs. (2.17) and (2.18) using the stochastic theory.

Table 2.2 compares the diffusivity formulas derived above for the

configurational regime with those for the four other well-known regimes. The range

of the activation energy for diffusion in zeolites is from Ruthvc n (1984). As

expected, the diffusion in zeolites is indeed bounded by Knudsen diffusion in one

extreme and solid diffusion in the other end. For the GT model, if pore size

becomes much larger than the molecule size, the activation energy approaches zero

and the molecule-zeolite interaction might eventually diminish as in the case of

Knudsen diffusion. The upper bound of the activation energy of zeolitic diffusion is

close to the lower bound of the activation energy of solid diffusion, as shown in

Table 2.2. The stronger molecule-lattice interaction might eventually make diffusion

in zeolites approach solid diffusion.

Every term in Eqs. (2.19) and (2.20) is well-defined, and can be determined

independently. The pre-exponential term of the GT model can be easily calculated

once the coordination number, temperature, molecular weight, and distance between

the intersections are specified. For example, z is equal to 4 for ZSM-5, and 6 for 5A.

And a is about 10 A for ZSM-5, and 12 A for 5A. These values result in a pre-

exponential term of about 4x104(T/M) 1/2 (cm2/s) for ZSM-5, and 3xlO4(T/M)l/ 2

(cm2 /s) for 5A, where M is the molecular weight. At room temperature, a molecule

with molecular weight of about 80 would have a diffusivity of about 10-11 (cm2/s)

according to the GT model if the activation energy is 10 kcal/mol. The activation

energy in the GT model is simply the potential difference between molecule residing

in the channel and one residing at the intersection. It can be estimated, to be

discussed in the next section, based upon the structure of the molecule and the lattice
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D

Jx= - D C/3x

= g u L EXP(-E/RT)

g u L E

1/2
Gaseous 1 /3 (8kT/-Tv 2 T/) O l

1/2
Liquid 1/3 (8kT/rTm) 3U TTacm 0

Knudsen 1/3 (8kT/m) 1/2 d p 0

GT 1/2
CF 1 /Z (8kT/TVm) a 1-1 5

Sv 1 /Z Ve f

Solid iZ v C 10-90

* OF: Configurational Diffusion;
Z: coordination
E: kcal/mol.

number;

** Ye = ( 1/7) J(H/m)

E = (~max

Table 22

- 4 min
for GT & SV

Summary of Diffusivity Formulas (2)
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are known.

For the SV model, the "bonding" between the molecule and the site of

adsorption, such as the site of a cation, needs to be specified and calculated before

the pre-exponential term and the activation energy can be determined. The effective

vibrational frequency is related to the curvature of the potential well and the

molecular weight. If we assume that the effective vibrational frequency is about the

order of 1012 s-1 (Barrer, 1978), the pre-exponential term of the diffusivity thus

determined is about 10-3.

In this thesis, we are interested in mainly non-polar molecules, such as

branched paraffins and benzene, and temperatures above room temperature. As the

results of the characterization of molecules in zeolites indicated, the behavior of

these molecules is more likely in accord with the GT model. We will show later on

that predictions of GT model on the orders of magnitude of the diffusivity are in

good agreement with our experimental results. We will therefore use the GT model

in our analysis. If one extends the study to polar molecules or to substantially low

temperatures where molecules begin to attach to the surface of the lattice as

discussed in the last section, the SV model might then become applicable.

222 Estimation of Activation Energy

In the last section, the dynamic problem of zeolitic diffusion was transformed

to a simpler steric problem: the evaluation of the potential field of a molecule in a

zeolite channel system. Once the activation energy of diffusion is estimated, the GT

model can then be used to predict the diffusivity.
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The following approximations are used in a quick estimation of the

configurational activation energy attempted here:

(1). The potential energy is attributed to the interactions between the molecule and

the oxygen atoms of the zeolite lattice only. Thus, the interactions due to silicon

atoms and any cation are ignored in the calculation. No interaction between

molecules is included.

(2). The geometry of zeolite frameworks is simplified. The intersection (or cage)

is assumed to be spherical in shape with the oxygen atoms on the surface of the

sphere. The channel is circular, and the oxygen atoms are equally spaced at the

perimeter of the circle. The molecule at the intersection is modelled as "a sphere

(molecule) in a concentric sphere (intersection)". The diameter of the molecule is

determined from the spherical representation of the molecule; it is equivalent to the

Lennard-Jones length constant, am. A molecule at the channel is modelled as "a

circlar disc (molecule) in a concentric circle (channel)". The diameter of the

molecule is the minimum cross-sectional diameter of the molecule, dm. The values

of am and dm for different molecules are given in Table 1.1, together with the values

of the potential-energy constant, em. The molecule is either at the center of the

intersection, or at the center of the channel.

Although the above assumptions are oversimplified, this model, as it will be

shown later, can nevertheless reveal some very interesting features of the interaction

between the molecule and the zeolite frameworks. In some cases, it can predict the

activation energy for diffusion with good accuracy.

The above assumptions lead to the following sum of Lennard-Jones potentials:
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12 6

o, c C 4e t -(_) (221)
O~, re re

for the potential at the channel. The total number of oxygen ions is 8 for the eight

membered ring of 5A, and 10 for the ten membered ring of ZSM-5. The distance,

rc, from the center of the channel to the nuclei of oxygens can be calculated as

r = (d + d) (2.22)
2

where dc is the diameter of the channel and do is the diameter of the oxygen atom.

In this study, dc and do are given the values of 5.8 A and 2.6 A for ZSM-5 as used

by Flanigen et al (1987), and 4.2 A and 2.8 A for 5A following Ruthven (1984).

The potential length constant, ac, for each molecule-oxygen pair at the channel is

taken as

ao = - (dm + d) (2.23)

The corresponding is

e 113 e (2.24)
R N R

where R is gas constant and 113 is the value of o/R for oxygen (Bird et al, 1960).

Similarly, the potential at the intersection can be estimated as:

12 6

e, , 4e [(2) _ () 1 (2.25)
O,~ ri r
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Since each unit cell of ZSM-5 contains 192 oxygen atoms and four intersections, we

assume that each intersection contains 48 o:ygen atoms. The average channel size

of ZSM-5 is about 5.4 A (=[5.1+5.8+5.4+5.4]/4). The effective diameter of the

intersection, di, is therefore approximately 8.7 A (= [12 (5.4/2 + 2.6/2)x2-2.6]), which

is very close to the literature value of 9 A (Nowak et al, 1987). According to

assumption (2), all of the 48 oxygen atoms are assumed to be positioned on the

surface of a sphere with 8.7 A in diameter. For 5A, there are 72 oxygen atoms on

a spherical cage of about 11.4 A in diameter (Barrer, 1978; Breck, 1974).

Accordingly, we also have

ri = (d, + do) (2.26)

and

1a = -(a + d) (2.27)2 M (2.27)

The potentials at the channel and at the intersection can therefore be

calculated respectively, by using Eqs. (2.21) to (2.27) once the values of dm, am, and

Em are specified, together with the values of dc, d i, and do and the numbers of

oxygen atoms in the channel and in the intersection.

Figure 2.4 demonstrates the results of such calculations of oi and oc in ZSM-5

for molecules with different molecular diameters. A value of 210 was assumed for

E/R for illustrative purpose. The values of rc and ri were obtained from Eqs. (2.22)

and (2.26) based on the values of dc, d, and do specified above for ZSM-5. The x-

axis is dm and am. As shown in the figure, molecules with Lennard-Jones length
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constants smaller than about 7.5 A will experience stronger attractive forces from the

zeolite framework at the intersection as the length constant increases. Once the

potential length constant is larger than the intersection diameter (8.7 A), the

molecule will experience repulsive interactions from the intersection. It means that

it will be difficult for a molecule with a length constant larger than about 8.7 A to

form at the intersection due to steric constraints. This corresponds to the case of the

transition state selectivity as discussed in Chapter 1. The results of tc show that even

for a molecule with a diameter of about 3 A, it will still experience moderate

attraction from the wall while passing through the channel. The attractions become

a little more pronounced for molecules with a diameter of about 5 A. When the

molecular diameter is larger the channel size, about 5.8 A, the interaction between

the molecule and the channel becomes repulsive. It will be very difficult for a

molecule with a minimum diameter larger than 6.5 to 7 A to enter the channel of

ZSM-5 due to the strong repulsion from the channel (the repulsive potential is about

30 kcal/mol for a molecule with a minimum diameter of 6.5 A).

From the calculations as demonstrated above, the activation energy can be

estimated from the difference of i c and Pi when dm, am and cm are given. For

example, the values of dm, am, eand em/R for benzene are 5.85 A, 5.4 A and 214 °K

from Table 1.1. The estimated E is about 9.62 kcal/mol. The experimental value

of the activation energy is about 9.7 kral/mol (see Chapter 3). The detailed atom-

atom potential calculations (Nowak et al, 1987) predict an activation energy of about

5.25 kcal/mol to 10.75 kcal/mol for the diffusion of benzene in silicalite. These

consistent results suggest that the Lennard-Jones potential method described above

can be used at least for some systems to estimate the activation energy as a first-

order approximation. More comparisons between the model predictions and the

experimental data will be given in Chapter 4.
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In the above calculations, a molecule is positioned at the center of the channel

or the center of the intersection. Figure 2.5 shows that when the mass center of a

benzene molecule (d > dc) moves away from the center of the channel the

interaction potential tends to increase. A similar result is presented in the same

figure for 2-methylbutane (dm < d) which experiences attractions from the channel

while passing through. The molecule again is shown to preferably stay at the center

of the channel. The center line approximation is therefore valid, at least for these

systems we are interested in. The same conclusion was drawn by Nowak et al (1987).

All the parameters in this Lennard-Jones potential method can be determined

independently, from structural information of the zeolite, and the molecular

properties. No fitting parameter is therefore needed to predict the diffusivity of

hydrocarbons in zeolites by using the GT model and this L-J method. Since it is

oversimplified, this Lennard-Jones method has its limitations. Changing the

molecular representation from spherical model to the more realistic shape by using

more than one characteristic length constant, using the reported crystal structures to

describe the geometry of the zeolite frameworks instead of assumption (2), and

calculating the potential profiles at different positions in the channel system might

improve the estimation and give us a more detailed understanding of the molecule-

lattice interaction.

223 Intracrystalline Partitioning

When a rod shape molecule, such as a normal-paraffin, is inside a large-cage-

small-channel zeolite, such as 5A, a concept of intracrytalline partitioning needs to

be introduced. If the molecule is no longer than the cage size, it is plausible that the

molecule can have head-over-tail rotation inside the cage. On the other hand, the
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Central Line Approximation
Benzene and 2-Methylbutane in ZSM-5
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Distance From Channel Center (A)

Figure 2.5 Central Line Approximation
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molecule in the channel can not perform head-over-tail rotation. The molecule has

to orient itself properly so that it can pass through the channel since the molecular

length of a paraffin is larger than the channel diameter. The molecule, therefore,

loses rotational degrees of freedom (head-over-tail) in the channel, as shown in

Figure 2.6. In this case, the GT model should be modified to include the

intracrystalline partitioning effect. For ZSM-5, however, this effect might be

negligible since the channel size is close to the intersection size.

Assume that n-paraffins are rigid, one-dimensional, rod shape linear

molecules. The rotational partition function is then

qr = 8r 2 IkT (2.28)

h2

where C is the external symmetry number, k is the Boltzmann constant, h is Planck's

constant, and I is the moment of inertia (Barrow, 1973). The value of I can be

estimated by

I = E mnr,2 (2.29)

where n numbers off the atoms of the molecule.

