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ABSTRACT

ABSTRACT

A gravimetric balance and the frequency response (FR) technique have been used
to investigate the adsorption and the mass transfer behaviour of the normal alkanes,
from methane to n-hexane, and the cyclic hydrocarbons, benzene, toluene,
ethylbenzene, p-xylene, cyclohexane and cis-1,4-dimethylcyclohexane, in silicalite-1,
ZSM-5 and theta-1, respectively. The range of the experimental conditions covered by
the FR measurements has been extended and the frequency response data have been
improved considerably compared to earlier studies using the FR technique.

Most of the isotherms of the systems studied in this work can be reproduced well
by the Langmuir model. Deviations of the isotherms for n-pentane and n-hexane in
silicalite-1 from this model at low temperatures, however, have been observed. These
deviations have been attributed to sorption site heterogeneity of the sorbent and to the
immobilisation of these molecules in the sinusoidal channels of the zeolite. Distinct
steps were observed in the isotherms of benzene and toluene in silicalite-1 at
loadings > 4 m./u.c., which were reversible, while a hysteresis loop was found in the
isotherms of p-xylene at loadings > 4 m./u.c. in silicalite-1 but not in the isotherms of
p-xylene in ZSM-5. In contrast with some explanations in the literature, the
heterogeneous sorption sites which are present in the MFI samples and
sorbate-sorbate interactions have been invoked to explain these anomalous results.

Packing patterns of some sorbate molecules sorbed in silicalite-1 have been
calculated using the Monte Carlo molecular simulation method. These calculations
provide a better understanding of the adsorption and diffusion behaviour of these
systems. It has been shown that the linear n-alkane molecules prefer to be located in
the channel segment adsorption sites of the sorbent, while the intersections between
the two types of channel segments are favoured by the cyclic hydrocarbons.

Five theoretical models have been used to analyse the FR data. For the short
chain-length n-alkane molecules from methane to propane, which easily interchange
between the two types of channels of silicalite-1, only a single diffusion process was

detected in the FR spectra. Convincing interpretation of the effect of the heat of
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adsorption on the diffusivities has been put forward. These results help greatly to
explain the reasons for much of the controversy reported in the literature over the past
few years. The non-isothermal diffusion model is the most likely explanation of the
bimodal FR spectra of these systems at higher loadings, but the heat effect disappears
at lower loadings. Pure diffusion kinetic parameters of these systems can, therefore,
be measured by the frequency response method at low loadings.

The frequency response data of n-butane, n-pentane and n-hexane diffusion in
silicalite-1 showed more complicated behaviour than those for the above systems. At
certain loadings for these systems, anisotropic diffusivities and a finite-rate mass
exchange between the straight and the sinusoidal channels could take place
simultaneously. At lower and higher loadings, a two independent diffusion processes
model and a diffusion-rearrangement model may describe the mass transfer behaviour
of these systems, respectively. These two models are special cases of a model which
assumes that three processes occur in the systems, i.e., two independent diffusion
processes in the straight and sinusoidal channels, respectively, and a mass exchange
process between the two channels. A simple, single response for these systems can
also be observed at very low loadings (high temperatures), suggesting that these
alkane molecules are located only in the straight channels, the energetically favourable
adsorption sites for these sorbate molecules, at low loadings and it is only the
diffusion of such molecules that is observed. The contribution of the molecules in the
sinusoidal channels to the overall diffusivities of the systems at high loadings (low
temperature or high pressure) may become too small to be observed.

Surface barriers and comparisons of the diffusivities and the activation energies of
n-alkanes/silicalite-1 systems determined by the frequency response method with
those obtained from other techniques have been discussed.

The mass transfer of benzene and cyclohexane molecules in MFI zeolites is
controlled by a pure micropore diffusion process, whereas the diffusivities of
ethylbenzene and cis-1,4-dimethylcyclohexane in these sorbents may be hindered by
the rotation of the methyl groups in these molecules. The effect of the structure
defects of the framework on the diffusivities of aromatics inside the pores of

silicalite-1 has been found. The diffusivities of the four aromatics decrease in the order
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of p-xylene > toluene > benzene > ethylbenzene, and the diffusion coefficients of the
two cyclic alkanes are at least one order of magnitude smaller than the values for
benzene.

The diffusion coefficients of propane in theta-1 are about two orders of magnitudes
smaller than those of propane in silicalite-1. Such a result arises from the single-file
diffusion process which is occurring in this system. The activation energy for diffusion
of propane in theta-1 is close to the heat of adsorption and is more than twice that
found in silicalite-1 where three-dimensional diffusion is involved. This finding
provides, for the first time, experimental evidence to support the assumption proposed
in single-file diffusion theory that the rate of adsorption and desorption of sorbate
molecules at pore entrances of one dimensional channel sorbents may be the
rate-controlling step.