The corresponding GT model modified to include the intracrystalline

partitioning effect, called the GTjp model, can therefore be expressed as

D 1 8kT -
q, Z I m (2.30)

h2C for the G, model
8Sn2 T Z m

A factor of e is included in the pre-exponential term to account for the loss of
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(e.g. n-Paraffin in 5A)

loss of rotational degree
of freedom in the channel

Figure 2.6 Intracrystalline Partitioning
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rotational energy (kT) at the channel.

The diffusivity for this type of molecule/zeolite system decreases with

increasing in the moment of inertia. The longer the n-paraffin, the larger the value

of I, and the larger the effect of intracrystalline partitioning. For example, the

intracrystalline partitioning factor, e/q r, is of the order of 10-1 for ethane, and 10-3

for n-butane. The pre-exponential term of the diffusivity for n-butane/5A should be

of the order of about 10 cm2/s at room temperature, according to the GTip model.

The intracrystalline partitioning can therefore reduce the pre-exponential term by as

many as three orders of magnitude. More discussions will be given in Chapter 4.

In summary, we have proposed two mechanistic models capable of predicting

the dfusivity in zeolites, the GT model (and its modified form, the GTip model),

and the SV model, based on our understanding of the molecule-lattice interactions.

For the diffusion of hydrocarbons in ZSM-5, the GT model should be used. The

GTip model should be employed for n-paraffins in 5A. When dealing with the polar

molecules, the SV model might be applicable. All the parameters in the models are

well-defined, and can be estimated independently. A very simple Lennard-Jones

method is introduced to estimate the activation energy as a first-order approximation.

The orders of magnitude of zeolitic diffusivity can therefore be estimated.

23 Diffusivity In Zeolites: Concentration Dependence (I)

In section 2.2, the movement of an individual molecule is considered. In this

section, the collective diffusional behavior of molecules inside the zeolite lattice will

be studied by stochastic theory. The aim is to investigate how the interaction

between molecules would affect their diffusion characteristics. We will first consider
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the case where the soft-interactions, such as attraction or repulsion, between guest

molecules are negligible. In the next section, the repulsive interaction between

molecules will be included in the modeling.

Following Theodorou and Wei (1986), and Tsikoyiannis (1986), we make the

following assumptions as the basic rules for diffusion in the lattice:

(1). The movement of molecules within the lattice is a series of activated jumps

between sites.

(2). Each jump event is an independent Poisson Process.

(3). A molecule is activated, and one of its neighboring sites is randomly selected.

If the site is not fully occupied, the activated molecule jumps to the new site. If the

site is already occupied, then the molecule remains where it is. And a new choice of

activated molecule and direction of jump is then made.

As we mentioned in Chapter 1, a different rule was used in the studies of

Palekar and Rajadyakhsha (1984) and Aust et al (1989). They assumed that an

activated molecule jumps to a new site unless all the adjacent sites are occupied.

There are at least three ways to solve the diffusion problem based on the

assumptions described above: the Master Equation, Monte-Carlo simulations, and the

correlation functions. The Master Equation gives the complete description of the

correlation among all the molecules at all sites at a given time. It is, however, not

realistic to solve such a large-dimensional system. The Monte Carlo simulations can

provide a solution for the process given by three rules above. It is, however, not an
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analytical solution so that it might be difficult to use, and the simulations are

sometimes computation-intensive. Correlation functions can be used to achieve

approximate analytic solutions to the problem. First-order correlation functions only

consider the sites immediately adjacent to the target site, instead of all the sites in

the lattice as in the Master Equation. In this study, first-order correlations will be

used, following Tsikoyiannis (1986).

For the Non-Interacting Lattice Model, additional diffusion rules besides the

three rules specified above are as follows:

(4). All molecules are non-interacting.

(5). Double occupancy is excluded.

The assumption (4) means that the soft-interactions between molecules are

negligible, compared to the dominant interactions between the molecule and the

lattice. The assumption (5) means that at a given time no more than one molecule

can occupy a site.

The first-order occupancy correlation function, O(Si, X; t), is defined as the

probability of finding a molecule, X, at site, Si, at time, t, for a specified initial

condition. Thus, knowledge of the first-order correlation functions is sufficient to

give us the occupancy profiles of the species within the lattice. The second-order

occupancy correlation functions give us a measure of how the state of two sites in the

lattice are correlated for the particle motion. Although they can be defined for any

pair of lattice sites, only the correlation functions corresponding to neighboring sites

will concern us here. Therefore, O(Si, X; Sj, O;t) is the joint probability of finding a
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molecule at site, Si, and no molecule at its neighboring site, Sj, at time,t, with the

same initial condition for O(Si, X; t). According to the diffusion rules given above,

we have

d e(S, X; t)
= q d ($, ; , O; t) - (S, ; Sp ; t) (2.31)

where the sum over Sj extends over all nearest neighboring sites of Si.

Rigorously speaking, q in the above equation is the rate parameter of the

Poisson distribution that describes the jump of a molecule from one site to a

particular adjacent site. At the level of the first-order correlation functions, q can

be simply viewed as the jump frequency from one site to a particular site.

In section 2.2, the average molecular velocity, ua, is defined as the velocity of

the molecule travelling in all directions. The value of q can then be related to ua in

accord with the definitions of q and ua by

q = a (2.32)
z a

where z is the coordination number of the lattice, and a is the distance between two

neighboring sites.

Since the sum of the probability of mutually exclusive events is one, we have

O(Sp X; S, O; t) + (S, X; , X; t) = (S, X; t) (2.33)

and

O(Sp X; S, ; t)+ , ; S , x; t) = O(S, x; ; (2.34)

If the correlations between neighboring sites are neglected, the joint probability can
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then be written as

o(S. X; s, X; = (S, x; t) o(s X; t)

and

((S, X; S, X; t) = (s,j X; t) (S., X; t)

Eq. (2.31) can be rewritten as

d O(S,, X; t) q 
dt s o(sp X; t)(1 - (S, X; t)) - (Sv X; t)(1 - (s, ,X; t))

(2.37)

And Eq. (2.37) can be further simplified to

d 8(S, X; t)

d t [ (S,, X; t) - (Si, X; t) ]

For a large lattice, Equation (2.38) can be approximated by a corresponding

differential equation

a 0
= q a2 Ve Oat (2.39)

Thus, the Fick's law diffusivity is

D = q a2 (2.40)

Combining Eqs. (2.40), (2.32), (2.17), and (2.18), we can then re-derive Eqs. (2.19)

for the GT model, and (2.20) for the SV model.

The derivations of Eqs. (2.38) to (2.40) are virtually the same as those by
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Riekert (1970), Kutner (1981) and Tsikoyiannis (1986). The same conclusion was

reached by Barrer and Jost (1949) on the basis of quasithermodynamic approaches.

The resulting constant diffusivity is surprising and counter-intuitive. From Eq.

(2.37), one can conclude that the "flux" of a molecule jumping from a site, Si, to a

site, Sj,, is the product of three factors: jump frequency, q; occupancy at the jump

site, O(Si , X; t); and availability of vacancy at the site the molecule jumps to, (1-O(Sj,

X; t)). In this case, q is a constant, independent of occupancy. The "driving factor",

0, happens to be just compensated by the "blocking factor", 1-0. Qualitatively,

molecules in a denser region have a higher probability to jump, or to be "pushed" by

the others, toward a less dense region. At the same time, molecules in the denser

region are more likely to be hindered by the others in their motion. In this case,

these two effects counterbalance each other, resulting in a constant uptake diffusivity

and dropping out of the joint probability in Eq. (2.38).

If Eq. (2.31) is applied to the boundary of the lattice, the equilibrium

partitioning between the gas phase and the lattice can be obtained as

p

= q (2.41)
1+P

q

where p is the bombardment rate from the gas phase into the lattice (Tsikoyiannis,

1986). The isotherm is of the Langmuir type.

Therefore, for the Non-Interacting Lattice Model where the interactions

between molecules are negligible, the uptake diffusivity is a constant, and the

equilibrium partitioning between the gas phase and the lattice is given by the
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Lagmuir isotherm.

2.4 Diffusivity In Zeolites: Concentration Dependence (I)

In this section, the stochastic approach used above will be extended to a more

complicated case where the interaction between molecules inside the lattice is

explicitly considered. We keep the basic rules for diffusion, assumptions (1) to (3),

presented in the last section unchanged. Three more new rules are added as follows:

(6). One site can host two molecules at maximum.

(7). There is a repulsive interaction between two molecules at the same site. This

interaction lowers the activation energy by AE.

(8). The interactions between molecules at different sites are negligible.

Figure 2.7 is a schematic for the above assumptions. The repulsive interaction

between two molecules at the same site increases the potential at the intersection,

It, which makes the potential well shallower and therefore decreases the activation

energy for the jump from the doubly-occupied site. It should be noted that the

molecule-lattice interaction is still the dominant factor under this condition. The

molecule-molecule interaction considered here is important, yet it is a secondary

factor in determining the diffusion behavior in the lattice. In the following

discussions, we will first present the effect of the molecule-molecule interaction on

the molecular distribution. The effect of molecular interaction on the diffusion and

the equilibrium will then be investigated by the first-order correlation functions of

stochastic theory.
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2.4.1 Molecular Distribution

When one site can host two molecules, molecular distribution inside the lattice

is no longer unique. Molecules can be distnributed "statistically", i.e., molecules

occupy unsaturated sites (less than two molecules at the sites) with equal probability.

Molecules can also be distributed "uniformly", i.e, molecules occupy every empty site

with one molecule first and then cover them with the second layer. Molecules can,

of course, be distributed in a way somewhere in between these two limiting cases.

In this section, a mathematical description will be given to different types of

molecular distribution.

Define (Si,O;t) as the probability of finding no molecule at the site

considered, Si, (Sil,1;t) as finding one and only one molecule, O(Si,2;t) as finding two

and only two molecules. We have, following Fowler and Guggenhem (1960),

(S , ; t) (S, 2; t) e- w

02(sp 1; t) 4

where f is the "equilibrium constant", and w (AE/RT) is the nondimensionalized

activation energy change due to the molecule-molecule interaction. And

0(s, x; t) = (S, 2; t) + I 0(S, 1; t) (2.43)

e(s a0; t) + e(sp 1; t) + e(S, 2; t) = 1 (2.44)

For f= 1/4 (w=0), the distribution is statistical (Hill, 1960) with

e(s, 0, t) = (1 - )2 (2.45)
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o(S, 1; t) = 2 (1 - )

o(S,, 2; t) = 2

w,'here 0 is the short-handed form of 0(Si, X; t).

And for f=0 (w> >0), the distribution is uniform with

0(S, 0; t) = 1 - 2 0

e(s, 1; t) = 2 0

0(s, 2; t) = o

The above equations are valid for total occupancy 0 ' 0.5.

o(s,, o; t) = o

e(Si, 1; t) = 2 (1 - )

0(S, 2; t) = 2 - 1

For 0 2 0.5, we have

(2.51)

(2.52)

(2.53)

Figure 2.8 presents the molecular distributions in the lattice for those two

limiting cases.

In reality, molecular distributions are probably neither statistical nor uniform.

Figures 2.9, 2.10, 2.11 give 0(Si, 2; t), (S i, 1; t), 0(S, 0; t) for different values of

parameter f (w*O), according to the following formulas:
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MOLECULAR DISTRIBUTIONS IN LATTICE
STATISTICAL & JNIFORM DISTRIBUTIONS
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Figure 2.8 Statistical Distribution and Uniform Distribution in Lattice
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Figure 2.9 Effect of f on Double-Occupancy Probability
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Figure 2.10 Effect of f on Single-Occupancy Probability
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Figure 2.11 Effect of f on Empty-Site Probability
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0(S,, 2; t) = 1 v/l-20(1-4)1 2+16A1-4f) 2 - (1-20(1-40)] (254)
2(1-4)

oI(S, 1; t) = 2 [ - (S, 2; t)l (255)

0(S, o; t) = 1 - 2 + (S, 2; t) (256)

From above equations, (Si, n; t)'s (n=O, 1, 2) can be determined once occupancy

0 and the potential change due to the interaction between molecules are specified.

From Figures 2.9 to 2.11, one can conclude that if the value of f is larger than 1/10,

which corresponds to w smaller than about 0.9 and AE smaller than about 0.1

kcal/mol at room temperature, the distribution would be close to She statistical

distribution. If the value of f is smaller than 1/100, which corresponds to w larger

than about 3, and AE larger than about 2 kcal/mol, the stronger repulsion between

molecules would therefore make the molecular distributions more close to the form

of the uniform distributions.

2.4.2 Concentration-Dependent Diffusivity

If the potential energy of one molecule at a site is oil and the potential energy

of two molecules at a site is i2, the potential energy at a site with occupancy

probability (Si, X; t), according to the mutually exclusive event principle, is

O = [1 - (S, 2; t)] O, + (Sp 2; t) Oa (2.57)
= , + e(S, 2; t) AE

where AE is defined as ;i2-i1 and AE > 0, if the interaction between two molecules

results in a repulsive force in between. The above equation is the mean-field

approximation of the potential.
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By definition,

q(S,. X; t) =q · an ~ e w (2.58)

where q is the same as in Eq. (232), which is tne jump frequency in the absence of

the molecule-molecule interaction. And w, as discussed in last section, is the

nondimensionalized activation energy change due to the molecule-molecule

interaction (AE/RT). For the repulsive interaction between molecules, w is greater

than zero. The apparent jump frequency, q(Si, X; t), increases with an increase in

the probability of finding double-occupancy, O(Si, 2; t), since the repulsive force

between molecules would push the molecules out of the site more easily.

The first-order correlation functions lead to

d e(S x; t) = q(. X; ot) (S X; S, ; t)-

dt Si (2.59)

- q(S, X; t) (s. X; S 2; )

where O(Si, X; Sj, 2; t) is the joint probability of finding molecule(s) at site Si and not

two molecules at site Sj at time t.

We have

iS, ; S,2 t) + e(Sp x; S, 2; t) = (S, X; t) (2.60)

e((S, x; Sp2; t) + e(Sp X; Sp 2; t) = e(s. x; t) (2.61)

If the correlation between neighboring sites are neglected, the joint probability can

be written as
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0(S$ X; S, 2; t) = (S, X; t) 0(Sp 2; t) (2.62).

and

0(s, X; S,, 2; t) = (S, X; t) 0(S,, 2; t) (2.63)

Equation (2.59) can then be rewritten as

d e(s, X; t), X; ) = eS( e(st x; t) [1 - (S,, 2; t)
si (2.64)

B e"o" w (Si, X; t) [1 - (S, 2; t)]

The corresponding PDE approximation of Eq. (2.64) for the large lattice is

a = v (D, V 8) (2.65)

where

Dw = D e)w [1 - 0(2) + (+ 1 - 0(2)) w) ((2.66)

Dapp is the apparent diffusivity of Fick's law under the condition where the

interaction between molecules is important. And D is the Fick's law diffusivity

defined by Eq. (2.40) in the absence of intermolecular repulsion. In the above

equation, 0(2) is the double-occupancy probability, the short-handed form of 0(Si,

2; t). And 0(2) is related to total occupancy 0 and parameter w by Eq. (2.54). Once

w is specified, the dependence of 0(2) on 0 can be uniquely determined for the

molecular distributions. Eq. (2.66) can then be used to predict the concentration
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depeur.ice of the apparent diffusivity.

Figure 2.12 depicts how the repulsive interaction, characterized by a

parameter, w > 0, between two molecules at the same site affects the observed

apparent diffusivity of Fick's law, together with the predictions of the Non-Interacting

Lattice model. The diffusion coefficients are normalized by the diffusivity defined

by Eq. (2.40) in the absence of the molecule-molecule interaction, which can be

estimated by the GT model or the SV model proposed in the section 2.2. For the

Non-Interacting Lattice model, the diffusivity is a constant, independent of

concentration (or occupancy). For the Interacting Lattice model, the repulsive

interaction between molecules res' aboui a 10-fold increase in diffusivity near

saturation, if w is approximately 1.5, which corresponds to a activation energy change

of about 1 kcal/mol near room temperature. The stronger the repulsion, the more

dramatic the concentration dependent trend. The repulsion is therefore mainly

responsible for the increasing trend of the apparent diffusivity.

The model predictions of the macroscopic diffusional behavior are the results

of the microscopic diffusion rules we specify for the model. In the above

formulations, we assume that the molecules only interact with each other if they are

at the same site. No interactions between molecules at different sites are considered.

In reality, especially at high occupancy, it is possible for a molecule to interact with

not only the molecule at the same site, but also the molecules at the neighboring

sites. Qualitatively, these additional interactions, if they are repulsive, could make

the increasing trend of the diffusivity even more dramatic at high occupancy. We

also assume that the molecule-molecule interaction only changes the potential at the

intersection, i. The potential at the channel, oc, might, however, also be changed

due to the interaction. Furthermore, a site might be able to host more than two
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molecules for some molecule/zeolite systems, which can further complicate the

descriptions of molecule-molecule interactions and the effect of these interactions on

the apparent diffusivity. The theoretical treatments for these systems become more

difficult and more complicated. The same principles used above, however, still apply.

In this thesis, we limit ourselves to the case stated by assumptions of (6) to (8).

Equation (2.66) can be simplified to

D, = D (1 + 2) (2.67)

for the case where the value of w equals zero, and the molecular distributions are

statistical as described by Eqs. (2.45) to (2.47). The model then predicts a factor of

2 increase in the apparent diffusivity when the lattice is close to be saturated,

although there is no interaction between molecules since w equals zero. The small

increase in the diffusivity is the result of the assumption (6), i.e., one site can host

two molecules at maximum. When w = 0, the "blocking factor" in Eq. (2.64) is (1 -

02). A molecule can not jump into a site only if that site is occupied by two

molecules at the same time. The "driving factor" is 0. A molecule can jump out of

a site which is occupied by either one molecule or two molecules. Therefore, a

molecule at a denser region is more likely to be "pushed" by the others toward a less

denser region than to be "hindered" by the others due to the model assumption.

The "blocking factor" no longer counterbalances the "driving factor". This effect on

the diffusivity, however, is very minor (about a factor of 2 at most) in comparison

with the effect of the repulsive interactions as discussed above. The repulsive force

between molecules is therefore the dominant factor in causing the dramatic increase

in the diffusivity.
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Applying Eq. (2.64) to the boundary of the lattice, we obtain

p e0O)~W 0 (2.68)
q 1 - 0(2)

where p is the bombardment rate from the gas phase into the lattice, which is

proportional to the gaseous pressure. The Langmuir parameter, K, in this case, can

be related to the occupancy and the value of w as follow

K= e = q e)W 1 - 0(2) (2.69)
P (1 - ) 1 -

Figure 2.13 shows the concentration-dependent K for the different values of w.

Decreasing trends are observed at high occupancy if the molecule-molecule

interaction is repulsive. A slight increase at low concentraion is due to the model

assumption (6).

Therefore, for the Interacting Lattice model where the interaction between

two molecules at the same site is repulsive, the apparent uptake diffusivity increases

with the concentration of guest molecules inside the lattice, and the equilibrium

partitioning between the gas phase and the lattice is no longer of Langmuir type.

The Langmiur parameter decreases at high concentration.

2.5 Conclusions

The diffusional characteristics of molecules in the zeolite lattice are probed

by investigating the molecule-lattice interactions and the molecule-molecule

interactions. The molecule-lattice interactions dominantly determine the diffusion

mechanism and the orders of magnitude of the diffusivity, whereas the molecule-

molecule interactions could alter the concentration dependence of the diffusivity:
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Figure 2.13 Effect of Repulsion between Molecules on Langmuir Parameter
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On the orders of magnitude of diffusivity in zeolites:

(1). the GT model: the diffusion of the molecules inside zeolites are restricted by

the potential field of the lattice whereas the molecules retain their gaseous entity.

The pre-exponential term of the diffusivity of molecules for ZSM-5 is of the order

of about 104(T/M) 1/ 2, the activation energy for the diffusion in the lattice can be

estimated by the proposed Lennard-Jones potential method based on the information

of zeolite structure and molecular properties. For 5A, the pre-exponential term of

the diffusivity is of the same order of magnitude as that for ZSM-5 if a molecule is

roughly spherical. The GTip should be used for the diffusion of rod shape molecules,

such as n-paraffins, in 5A, in which the effect of intracrystalline partitioning is

superimposed on the pre-exponential term. The intracrystalline partitioning could

reduce the pre-exponential term by as many as three or more orders of magnitude.

Literature results on the characterizations of molecules in zeolites suggest that the

basic assumptions of the GT model might be valid for the molecules with no strong

specific interactions with the lattice above room temperature.

(2). the SV model: the attachment of molecules to the lattice is so strong that

molecules vibrate with the host lattice before accumulating enough energy to jump.

The pre-exponential term of the diffusivity is related to the curvature of the potential

well of molecule-lattice adsorption site. The SV model might resemble the diffusion

of polar molecules, or the diffusion of molecules at very low temperature.

One the concentration dependence of diffusivity in zeolites:

(1). the Non-Interacting Lattice model: if the interaction between molecules inside

the lattice is negligible and double-occupancy of a site is excluded, a constant Fick's
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law diffusivity should be observed. The equilibrium isotherm is of Langmuir type.

(2). the Interacting Lattice model: if the interaction between molecules is significant

at a doubly-occupied site, and the interaction is repulsive, a rising trend of apparent

diffusivity and a decreasing trend of the Langmuir parameter should be observed at

high concentration.
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3. EXPERIENTAL OBSEVATONS

The aim of this chapter is to quantify experimentally the temperature and the

concentration dependence of zeolite diffusion. The effects of the microscopic

properties of molecule-zeolite systems, such as molecular size, molecular length,

Si/AI ratio of ZSM-5, cages in zeolites, on the macroscopic diffusional behaviors are

investigated. The objective is to generate reliable data to facilitate our understanding

of zeolitic behaviors, and to serve as basis for comparison with the theoretical

predictions. The model compounds are 19 different hydrocarbons, including

paraffins, aromatics and naphthene. Zeolites include two types of ZSM-5, and 5A.

Table 3.1 summarizes the tested molecules with different properties in three zeolites

at various temperature ranges. The observed results are interpreted by the proposed

mechanistic models in Chapter 2. More detailed discussions are given in Chapter 4.

3.1 Exfrimental

Most of the experiments were performed on a ZSM-5 sample supplied by

Peter Jacobs of the Katholieke University, Leuven. This sample was labelled here

as ZSM-5 (Pi), or sometimes simply as ZSM-5. It is in the hydrogen form, and has

a Si/Al ratio of about 110. It is roughly spherical in shape with an average diameter

of about 12 jrm. Also used was a ZSM-5S sample synthesized in our laboratory by

Waqar Qureshi, referred here as ZSM-5 (WO). The Si/Al ratio of ZSM-5 (WQ) is

about 6000± 1000. ZSM-5 (WO) has an elongated hexagonal shape with dimensions

of approximately 12x20x30 aim. In the diffusion analysis, the smallest dimension of

ZSM-5 (WQ) was taken as its characteristic diffusion length. More detailed

characterizations of both ZSM-5 (PJ) and ZSM-5 (WQO) can be found in Oureshi
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(1989). Experiments were also carried out on a zeolite 5A of about 4 pJm in size,

purchased from Union Carbide.

Hydrocarbons were supplied by Aldrich, Mallinckrodt, Fluka, and Fisher.

They were used without further purification.