The results obtained in this study reveal the importance of the effects of the pore
structure of zeolites and specific features of the sorbate molecules on the dynamic
processes involved in the adsorption and diffusion of these molecules in the zeolite

networks.
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1.1 ZEOLITES
1.1.1 Character and Applications of Zeolites

Zeolites are generally defined as crystalline tectosilicates which have three
dimensional open frameworks generated by TO, tetrahedra linked to each other
through oxygen bridges, i.e. O/T=2, where T=Al or Si. Chemically, their structural
formula can be represented by

Myu[(AlO,)«(Si0,),]ewH,O
Where M is a cation of valency n, w is the number of water molecules per unit cell, x
and y are the total number of tetrahedra in the unit cell [1].

The history of zeolites can be traced back to 1756 when the Swedish mineralogist
Cronstedt [2] discovered the first zeolite mineral, stilbite. Since then, the development
of zeolites has seen a chronological progression from the aluminosilicate zeolites to
the microporous silica polymorphs to the microporous aluminophosphate-based
polymorphs and metallosilicate compositions [3]. In 1995, 98 topologically distinct
tetrahedra TO, framework structures have been reported [4], where T may be Si, Al,
P, Ga, B, Be, efc.

Zeolites have been extensively used in both fundamental researches and industrial
applications stemming from the unique combination of their properties, such as:

i) uniform pore or channel dimensions, which allow certain molecules to enter the

crystals while rejecting others based on too large a molecular size.

i) ion-exchange properties, which allow various cation-exchange reactions to be

carried out.

iii) the ability to develop internal acidity, which makes the zeolites interesting

materials as catalysts.

iv) the large internal microporous surface area, via which all atoms forming

frameworks are accessible if the pore dimension allows so.
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v) the accessibility for modification, e.g. ion-exchange, replacement of Si and Al in
the framework, introduction of metal atoms, and so on.
vi) the high thermal stability.
The major areas in which zeolites are applied are:
i) adsorbents, desiccants and separation processes, including gas purification,
separation of n-paraffins from branched paraffins, p-xylene from its isomers, efc.
ii) catalysts in petroleum refining, synfuels and petrochemical production, efc.
iil) detergents.
iv) miscellaneous, for instance, waste water treatment, nuclear effluent treatment,
animal feed supplements and soil improvement, efc.
Pore sizes of zeolites play a significant role in catalytic and adsorbent applications.
Different framework structures of zeolites involve a variety of pore size, channel and
cavity systems [S]. Three representatives of typical zeolite pore sizes in the

3545A
e.g. Zeolite A

6.0-8.0A
e.g. zeolite X and Y

Figure 1.1 Three typical zeolite pore sizes.
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aluminosilicate zeolite systems are shown in Figure 1.1: type A (small 8-ring), ZSM-5

(medium 10-ring) and type X and Y (large 12-ring).

1.1.2 Structure of MFI Type Zeolites

ZSM-5 is one of the more important zeolites used in industry especially in
petroleum refining including catalytic cracking, hydro-isomerisation, and dewaxing
processes, and in petrochemical processes, such as ethylbenzene by alkylation of
benzene, xylene isomerisation, toluene disproportionation, MTG (methanol to
gasoline) conversion, MTBE (methyl tert-butyl ether).

ZSM-5 is a high silica zeolite synthesised by Mobil Oil [6] in 1967 and patented in
1972. In 1997, the natural counterpart of the synthetic ZSM-5, mutinaite, was found
in Mt. Adamson, Northern Victoria Land, Antarctia [7]. The typical unit cell formula
of the sodium form of ZSM-5 was given by [4]

Na,Al,Sigs0192016H;0 (n < 9)
with Si/Al ratios varying from 10 to 4000. When the ratio of Si/Al is more than 1000,
ZSM-5 is usually referred to as silicalite-1 [8]. ZSM-5 and silicalite-1 are represented
by MFI according to the recommendations of the structure committee of the
International Zeolite Association (IZA) [4].

As seen in Figure 1.2, the framework structure of MFI type zeolites is composed
of two types of channels, straight channels and sinusoidal channels, whose dimensions
are controlled by rings of ten framework oxygen atoms. Near circular (5.4x5.64)
straight channels parallel to the b-axis (010) are intersected with elliptical sinusoidal
channels (5.1x5.53) parallel to the a-axis (100) forming a three dimensional channel
system. The unit cell parameters were determined as a=20.7A, b=19.92A and
c=13.42A. ZSM-5 possesses orthorhombic symmetry while the siliceous form,
silicalite-1, has monoclinic symmetry at room temperature and is both organophilic
and hydrophobic [9-11]. Depending on the temperature, Si/Al ratio, nature and
amount of adsorbed guest molecules, three crystal symmetries can be observed for
MFI zeolites, i.e. monoclinic P2,/n.1.1, orthorhombic Pnma and orthorhombic

P2,2,2, space groups [11-13].