A Cahn 2000 Vacuum Electrobalance, shown in Figure 3.1, was used to

determine the transient uptake of diffusing molecules. The balance was located

inside a cylindrical glass chamber. Powdered zeolite sample was placed on a circular

platinum pan. The sample pan was suspended from the left arm of the balance

through a vertical glass hangdown tube and placed in the middle of a furnace.

During the experiment, the glass enclosure was isolated from the environment and

connected to a pressure transducer. The temperature of zeolite was measured by a

thermocouple located about 1 mm underneath the sample pan.

Zeolite samples were calcined at about 500 C in a furnace under air to burn

off any adsorbed hydrocarbons. The calcination time, varied from I hour up to

several days, showed no apparent effect on the diffusion or the equilibrium results.

Approximately 1 to 5 mg of powdered zeolites was then loaded into the Cahn

balance. The configuration and the amount of sample was varied to ensure that the

experiments were free from possible heat transfer and external diffusional resistance.

The apparatus was immediately evacuated by a vacuum pump, and the sample was

then heated to the desired temperature by the furnace.

In the preliminary experiments, the sample was also "activated" by heating the

system under vacuum up to 500 'C for a period up to several hours before the run.

It was found that the results were insensitive to whether this "activation process' was
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DIFFUSION MEASUREMENT

UPTAKE EXRERIMENT SETUP
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Cohn 2000
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To Pressure
Transducer

Thermocouple

Figure 3.1 Experiment Setup for Diffusion Measurement
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performed. The experiments were thereafter carried out without activating the

sample. The preliminary experiments also showed that exposure of the sample to

room air after calcination for a period of more than one day, or without thorough

cleaning of the chamber before the run could sometimes lower the measured

diffusivity and change its concentration dependent trend, probably due to the

contamination of the samples. Care was taken to eliminate these effects.

To start an experiment, a stepwise increase of gas pressure within the balance

chamber was made. The pressure was increased to a constant value by introducing

a small quantity of testing gas through the saturator. The pressure could also be

decreased by connecting the chamber to a vacuum line. With each pressure change,

the weight of the zeolite sample was monitored until the system reached equilibrium,

from which the diffusivity was determined and the equilibrium isotherm was

generated. In measuring diffusivities at the concentration range where the diffusivity

is concentration-dependent, the step size of the pressure change was varied and kept

small so that it bore little effect on the measured diffusivities.

After an experiment was completed, the chamber was evacuated, and then the

furnace temperature was raised to 500 C under a purge of dry air to clean the

chamber before the next run. Care was also taken to eliminate possible

condensation on the Cahn balance and the hangdown wires.

The transient uptake process can be described by Fick's second law of

diffusion. The uptake curve was measured over a small differential change in

adsorbed phase concentration, and the ambient gas concentration remained

essentially constant during the course of uptake. The diffusion coefficient was then

obtained by fitting the experimental uptake results to the solution of the diffusion
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equation. Within each step change of sorbate concentration, a constant diffusivity

uas assumed. The diffusivity, D. was calculated from

= I6 e (3.1)

where M/M . is the fractional approach to equilibrium, rp is the radius of the

crystals, and D is the fitting parameter. Figure 32 shows a typical transient uptake

curve with a fitted diffusivity of one experimental uptake.

32 Results and Dissions

32.1 Effelds of Temperature, Molecar Diameter and Moleclar Length

The diffusion measurements of one C (2-methylbutane) and five C6

hydrocarbons(2-methylpentane,2,2-dimethylbutane,2,3-dimethylbutane,cyclohexane

and benzene) were performed over different temperature ranges, as indicated in

Table 3.1. An Arrhenius plot is given in Figure 33 where the y-axis is the product

of the diffusivity and the square root of molecular weight over temperature,

according to the Gas Translation (GT) model. For the six tested molecules, the

lower the diffusivity, the higher the activation energy. The pre-exponential terms

determined experimentally here for these six different molecules are, however,

independent of molecular shapes, and all are of the order of 104.

Table 3.2 compares the diffusion characteristics of benzene, cyclohexane and

2,2-dimethylbutane observed in the present study with those reported in the

literature. The differences between the diffusivities found in this study and those by

various groups are all within about one order of magnitude. Three of the diffusivity
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Fipure 32 Transient Uptake Curve for Benzene/ZSM-5(PJ)
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IN ZSM-5(PJ)
TEfPERATURE EFFECT

0.0030
1/T

2 2P BENZ 2.30BE Cyc-C 2.2DvB
re-exp.term (x10 4) 1.0 1.6 2.2 2.9 2.1 2.9
E (kcal/mol) 7.62 8.60 9.70 14.40 15.51 16.67

Fqure 33 Diffusion in ZSM-5(PJ): Temperature Effect
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Table 3.2 Compribo of Experimeatal Data

Llterature Data

T K0

Benzene:r

293
298
303

308

363

386

588

Reference

Do~e1 et at (1981)

Shh t a (1988)
Noyak et a (1985)

Prwz et at (1986)

Wu et at (1983,4)

Zdarova et al (1987)

Ouesro et al (1988)

Tskoyarwvs (196)

BEuow et at (196)

Oc et at (1961)

388 Co t at (988)

22-0mfothyxa:
423 PoSt et a* (1984)

Butakr ecrftomtorc

811 NWg et at (1981)

(effdctws ftactor)

D (cm'/s)

2.3x 10*

4x 10"

6x10 ' ~e

7x 10"
10l*'

4x 10'

3x 10"

3x 10"O

10*

10'

7x 10O"

10e

E
kcaumo

6.9

5
5-62
5.7

6.7

12.1

158

2x 10

T WJ
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308

318
338

363
386

423
588

388

423
448

460

473

423

438
448
460
473

bl1

Present Study

E
OD (anJs) docaUmoO

27x 10-" 9.7

5.3x 10-"

2.6x 1lo

69x 10 -
1.6x 10,
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8.3x 10"
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values were extrapolated from our results to compare with the literature data at

different temperatures. The diffusivity of benzene at 588 K was extrapolated from

the values below 423 K, the diffusivity of cyclohexane at 388 K from the values above

423 K, and the diffusivity of 2,2-dimethylbutane at 811 K from the values below 473

K. Our extrapolated values are in good agreements with the reported data, even for

the case of 2,2-dimenthylbutane where the extrapolation was over 300 K and a

different method was used in the literature.

The activation energy values were plotted against the molecular diameters of

six molecules in Figure 3.4. A rising trend of activation energy with increasing

molecular diameter were observed. The molecular diameters used here were the

minimum cross-sectional diameters of molecules, as suggested by Breck (1974) (see

Table 1.1). Normal-paraffins, mono-methyl-paraffins, benzene, cyclohexane,

dimethyl-paraffins were characterized by diameters of 43 A, 5.0 A, 5.85 A, 6.0 A and

62 A respectively. Diffusion measurements were performed on a normal paraffin

(nC 7), 2-methylbutane, 2-methylpentane, and benzene at 45 C, and on benzene,

cyclohexane, 2,3-dimethylbutane and 2,2-dimethylbutane at 150 °C respectively in

ZSM-5 (PJ). !: was found that the magnitudes of observed diffusivities, as shown in

Figure 35, were strongly affected by the molecular diameter, especially when

molecular diameter approaches the characteristic size of ZSM-5 channels, about 5.7-

5.8 A by assuming that oxygen ions have a radius of 1.3 A (Flanigen et al, :978).

The effect of molecular length on the diffusion coefficient is much less

pronounced than that of molecular diameter. The results of the diffusion of

monomrethyl.paraffins and dimethyl p: affins in ZSM-5S were presented in Figure 3.6,

where the values of molecular length were from Gorring (1973). When the

molecular length is longer than about 8-9 A its effect on the diffusivity is diminishing.
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Figure 3.4 Activation Energy in ZSM-S(PJ): Effect of Molecular Diameter
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DIFFUSION IN ZSM-5(PJ)
EFFECT OF MOLECULAR
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DIAMETER
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Figure 35 Diffusion in ZSM-5(PJ): Effect of Molecular Diameter
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DIFFUSION IN
EFFECT OF MOLECLLAR LENGTH
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The diffusivity values for double-branched pentanes are in the order of 2,4-

dimethylpentane > 2,3-dimethylpentane > 22-dimethylpentane. A paraffin molecule

with two methyl groups branched at the different carbons might have a smaller

effective minimum diameter and, therefore, experience less difficulties when passing

through a channel than on with two methyl groups branched at the same carbon.

Figure 3.7 presents the results of the diffusion of n-paraffins, from nC6 to nCO, in

ZSM-5 at 45 °C. Since the diffusions are very fast for these systems, the external

heat and mass transfer might affect the results. This set of data can be, therefore,

viewed as the roughly estimated orders of magnitude of the diffusivities for these

system. The approximate differences between their diffusivities are at most within

about a factor of 3 to 4. Hayhurst and Paravar (1988) observed an approximate 30-

fold decrease in diffusivities from methane to butane in Silicalite. The diffusivities

of butane, pentane and hexane are, however, all of the same order of magnitude

(Hayhurst and Paravar, 1988; Kirger and Ruthven, 1989).

In the GT model, it is assumed that molecules within zeolite lattice retain

their entity and their gaseous velocity, although the movement of molecules becomes

more restrictive due to the energy barrier imposed by the channel system. The

diffusivity for ZSM-5 is related to the molecular velocity, zeolite structural

parameters, and the energy barrier the molecule has to overcome during the hopping.

It is of the form as follows:

D 3.6 x , T (3.2)

where M is the molecular weight of the diffusant. The experimentally determined

pre-exponential terms are in good agreement with the predicted value of the GT

model, considering the compensation effect between the activation energy and the
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pre-exponential term in the experimental data fitting. The difference in the

diffusivity values for the different molecules in ZSM-5 is, therefore, mairly due to

the difference in their activation energies.

A molecules, such as benzene, would reside at the energetically preferable

sites, the channel intersections, since the intersections are larger in size (about 9 A,

Nowak et al, 1987) than the channels. Diffusion takes place by molecular jumps

between these sites when a molecule has acquired sufficient energy to overcome the

barrier at the channels. For the case where the molecular diameter is close, but still

smaller than the channel size, molecules might experience a net attraction when

passing through the channels. When the molecular diameter is slightly larger than

the channel size, molecules might experience a moderate repulsive force instead. A

further increase in molecular diameter would dramatically increase the potential

barrier and eventually exclude the molecule from entering the zeolite due to the

strong repulsive force. A molecule with a larger diameter would be of higher

potential at the channels. On the other hand, the molecular shape and the

configurations of channel intersections would determine how strongly a molecule is

attracted by zeolite framework at the intersections. The activation energy for a jump,

E, arises from the difference of the potential of a molecule at the transition sites (i.e.

the channels), c, and the potential at the adsorption sites (i.e. the channel

intersections), Pi:

E O - , (3.3)

The activation energy is, therefore, a complicated interplay among the molecular

shape (e.g. its diameter and length), the channel size, and the size of the channel

intersection.
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The following calculations can further elaborate above argument. Table 33

lists the diameters of molecules in interest, din; the potential energy constants, em.

The potential energy of a molecule with a diameter dm at the center of a 10-

membered oxygen ring, ec, was approximated by a Lennard-Jones equation

a U 6
0 = 10 x 4e [( ') - ]( ) 1 (3.4)

r e r

as discussed in Chapter 2. It was assumed that all oxygens were positioned at a 10-

membered ring with a diameter of 5.8 A. The distance between the center of the

ring to the nuclei of oxygens, rc, was equal to 4.2 (= (5.8 + 2.6)), where the

diameter of oxygen ions was taken as 26 A following Flanigen et al (1978). The

potential length constant, c, for each pair of molecule-oxygen was taken as ½ (dm

+ 26). And the corresponding E/R was the square root of (cm/R) 113, where R

is gas constant and 113 is the value of cm/R for oxygen (Bird et al, 1960). Although

oversimplified, above descriptions retain some critical features of ZSM-5 channels.

Table 33 shows that the resulting values of · c for the interested molecules

ranges from -3.90 kcal/mol of soft attractions from the channel for 2-methylbutane,

to 0.64 kcal/mole of moderate repulsions for benzene, and to 7.00 kcal/mol of strong

repulsions for 2,2-dimenthylbutane. When we subtracted the values of *c from the

respective activation energies, E, observed in the experiments, the values of 4i are

about 9 to 12.5 kcal/mol for those molecules. These values are no longer strongly

dependent on the molecular diameters. The increase in the activation energy from

mono-branched paraffin, to benzene, cyclohexane, and double-branched paraffin is,

therefore, mainly due to the increase in the molecular diameter.
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Although the molecular diameter is the dominant factor in determining the

activation energy and thus the value of diffusivity, other factors, such as the

molecular length, can also affect the diffusion characteristics. The small decrease in

diffusivity and the increase in the activation energy from 2-methylbutane to 2-

methylpentane is probably resulted from the stronger molecule-lattice interaction of

2-methylpentane at the intersection due to the longer length of 2-methylpentane.

3.2.2 Concentration Dependence

For both 2-methylbutane, which might experience soft attractions when passing

through the channels as indicated in the above calculations, and benzene, which

might experience soft repulsions at the channels, diffusivities were found to be almost

independent of concentration up to about 4 molecules/unit cell, as shown in Figures

3.8 and 3.9. The same kind of concentration dependent trend was observed for both

benzene and toluene in ZSM-5(WQ) at 65 C over the same concentration range

(Figure 3.10). In the same figure, it is shown that the adsorption and the desorption

bear no effect on the diffusional results. And there is no hysteresis effect on the

isotherms, as shown in Figure 3.11. Furthermore, the equilibrium data on Figures

3.11 were fitted by a Langmuir isotherm model. In Figure 3.12, the Langmuir

isotherm parameters, defined as

JKr . C (3.5)
P(c, - c)

where c is the saturation concentration, were plot against the concentration for

several different systems at the different temperatures. The constant values of

Langmuir parameters were observed. It shows that the Langmuir isotherm gives a

reasonably good description of the equilibrium behavior for the concentration range
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DIFFUSION OF 2-METHYLBUTANE IN ZSM-5(PJ)
CONCENTRATION DEPENDENT TREND
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of less than 4 molecules/unit cell Figures 3.13 and 3.14 show that the "activating

process" described in section 3.1 bears little effect on the diffusion and the

equilibrium.

The concentration-independent trend of the diffusivity for benzene within this

concentration range is consistent with the results of Qureshi and Wei (1988), and of

Zikanova et al (1987) when their results were converted back to the uptake

diffusivities from the corrected diffusivities given in the paper, based upon the

isotherms. They also observed Langmuir type for the equilibrium isotherms.

Tsikoyiannis (1986), Choudhary and Scrinivasan (1986) reported dramatic rising

trends of benzene diffusivity for the concentration less than 4 molecules/unit cell.

Since one unit cell of ZSM-5 contains four intersections, four molecules per

unit cell thus correspond to one molecule per intersection. Bulky molecules such as

benzene were experimentally shown to be present at the channel intersections up to

about 4 molecules/unit cell (Mentzen, 1987). The average distance between

molecules for the concentration of 4 molecules/unit cell is then approximately the

distance between the channel intersections, about 10 to 12 A (Richards and Rees,

1987). The Lennard-Jones potential for the interaction between benzene molecules

separated by such a distance is of the order of less than -0.05 kcal/mol (see next

chapter). The effect of such interaction on the diffusion is negligible since the

activation energy for the diffusion is of the order of 10 kcal/mol. The molecule-

zeolite interactions are, therefore, far more important than the molecule-molecule

interactions in this case. The molecules within the zeolite lattice, therefore, execute

a more or less random walk. The dominant molecule-lattice interaction gives a

constant diffusivity and an isotherm of Langmuir type, according to the Non-

Interacting Lattice model in Chapter 2.
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Another interesting conclusion drawn from Figures 3.10 and 3.12 is that

toluene diffuses about twice as fast as benzene, although toluene is adsorbed more

strongly. The stronger adsorption of toluene is also supported by the observation

made by Stach et al (1983) and Pope (1984) that the adsorption heat of toluene is

higher than that of benzene. The methyl group on the aromatic ring of toluene

might increase the attractive interaction at the channel intersections between the

molecule and the lattice, which makes toluene adsorb more strongly. The methyl

group, on the other hand, might make the passing of the molecule through the

narrow channels easier due to the attractive interaction between the methyl group

and the lattice. A larger diffusivity for toluene might be resulted from the

compensation between the lower potential at the adsorption site (stronger adsorption

at the intersection) and the lower potential at the transition state (easier passing

through the channel).

In Figure 3.10, a comparison between benzene diffusion in ZSM-5 (PJ) (Si/AI

= 110) and ZSM-5 (WQ) (Si/AI = 6000) was made at 65 C. A Si/AI ratio of 110

corresponds to about 0.22 Al atom per intersection, and that of 6000 to less than

0.004 Al atom per intersection. The difference in the diffusivities between these

samples is less than factor of two with the diffusion in ZSM-5(WQ) being faster. The

uncertainty in choosing the sample's diffusion length makes this difference even less

significant.

A further increase of concentration changes the concentration dependent

trend of diffusivity dramatically. Figures 3.15 and 3.16 show a sharp increasing trend

in the diffusivities of both benzene/ZSM-5 and 2-methylbutane/ZSM-5 for the

concentration higher than 4 molecules/unit cell. The corresponding relative

pressures were indicated in the figures. Those diffusivity values are also plotted
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DIFFUSION OF BENZENE IN ZSM-5 (PJ)
CONCENTRATION DEPENDENT TREND
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0 23c + 35C 0 45C

Figure 3.15 Diffusion of Benzene in ZSM-S(PJ): Concentration Effect (2)
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DIFFUSION OF 2-METHYLBUTANE IN ZSM- 5 (PJ)
CONCENTRATION DEPENDENT TREND
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Figure 3.16 Diffusion of 2-Methylbutane in ZSM-5(PJ): Concentration Effect (2)
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against the relative pressures in Figure 3.17. The equilibrium isotherms for benzene

and 2-methyl-butane are given in Figures 3.18 and 3.19. And Figures 3.20 displays

the concentration dependence of the Langmuir parameters for these two systems.

The Langmuir isotherm is apparently no longer applicable at concentration higher

than about 3.5 to 4 molecules/unit cell. The measurements of the isotherms of

benzene at 23 °C and 35 C, and that of 2-methylbutane at 24 °C were not

performed for the concentration lower than 4 molecules/unit cell where the vapor

pressures were too low to be accurately recorded. Desorption was also performed

for 2-methylbutane as shown in Figure 3.19. No hysteresis was detected. Guo et al

(1989) observed that the isotherms of benzene and toluene ;r ZSM-5 were not of

Langmuir type at concentration higher than about 3.6 molecules/unit cell at

temperature lower than 30 °C.

For the concentration higher than 4 molecules within one unit cell, the

molecules begin to reside at the channels in addition to the more preferable site of

the intersections (Mentzen et al, 1988). The distance between the molecules at the

channel and at the channel intersection, about 5 to 6 A, makes repulsive interactions

between them possible. The repulsive force between molecules would lower the

activation energy of the diffusion, in this case by the order of 1 kcal/mol, resulting

in an increasing trend in the observed diffusivity, as discussed in chapter 2. The

molecules within the region of higher concentration would be pushed' by the

surrounding molecules out of the region more quickly than those at a region of lower

concentration where the molecules are non-interacting and perform simple random

walks. The repulsive forces between molecules might also make it more difficult for

molecuks to enter zeolite lattice at a given pressure, which would result in a

decrease in the Langmuir parameters.

132



DIFFUSION
EFFECT

IN ZSM-5
OF THE RELATIVE

10-3 10-2

(PJ)
PRESSURE

10-1 100

Relative Pressure

0 2EK24C) A BENZ(23C) + BENZ(35C.V BENZ(45C)

Fpure 3.17 Diffusion in ZSM-S(PJ): Effect of Relative Pressure

133

10-

10-

a
E0

C

0q.

00
Oc
0

a

10 -10

00
000Oo0oo

0 0
000000 V

0 V

++ A
+ +.

A

A

m .. · ... · .10-"
10 - 4

(P/P)



ISOTHERMS OF BENZENE IN ZSM-5
TEMPERATLRE EFFECT
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Figure 3.18 Equilibrium Isotherms of Benzene in ZSM-5(PJ): Temperature Effect
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ISOTHERMS OF 2METHYLBUTANE
ADSOPTION AND DESOPTION AT
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3.23 Cge Effect

The existence of cages of much larger diameter (about 12 A) within zeolites,

such as 5A, may also remarkably change the concentration dependence of the

observed diffusivity. In the case of the diffusion of heptane in 5A, as shown in

Figure 321, as much as a twenty-fold increase in diffusivity was observed as heptane

concentration increases from about 03 molecule/cage to about 1.7 molecules/cage.

These results are consistent with the literature data (Ruthven, 1984). Since it is

possible for one cage to host two molecules due to the large cage size, the confined

molecules may interact with each other instead of sole interaction between the

molecule and the lattice. A resulting repulsive interaction between the molecules

reduces the activation energy of the jumping, and consequently increases the

apparent diffusivity. Hosting more than one molecule at the same cage, however, is

not a sufficient condition for the increasing trend in diffusivity to be observed. For

smaller molecules, such as ethane, only a very moderate increase of diffusivity, about

a factor of 2, was reported even when the concentration was changed from about 2.5

molecules/unit cell to about 4 molecules/unit cell (Ruthven et al, 1975b). This is

probably because the molecules are so small that even packing more than two

molecules within one cage is not enough for any interaction between molecules to

become significant. For the larger molecules, such as normal decane, the increasing

trend was observed even below I molecule/unit cell (Vavlitis et al, 1981).

Table 3.4 lists the Lennard-Jones potential length constants for normal

paraffins, determined by Wilke-Lee method (Reid et al, 1977). We assume that each

molecule has a van der Waals interacting-volume of the spherical shape with a

diameter of about 1.8 times of its potential length constant, oa. Beyond this volume,

the interactions between this molecule and other molecules are negligible, since the
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DIFFUSION OF HEPTANE IN 5-A AT 150 C
Concentration Dependent Trend
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for Normal Paraffins

r. W V. (A VA /V,

CH. 3.65 148 52

Ct 4.40 260 0a

CAI. 4.95 370 2.1

nC. 5.41 483 1.6

nC ,, 5.79 593 13

nCo 6.14 707 1.1

nC, 6.40 800 0.97

rC., 6.72 927 0284

nC. 6.98 1038 0.75

nC,O 722 1149 0.68
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interacting potential between two molecules separated by such a distance is no longer

significant (at the order of -0.1 kcal/mol) compared to the activation energy for the

diffusion (at the order of 10 kcal/mol). Within this volume, the soft attractions and,

more importantly, the repulsive interactions between molecules become possible.

The ratio of the cage volume, Vcag (=776 A3 for 5-A, from Ruthven, 1984) and the

van der Waals interacting-volume, Vw, thus gives us at least a semi-quantitative

estimation of the importance of molecule-molecule interactions. According to these

calculations, no interactions between molecules, thus no concentration dependence

of the diffusivity, would be significant for ethane if the concentration is less than

about 3 molecules/cage. For heptane, the concentration is about 1 molecule/cage.

And the concentration for decane is about 0.7 molecule/cage. Above these

concentration values, the interaction between molecules might begin to affect the

activation energy of diffusion and result in a increase in the diffusivity. These agree

closely with the experimental observations from this and the past studied cited above.

In the above analysis, the spherical representations of molecules were used. For long

chain molecules, such as normal-paraffins, these presentations are not very accurate.

These values are, however, at least give us some semi-quantitative understanding of

molecule/zeolite systems.

3.2.4 Sorption Capacity

Experiments were carried out for benzene, 2-methylbutane, and normal

paraffins (nC6, nC7, nC8, nC1o) around room temperature up to relative pressures

above 0.1. Figure 3.22 shows the isotherms of normal-paraffins (nC6 , nC7 , nCg, n10 ).

These isotherms are roughly rectangular in shape. Figure 3.23 relates the

approximate molecular lengths with the sorption capacities, showing a decrease from

about 8 molecules/unit cell for the relatively short molecules to about 4
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ADSORPTION ISOTHERMS
N-PARAFFINS IN ZSM-5(PJ) AT 45 C
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Figure 3.22 Equilibrium Isotherms of N-Paraffins in ZSM-5(PJ)
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molecules/unit cell for the long chain molecules. The smaller molecules, such as

ethane and propane, could have capacities higher than 8 molecules/unit cell.

Richards and Rees (1987) reported capacities for ethane and propane of about 10.6

molecules/unit cell.

Since the diameters of paraffins and aromatics are close to the channel size

of ZSM-5, the possibility of double occupancy for molecules at a given site within the

channel system is excluded. Based upon the total length of channels in a unit cell,

we estimated the sorption capacities according to the values of molecular length.

Table 3.5 compares the theoretical estimations of capacities of several hydrocarbons

with their experimental values from this and past studies, following Richards and

Rees (1987). And Figure 3.24 verifies that for the molecules presented here we can

approximately estimate the sorption capacities based on their molecular lengths.

32.5 Sample Contamination and Sample Modifications

We observed in our preliminary experiments that exposure of the sample to

room air after calcination for a period of more than one day, or without thorough

cleaning of the chamber before the run, could sometimes lower the measured

diffusivity and change its concentration dependence trend, as shown in Figure 3.25.

The variation in the diffusional results may be due to "contaminants" such as

hydrocarbons adsorbed on the surface of crystals results in a "surface barrier". These

samples usually turned brown after the run instead of the normal white color of the

powder.

A systematic study of the magnesium modifications of ZSM-5 (PJ) was carried

out by Mo (1988). The zeolites were modified under controllable conditions to
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Table 3.5 Sorption Capacities for ZSM- 5

Ethane

Propane

n-Butane

2-Methylbutane

n-Hexane

n-Heptane

n-Octane

n-Decane

Benzene

Molecular Length (A)

525
6.52

7.78

7.78

10.30

11.56

12.82

15.34

6.8

Sorption Capacity (m/uc)

Theoretical Experimental

12.6 10.58"'

102 10.66'"

8.5 927"'

1 0.9 m

8.5 7.75'

6.4 7.90

7.85"'

8.80

5.7 6.2

5.2 4.00

4.3 3.8'

9.7 7.650

8.0a

8.32 m

8.4s
8.70

* all of the molecular length are from Gorring (1973),
except benzene (Vedrine, 1985)

** data sources: (Ok present study:

( 1): Richards and Rees (1987):

(2k Flanigen et al (1978);

(3): Wu et al (1983);

(4): Guo et al (1989)

(5k Thamn et al (1987).

*** total length of chanels in a unit cell:
66.4 (A) (Richards and Rees, 1987)
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achieve either a surface-coated or an ion-exchanged modification. The surface-

coated sample was obtained by concentrating the mixture of a magnesium acetate-

water solution with powdered ZSM-5 crystals in an oven at 1000C to reduce the

water content, but not to remove any excess magnesium, followed by calcination at

500 C overnight before the diffusion experiments. The ion-exchanged sample was

obtained by first filtering out the remaining solution with a membrane filter. The

wet cake was then rinsed with distilled water and filtered before the final calcination

so that all the excess magnesium solution adhered to the crystal surfaced was

removed.

For the surface-coated samples, all the excess amount of Mg introduced into

the system is segregated on the surface, while the interior of the zeolites still has very

low concentration of uniformly distributed Mg. For the ion-exchanged zeolites, the

state of magnesium is limited to a very low degree of uniform intrazeolitic

incorporation. Figure 3.26 are the results of benzene for two surface-coated samples

and one ion-exchanged sample, along with the diffusion results for the fresh,

unmodified ZSM-5 (PJ).

The ion-exchange process could alter the zeolitic diffusion in two ways.

Replacing H + with Mg2+ in the lattice and introducing excess Mg in the channel

system after the ion-exchange could reduce the effective diffusivity because of the

larger size of Mg. On the other hand, the reduction of acidity due to the ion-

exchange could weaken the interaction between the molecules and ZSM-5 to cause

an increase in diffusivity. Here, probably the latter effect prevails so that the

observed diffusivity for the ion-exchanged sample is slightly larger than that for the

fresh ZSM-5.
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The concentration dependent trends of the diffusivity for the surface-coated

samples are very similar to that for the contaminated sample. It is expected since

the surface-coated sample could be viewed as the "heavily contaminated sample".

The lower diffusivities for those samples are due to probably the blocking effect of

the diffusion path entrance, while the reason for the rising trend of diffusivities for

those samples remains unclear. The isotherms are not dramatically affected by the

modification of the samples, as shown in Figure 3.27.

33 CondWusions

The temperature dependence of the diffusivity can be determined by an

Arrhenius relationship, the GT model, where the pre-exponential term is the product

of a constant (about 10-4), which is almost independent of the tested molecules, and

the square root of the testing temperature over the molecular weight. The activation

energy reflects the complicated interaction between the guest molecule and the host

zeolite lattice, and is mainly responsible for the different diffusivity values of various

compounds.

The orders of magnitude of the diffusivity of hydrocarbons are strongly

affected by molecule shapes. The larger the molecular diameter is, the more

pronounced the decrease in the diffusivity. The effect of the molecular length

diminishes once the molecular length exceeds about 8-9 A.

The diffusion coefficients of benzene, toluene and 2-methylbutane in ZSM-5

are not dramatically influenced by the concentration up to about 4 mclecules/unit

cell, within which the interaction between molecules is insignificant due to the

relatively long distance between them. The isotherms are of the Langmuir type.
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At higher concentrations, the diffusivities of benzene and 2-methylbutane show

strong concentration dependent trends. The Langmuir adsorption isotherm can no

longer describe the equilibrium data. The rising trend of diffusivity is also observed

for the diffusion of heptane in 5A, where one cage can host two molecules. The

repulsive interaction between molecules is proposed to be responsible for these

observations.

The equilibrium capacities for ZSM-5 depends mainly on the molecular

length, changing from about 8 molecules/unit cell for the relatively short molecules

such as benzene to about 4 molecules/unit cell for the long chain molecules such as

n-decane.

The diffusivity results are not sensitive to the Si/Al ratio, and to whether

adsorption or desorption is performed. The results are, however, very sensitive to

the contaminant on the crystals. Surface-coated Mg not only decreases the diffusivity

but also changes the concentration dependent trend.
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4. DISCUSSIONS

In this chapter, the theory proposed in Chapter 2 are compared quantitatively

with the experimental observations in Chapter 3. Some of the experimental data in

the literature, which are consistent among different research groups, are also

included in the discussions. Two key issues in these comparisons are: the orders of

magnitude of the diffusivity for a given molecule/zeolite system; and the

concentration dependence of diffusivity. Two zeolites are of interest: ZSM-5 and

zeolite 5A. The objective is to capture the fundamentals of the diffusion in zeolites.

4.1 On the Orders of Magnitude

The GT model predicts that the pre-exponential term of the diffusivity of

molecules in ZSM-5 is of the orders of about 3.6x104(T/M)1 /2. The activation

energy for the diffusion in the lattice can be estimated by the Lennard-Jones

potential method proposed in Chapter 2. And for 5A, the pre-exponential term is

of the same orders of magnitude as that for ZSM-5 if a molecule is roughly a

spherical. For the diffusion of rod shape molecules, such as n-paraffins, in 5A, the

effect of intracrystalline partitioning is included in formulations.

Table 4.1 lists the experimental results, reported in Chapter 3, of the pre-

exponential terms and the values of activation energy for the diffusion of 2-

methylbutane, 2-methylpentane, benzene, cyclohexane, and 2,2-dimethylbutane in

ZSM-5. These values are compared with the predictions of the GT model in the

same table. The pre-exponential terms of these five molecules, from about x10 4

to 3x10 4, are in good agreement with the theoretical prediction, 3.6x104 . The values
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Table 4.L Comparison Between the GT Model & Experimental Results

(ZSM-5)

the GT MODEL

D = 3.6x104 c 

Experimental the Lennard-Jones potential

2MB

2MP

Benzene

Cyc-C6

2,2DMB

pre-expo.
term

1.x10o-4

1.6x10- 4

22x104

2.1x10 -4

2.9x104

E
(kcal/mol)

7.62

8.60

9.70

15.51

16.67

-3.9

-3.9

0.6

3.0

7.0

-10.6

-13.4

-9.0

-11.5

-13.3

6.7

9.5

9.6

14.5

20.3



of 0c, the potential of the molecule at the channel, and i, the potential of the

molecule at the intersection, are also listed in the table. These values were

calculated by the following formulas based on a Lennard-Jones potential method:

12

· e= 10 x 4 e x l(-) -(c)] (4.1)

for the 0-membered ring, where e =[113(em/R)]11 /2R, ac=Y2(dm+2.6), and

rc=4.2(=Y2(2.6+5.8)). The values of em and dm are given in Table 1.1. And

12

· 4, = 48 x 4 e x [ i) - (°i)] (4.2)
ri ri

for the intersection, where ai=Y2(am+2.6) and ri=5.65(=Y2(2.6+8.7)). The values

of am can be found in Table 1.1. In these calculations, no-fitting parameter was

used. The values of the estimated activation energy were the difference between

these two potentials. The values of the estimated activation energies, E, are close

to the experimental values, as shown in Table 4.1

It is interesting to note that, in Table 4.1, all five molecules experience very

strong attractions from the intersection of ZSM-5, as shown by the calculated values

of Oi for these molecules. Th.e major difference among these five molecules are the

potentials at the channels. The relatively small molecules, 2-methylbutane and 2-

methylpentane (dm = 5.0 A), experience a moderate attraction when passing through

the channel, and benzene (dm = 5.85 A) experiences a little repulsion. For

cyclohexane (dm = 6.0), passing the channel becomes difficult due to the strong

repulsion force from the 10-membered oxygen ring. The repulsive potential for bulky

2,2-dimethylbutane at the channel might be as high as 7 kcal/mol.
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Figure 4.1 plots the values of the activation energy determined experimentally

against the values of the potential at the channel, ic, estimated theoretically for these

five molecules in ZSM-5. As shown in the figure, the activation energies for the

diffusion increase as the potentials at the channel increase. In Figure 4.2, the x-axis

is changed to the values of the potential at the intersection, i The data are

scattered. There is no simple correlation between the activation energy and the

potential at the intersection for these system.

Figure 43 presents the diffusivities values of benzene in ZSM-5 obtained both

by this study and by 9 different studies. The sources for these literature data are: (1).

Tsikoyiannis (1986); (2). Nayak et al (1985); (3). Doelle et al (1981); (4) Wu et al

(1983,84); (5). Choudhary et al (1986); (6). Olson et al (1981); (7). Shah et al

(1988); (8 & 8'): Zikanova et al (1987); (9). Qureshi et al (1988). In the same

figure, the solid line represents the predictions of the GT model. The model predicts

the experimental results with good accuracy, although no fitting parameter is used

in the model. Most of the experimental data at the same temperature are within one

(at most two) order(s) of magnitude. Considering the experiments were performed

in different lab on different crystals, and sometimes with different techniques, the

scattering of these data is not unexpected. The result of Chaudhary et al, however,

is at least four to five orders of magnitude smaller than the model prediction. Their

experiments were performed by a gas chromatographic method. Their results on

other systems are also orders of magnitude smaller than the results reported by other

groups.

The diffusion in A has been studied for more than two decades. Several

orders of magnitude difference between the results obtained by the NMR method

and those obtained from classic sorption rate measurements led to a critical
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DIFFUSION OF BENZENE IN ZSM- 5
Literature Data and Model Prediction
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Figure 4.3 Diffusion of Benzene in ZSM-5: Comparison
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reexamination of some sorption data. Many of the early uptake-rate studies had

been carried out with small commercial zeolite crystal and, in some cases, with

pelleted materials. It was revealed that, at least for some systems, the effects of

external heat and mass-transfer resistances in limiting the adsorption/desorption rates

were rar greater than originally assumed (Kirger and Ruthven, 1989). In recent

studies, measurements were carried out with much larger unaggregated crystals, in

which the uptake rates were slower and more accurately measurable. In several

instances, reasonable agreement between uptake rate and NMR data was observed.

We will use these results in our analysis.

In Table 4.2, the pre-exponential terms of the diffusivities for CH4, CF4, C3H8,

and nC4 at specified temperatures are listed, together with the experimental values

of the activation energy for these four molecules. These data are adapted from

literature (Kirger and Ruthven, 1989). The pre-exponential terms were calculated

from the reported values of the diffusivity and the activation energies at given

temperatures. The GT model was used to estimated the pre-exponential terms and

the activation energies were estimated by the Lennard-Jones potential method. For

roughly spherical molecules, CH4 and CF4, the pre-exponential term is of about the

order of 3x10 4(T/M) 1/2 according to the model. In the cases of C3H8 and nC4, the

intracrystalline partitioning were estimated according to the method suggested in

section 233. The moment of inertia, I, was estimated by assuming that the mass

center is at the middle of the molecule. The distances from the methyl groups to the

mass center was then calculated according to the bond lengths and bond angles. The

symmetry number, C, is the external symmetry number since we assume that the

molecules only lose their "head to tail" rotational degrees of freedom. For both

C3H8 and nC4, the value of ¢ is then 2. The effect of the intracrystalline partitioning

thus calculated is about 8x103 for C3H8, and about 3x103 for nC4. For these two
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Table 42 Comparison Between the GT Model & Experimental Results

(5A)

Literature Data
(Krger & Ruthven, 1989)

T(K)

300

473

273

400

pre-expo.
term

5xlo -5

3x10-5

x10 -6

9x1O-7

E

1.0

6.6

3.5

4.0

the GT model

pre-expo.
term

xlIO-3

7x10-4

6xlO - 6*

2x1O-6

* intracrystalline partitioning included

** pre-exponential term: cm2 /s; E: kcal/mol

CH4

CF4

C3 H8

nC4

E

1.0

8.0

3.6

5.0



molecules in 5A, the intracrystalline partitioning is, therefore, very important The

potential at the channel (window) was estimated by

= 8 x 4e x [(') - (') (43)
r. Fe

for the 8-membered ring, where acc= (dm+2.8), and rc=3.5(=2(4.2+2.8)). The

potential in the intersection (cage) was calculated according to

· Q4 = 72 x 4e x ()4 - (-)1 (44)ri ri

where ai=V2(am+2.8), and ri=7.1(=V2(..4+2.8)). The activation energies were

calculated by E=$max-mi n, where max = max { tc, 0 }and m = { ic, i}). The

estimated pre-exponential terms given in Table 4.2 are within about one order of

magnitude as those reported in the literature. The estimated activation energies are

also in good agreement with the experimental values.

Three of four experimental pre-exponential terms in Table 4.2 are smaller

than the corresponding theoretical values. The discrepancy might be caused by the

model as-rsmptions. In the GT model, we assumed that an activated molecule would

make a jump attempt at the channel. Since the large-cage-small-channel structure

of 5A, it is possible for ai' activated molecule not to make the jump successful simply

because this molecule bumps into the impermeable wall instead of trying to passing

through the channel. It means that only portion of the spherical surface of the cage

is accessible to the molecules: the channels. For a sphere of 11.4 A in diameter with

six channels of 4.2 A in diameter, the ratio of accessible surface area to the total

surface area of the sphere is about 02. For the first-order approximation, we can

therefore assume that the probability of a successful jump would decrease by a factor
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of 02 due to this structure constraint. The discrepancy between the predicted

diffusivities and the experimental values would be nearly diminished if the theoretical

values are multiplied by a factor of 0.2.

Ruthven and co-workers have extensively studied the diffusion of n-paraffins

in 5A. In Figure 4.4, the values of the activation energies for the diffusion of CH4,

C2 H6, C3 H 8, nC4, nC 5, nC7 , nC8 , and C1o in 5A (Ruthven, 1984) are plotted against

the values of (-i), absolute values of the attraction potential in the cage. The values

of hi were calculated by Eq. (4.4). Once again, we observe an approximate

correlation between the activation energies for the diffusion and the potentials in the

cage: The stronger the attraction, the higher the activation energy.

Therefore, the activation energy difference for the molecule/ZSM-5 systems

we investigated is caused mainly by the difference in the potential at the channel.

For n-paraffins/5A, it is mainly caused by the difference in the strength of the

attraction molecules experience in the cage. Those are the reasons that when one

correlates the diffusivities, an apparent increase in the activation energy is observed

in ZSM-5 as dm increases, and in 5A, the activation energy increases with an

increase in am.

The above observations are consistent with the structures of ZSM-5 and 5A.

In ZSM-5, there is no large cage in the lattice. The channel size is close to the

intersection size. In the diffusion measurements, the zeolite channel discriminates

molecules mainly according to their minimum kinetic diameters. The pore size of

5A, however, is relatively small (about 4.2 A), and the cage is much larger in size

(about 11.4 A). The pores of 5A only admit molecules of small diameter, such as n-

paraffins, and exclude larger molecules, such as branched paraffins or aromatics.
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The effect of dm on the diffusivity in 5A was not systematically investigated since the

range of dm for the accessible molecules is not wide enough. The family of normal

paraffins all have about the same minimum diameter. The difficulty in passing

through the channel is comparable. The difference in the activation energies is,

therefore, mainly caused the difference in their interactions with the cage due to the

different values of molecular length.

In the above discussions, the GT model has been used successfully in

predicting the diffusivities, and in analyzing the characteristics of the molecule-lattice

interactions for some molecules in ZSM-5 and 5A. The significance of the model

success is two-fold.

First, this model can be therefore served as the first-order approximation for

the more detailed predictive model(s). The improvement on the model could be

made mainly on the activation energy estimations by identifying the contributions of

each functional groups of the molecules instead of lumping molecules as a single

mass center. This functional-group method is more flexible and more accurate on

describing molecules. We can take toluene as an example. Experimentally, it was

observed that toluene is more strongly adsorbed in ZSM-5 than benzene (see

Chapter 3). Therefore, the potential at the intersection for toluene is lower than that

for benzene. On the other hand, the diffusion for toluene in ZSM-5 is faster than

that of benzene by about a factor of two. Thus, the potential at the channel for

toluene should also be lower than that for benzene so as to make the a little smaller

activation energy for toluene, which would result in the faster toluene diffusivity.

By the Lennard-Jones potential method proposed in Chapter 2, the potentials at the

channel for both molecules would be, however, the same since their minimum

diameters are the same. By using the functional-group method, the effect of methyl
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group of toluene molecule on the potential could be possibly evaluated. On the

other hand, the functional-group method is not as complicated as the atom-atom

interaction model, which exclusively considers each atom of the molecule. The

successful of the GT model and the Lennard-Jones method, although limited, might

suggest that such detailed atomic descriptions is probably not necessary for the

purpose of diffusivity estimation.

Secondly, since the pre-exponential term can be easily determined by the GT

model or its modified form, the only parameter in the model to be determined is the

activation energy. Its value can be estimated. Or for a practitioner, this single

parameter can be easily obtained by performing an experiment at one temperature

without worrying the compensation effect between the pre-exponential term and the

activation energy.

In this thesis, we have only used the GT model in predicting and analyzing the

diffusivity. As shown in Section 2.1.2 of Characterization of Molecules Inside

Zeolites, some molecules inside the zeolites behave indeed as described by the GT

model (we call these molecules at the GT mode), and some behave as described by

the SV model ( we call these molecules at the SV mode). For the same molecule,

one of these two modes would become predominant, depending on temperature. For

the system we discussed, molecules are at the GT mode, verified by the

characterization and the good agreement between the GT model predictions and the

experimental data. In applying either the GT model or the SV model, it is important

first to verify the mode of the molecule inside the lattice. This could be done by

either experimental characterizations or theoretical calculations. In the calculations,

one could investigate whether the molecule-oxygen interaction or the molecule-cation

specific interaction is more important, and then determine to choose one of the
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models.

Since one molecule can has two different modes, the GT mode and the SV

mode inside the zeolite, we should be very careful in comparing the diffusion results

by different techniques with different time scales, such as the NMR method and the

uptake method. It is possible that the techniques with different time scale monitor

different modes of molecular motion inside the lattice. The occurrence of the

disagreement between the diffusivities obtained by these different techniques should

not be viewed as a surprise.

The difference between the diffusivities for the apparently same

molecule/zeolite system could be caused by the difference in the definitions of the

diffusivity as discussed in Chapter 1, or the difference on the time scale of the

measurements as discussed above. Another possibility for the discrepancy is the

unintentional experimental errors. As shown in the Chapter 3, a possibly little

contaminants on the surface could lower the diffusivity by one order of magnitude.

In theory one should be able to distinguish the rate limiting step of a diffusion

process by comparing the uptake curve with the different models. For example, the

"surface barrier" model should give the uptake curve an exponential form of time

dependence, whereas the intracrystalline diffusion model gives initially a square root

of time dependence and, when the uptake is more than about 70%, then a

exponential time dependence. In practice, however, this kind of model comparison

is often not sensitive enough to identify the nature of the diffusion process. For

example, when we performed the diffusion measurements on the surface-coated

ZSM-5, the rate limiting step for the diffusion should be diffusion through the surface

layer. The uptake curves, however, showed good fitting with the solutions of Fick's

diffusion law. The good fitting of the Fick's law solution is, therefore, not a sensitive
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indication about the rate limiting step.

42 On the Concentration Dependence

According to the Non-Interacting Lattice model, a constant diffusivity should

be observed if one site can only host one molecule and the interactions between the

molecules at the different sites are negligible. The isotherm under this condition is

of Langmuir type. The Interacting Lattice model, on the other hand, predicts a rising

trend of the diffusivity for the lattice where one site can host two molecules and

there is repulsive interaction between these two molecules. A decrease trend of

langmuir parameter should be observed.

One pair of the ideal molecule/zeolite systems for testing these two model

are: Benzene/ZSM-5 and Heptane/SA. For the concentration less than 4 benzene

molecules/unit cell, or 1 benzene molecule/intersection, in ZSM-5, molecules would

preferentially reside at the channel intersections, as demonstrated by the

characterization of benzene molecule inside the ZSM-5 (Mentzen, 1987). The

average distance between the intersection is about 10 - 12 A (Richards and Rees,

1987). Figure 4.5 is the Lennard-Jones potential plot of interaction between two

benzene molecules based on the values of potential constants given in Table 1.1. As

shown in the figure, for a distance of 10 to 12 A, the interactions between two

molecules are negligibly small (less than about -0.05 kcal/mol) compared to the

activation energy of about 10 kcal/mol. We indeed observed a nearly constant trend

of diffusivities for the concentration less than 4 molecules/unit cell, and a Langmiur

type isotherm, which are in good agreement with the predictions of the Non-

Interacting Lattice model.
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For heptane in 5A, both the experimental results and theoretical calculation

showed that the sorption capacity was roughly 2 molecules/cage (Doetch et al, 1974).

Figure 4.6 showed that if two molecules are put into one cage it is possible to result

in a repulsive potential of about 1.7 kcal/mol between these two molecules. Figure

4.7 presents the predictions of the Interacting Lattice model based on this potential

value (w=2). The trend agrees with the experimentally observed one. According to

the calculations in Chapter 2, the Langmuir parameter should decrease by about a

factor of 2 as concentration increases. The experimental results by Doetsch et al

(1974) showed a more dramatic decrease in this parameter.

The same analysis could be done for the diffusion of benzene at concentration

higher than 4 molecules/unit cell. The distance between molecules could be about

5 A since molecules begin to reside at the channels. Figure 4.5 shows such a

distance could result in a repulsive potential about 0.7 kcal/mol, which could cause

a diffusivity increase as shown in Figure 4.8. In the figure, the concentration was

normalized by 8 molecules/ unit cell.

The Non-Interacting Lattice model and the Interacting Lattice model,

although very crude and oversimplified, give us a kinetic explanation of the

concentration dependence of the diffusivity. These two models are capable of

predicting when this concentration dependence should be expected. An approximate

estimation on the change of the diffusivity is also possible to be made based on the

information of the molecule-molecule interaction. However, the interaction potential

between two molecules is very sensitive to the distance chosen to do the estimation.

The exact location of the molecules inside the lattice and their relative position are

too difficult to be exactly quantified, which makes the estimation on the interaction

potential even more uncertain. Furthermore, in the Interacting Lattice model, the
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DIFFUSION OF HEPTANE IN 5-A AT 150 C
Concentration Dependent Trend
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Figure 4.7 Diffusion of Heptane in 5A: Concentration Dependence
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Figure 4.8 Diffusion of Benzene in ZSM-5: Concentration Dependence

172

15

.,(C0

0o0

."

O

0
al

I.N0

z

10

5

w=1.5, A E = 0.9 kcal/m,
E = 9.7 kcal/mol

A

+ 0

0

0
0.0 1.0

I

DEPNDENCE OF DIFFUSIVITY



effect of the molecule-molecule interaction on the molecule-lattice interaction, the

interactions between molecules at the different sites were not considered in the

model formulation. The latter one might be very important at the high

concentration, which might be one of the reasons that the model predictions on the

concentration dependence of the diffusivity and of the Langmuir parameter are less

dramatic than the experimental observations. In the modeling, we also assumed that

the correlation between neighboring sites are neglected so that the joint probability

can be written as the product of two first-order correlation functions (see, e.g., Eqs.

(2.62) and (2.63)). This assumption is, rigorously speaking, only valid if the

interaction between molecules does not disturb the randomness of the molecular

distribution.

Since the isotherm is of Langmuir type for benzene in ZSM-5 at the

concentrations less than 4 molecules/unit cell, the Darken's equation (Eq. (1.15))

predicts an increase in the apparent diffusivity as 1/(1-0) with a constant DC. Our

experimental observations showed, however, that there is no dramatic concentration

effect on the diffusivity within this concentration range. There is no reason why it

happens. For the most of n-paraffins in 5A, the Darken's equation appears to be a

good correlation on the concentration dependence of the diffusivity as shown by

Ruthven and co-workers through the years. The reason is not clear on why for these

two zeolite systems, Darken's equation with a constant diffusivity works for one and

not for the other. The kinetic theory we proposed can at least predict and explain,

to certain extent, the occupance of the diffusivity dependence.
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5. CONCLUSIONS

Two significant, previously unreported results have been achieved:

1. A theory for the diffusion of hydrocarbons in zeolites is proposed based

on the understanding of the molecule-interactions and the molecule-molecule

interactions. The proposed models are self-consistent, capable of predicting

not only the order of magnitude of the diffusivity, but also its concentration

dependence.

2. The results of the diffusion measurements by this study have been

directly and satisfactorily compared with the model predictions on both their

orders of magnitude and the concentration dependence.

The molecule-lattice interaction is the dominant factor in determining the

diffusion characteristics of molecules in zeolites. The activation energy for the

diffusion can be caused predominantly either by the structural constraints of the

lattice, or by the specific attraction between the adsorption site and the molecule.

The corresponding modes of the molecular translational motion are termed as the

"gaseous translation" (GT) mode and the "solid vibration" (SV) mode. The GT

model assumes that the diffusion of the molecules inside the zeolites are restricted

by the potential field of lattice structure whereas the molecules retain their gaseous

entity. The SV model assumes that the attachment of molecules to the lattice is so

strong that the molecules vibrate with the host lattice before accumulating enough

energy to jump. The GT model applies to non-polar molecules at temperatures

above room temperature, according to the characterization of molecular motion

inside the lattice. The SV model might be applicable to polar molecules or the
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molecules at temperatures much lower than room temperature.

The pre-exponential term of the diffusivity of molecules for ZSM-5 is of the

order of about 10-4(T/M) 1/ 2, according to the GT model The experimental results

of six hydrocarbons (branched paraffins, benzene, and cyclohexane) support the

theoretical predictions. The activation energy for the diffusion in the lattice increases

with the increase in the minimum diameter of the molecule, and is mainly

responsible for the difference in the diffusivities for the different molecules. The

values of the activation energy can be estimated by the proposed Lennard-Jones

potential method based on the zeolite structural and molecular properties. For 5A,

the pre-exponential term of the diffusivity is of the same order of magnitude as that

for ZSM-5 if a molecule is roughly spherical. The GTip model should be used for

the diffusion of rod shape molecules, such as n-paraffins, in 5A, in which the effect

of intracrystalline partitioning is superimposed on the pre-exponential term. The

intracrystalline partitioning could reduce the pre-exponential term by as many as

three or more orders of magnitude. Literature data agree with the model

predictions.

The interactions among molecules inside the lattice could alter the

concentration dependence of the diffusivity. If the interaction between molecules

inside the lattice is negligible and double-occupancy of a site is excluded, a constant

Fick's law diffusivity is predicted by the Non-Interacting Lattice model. The

equilibrium isotherm is of Langmuir type. Diffusivities of benzene/ZSM-5(PJ),

toluene/ZSM-5(WQ), and 2-methylbutane/ZSM-5(PJ) for the concentration less

than 4 molecules/unit cell exhibited experimentally a relatively flat trend. The

Langmuir models can describe the equilibrium isotherms. The interacting model

predicts a rising trend of apparent diffusivity, and a decreasing trend of Langmuir
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parameter at the high concentration where the interaction between molecules is

significant and the interaction is repulsive. Only the interaction between the

molecules at the same site is considered. The interactions between molecules at the

different sites are excluded. The concentration dependent trends of benzene/ZSM-

5(PJ), 2-methylbutane/ZSM-5(PJ) for the concentration higher than 4 molecules/unit

cell, and the concentration trend of heptane/5A were observed to be rising

dramatically. The Langmiur parameters decrease significantly at the same

concentration.

The orders of magnitude of the diffusivity of hydrocarbons are strongly

affected by molecule shapes. For ZSM-5, the larger the molecular diameter, the

more pronounced the decrease in the diffusivity. The effect of the molecular length

diminishes once the molecular length exceeds about 8-9 A. For n-paraffins/5A, the

longer the molecular length, the higher the activation energy due to the stronger

attractions of molecules at the cage. The equilibrium capacities for ZSM-5 depends

mainly on the molecular length. The diffusivity results are not sensitive to the Si/AI

ratio of ZSM-5, and to whether adsorption or desorption is performed. The results

are, however, very sensitive to the contaminant on the crystals. Surface-coated Mg

not only decreases the diffusivity but also change the concentration dependent trend.
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NOMENCLATURE

English

B mobility

c concentration inside zeolite

Cg concentration in gas phase

Cs saturation concentration inside zeolite

D diffusivity

Dapp apparent diffusivity

Dc corrected diffusivity

Dg diffusivity defined by concentration gradient in gaseous phase

dc channel diameter

di intersection diameter

dm minimum kinetic diameter of molecule

do oxygen diameter

dp pore diameter

E activation energy

f "equilibrium constant" for the molecular distribution in a interacting

lattice

fc partition function at the channel

4; partition function at the intersection/cage

g geometry constant

H Hooke's law constant

h Planck's constant

I moment of inertia

J diffusive molar flux with respect to stationary axes

Jx diffusive molar flux in x-direction
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JA diffusive mass flux of species A with respect to stationary axes

K Langmuir parameter

KH Henry's law constant

KH° pre-exponential term of Henry's law constant

k Boltzmann constant

L diffusional length

L mean free path of gaseous molecule

proportional constant in irreversible thermodynamics

M molecular weight

Mt/M. fractional approach to equilibrium

m molecular mass

mn nth atom of the molecule

nA mass flux of species A with respect to stationary axes

P pressure

p bombardment rate of molecule from gas phase into the lattice

q the rate parameter of the Poisson distribution, the jump frequency

from one site to a particular adjacent site at the level of the first-order

correlation function

qr rotational partition function

R gas constant

rc distance from the center of the channel to the nuclei of the oxygen on

the channel perimeter

ri distance from the center of the intersection to the nuclei of the oxygen

on the surface of the intersection sphere

rn distance from the nth atom to the center of the molecule

rp crystal radius

T temperature

Tb normal boiling point
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time coordinate

time a molecule spends at the bottom of the potential well

time a molecule spends at the top of the potential well

molecular velocity

mass average velocity of a mixture of A and B

average molecular velocity in the lattice

velocity of species i relative to stationary coordinate (i=A,B)

vacancy (Figure 2.1)

Le Bas volume of molecule

cage volume of 5A

potential field

van der Waals interacting volume defined in Section 3.2.3

nondimensionalized activation energy, AE/kT

thermodynamics force

space coordinate

coordination number

distance between the adjacent sites

thermal expansion coefficient

pairwise Lennard-Jones energy constant

Lennard-Jones energy constant for molecule

Lennard-Jones energy constant for oxygen

external symmetry number

occupancy, short-handed form of O(Si, X;t)

the first-order occupancy function, the probability of finding a molecule,

X, at a site, Si, at time, t, for a specified initial condition

the probability of finding no molecule
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t

tb

tt

U

Um

uj

Ui

V

Vb

Vcage

V(x)

Vw

w

Xz

Greek

CT

eem

0(S i, X; t)

O(Si, O; t)



O(0) empty site probability, short-handed form of O(Si, O; t)

O(Si, 1; t) the probability of finding one and only one molecule

0(1) single-occupancy probability, short-handed from of O(Si, 1; t)

O(Si 2; t) the probability of finding two and only two molecules

0(2) double-occupancy probability, short-handed form of O(Si, 2; t)

O(Si, X; Sj, O; t) the second-order occupancy function, the joint probability of

finding a molecule at a site, Si, and no molecule at its neighboring site,

Sj, at time t, with the same initial condition for O(Si, X; t)

O(Si, X; Sj, 2; t) the joint probability of finding molecule(s) at site Si and not two

molecules at site Sj at time t

Op porosity

ratio of the minimum kinetic diameter of the molecule and the channel

size of the zeolite

v vibrational frequency of the solid lattice

Ve effect vibrational frequency of molecule inside zeolite

Vrc vibrational frequency along the reaction coordinate

Pi mass concentration of species i (i=A,B)

ac pairwise Lennard-Jones length constant for each molecule-oxygen at

the channel

°i pairwise Lennard-Jones length constant for each molecule-oxygen at

the intersection/cage

am Lennard-Jones length constant for molecule

ao van der Waals diameter (=21/2 am)

7 tortuosity

4c potential at the channel

i potential at the intersection/cage

i l potential at the intersection/cage for one molecule

Oi2 potential at the intersection/cage for two molecule
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Omax maximum potential of potential field

ga. minimum potential of potential field

(di mass fraction of species i (=AB) in a mixture of A and B
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