(b)

olite framework structure viewed down the straight

Figure 1.2 MFI type ze

channels (010) (a) and the schematic diagram of the channel structure (b).



1.1.3 Structure of Theta-1 Zeolite

In the past two decades, the development of zeolite research and technology has
been intimately connected with tremendous achievements in the syntheses of new
microporous structures. Among these, the great variety of structures with
one-dimensional channel networks, controlled by 8-18 T-atoms, e.g. 18-ring: VPI-5;
14-ring: ALPO,4-8; 12-ring: ALPO,-5, -13 and ZSM-12; 10-ring: ALPO,4-11, -41,
ZSM-23 and theta-1; and 8-ring: ALPO,-22 and -25 [4], have draw more and more

attention in both theoretical and practical areas.

Figure 1.3 Theta-1 framework structure viewed down the channels (001).

Like MFI type zeolites, theta-1, synthesised by BP in the early 1980’s, also has
medium 10-ring pore sizes, which makes the results of these two structurally distinct
types of zeolites comparable. The typical unit cell formula of theta-1 was given by [4]

Na,Al,Siz4.,045¢4H,0 (n<2)

It can be seen from the framework structure of theta-1 presented in Figure 1.3 that
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theta-1 has a one-dimensional channel system, running down the c-axis (001) of the
crystals, with a smooth internal surface [14]. The channel dimension of theta-1 is
4.4x5.5A and the unit cell parameters were determined as a=13.8A, b=17.4A and
c=5.0A.

The channel sizes of MFI type zeolites and theta-1 are close to the critical
dimensions of many important hydrocarbon molecules. Intracrystalline diffusivities of
these hydrocarbons in these sorbents are frequently the limiting step in the overall
kinetic processes, so an accurate knowledge of the intracrystalline mobility is essential

in obtaining a better understanding of the separation and catalytic processes involved.

1.2 ADSORPTION IN ZEOLITES

Adsorption in zeolites can be normally classified into two main types,
chemisorption and physisorption [15]. Chemisorption is formed by chemical bonds
between sorbate molecules and sorbent frameworks, while physisorption is a general
phenomenon occurring whenever sorbate molecules are brought into contact with the
surface of zeolites.

Typically, zeolites exhibit Langmuir isotherms, i.e. volume filling to a maximum
micropore capacity [1,5,16]. Sorbate/sorbate and sorbent/sorbate interactions may,
however, cause deviations from the Langmuir model. For the adsorption of n-hexane
in silicalite-1, the isotherms cannot be reproduced by the Langmuir model at lower
temperatures which was attributed to some kind of phase transition taking place in the
system [17,18]. A hysteresis loop has been observed in the isotherms of p-xylene in
silicalite-1 at temperatures < 348 K when the loading exceeded ca. 4 molecules per
unit cell, which was ascribed to the phase transition of silicalite-1 from monoclinic
symmetry to orthorhombic symmetry [19-22].

Zeolites are important both as sorbents commercially and as “ideal” surfaces for
fundamental research. The adsorption behaviour of sorbate molecules in zeolites is
also of considerable significance when the diffusivities of these sorbates are studied.

When the frequency response technique is used, it is essential to choose the



appropriate experimental conditions since the intensity of the phase lag, one of the
important frequency response parameters, is related to the gradient of the sorption
isotherms. Secondly, when the isotherm is outside the Henry’s law range, the
measured diffusion coefficients need to be corrected by the Darken Equation (given in

Chapter 2), which requires knowledge of the slopes of the isotherms.

1.3 DIFFUSION IN ZEOLITES

The study of the diffusion of sorbates in zeolites and other microporous solids has
become increasingly important over many years. Most of the industrial catalytic
reactions in zeolites occur in the intracrystalline diffusion controlled regime [23] and
the efficiency of zeolite catalysts is often limited by the diffusivities of reactants and
products. The knowledge of the diffusion coefficients of these species is, therefore, of
immense importance in the understanding of the mechanisms of catalytic and

adsorption separation processes.

1.3.1 Factors Influencing Diffusivities within Zeolites

Diffusion in porous media can be classified into three regimes as follows [5,24,25]:

i) the molecular diffusion regime, which exists in a porous material when the pore
radius is greatly in excess of the molecular mean free path and which represents
diffusion in the absence of any molecule-pore wall effect.

ii) Knudsen diffusion, in which the interaction between guest molecules and pore
wall are significant as the pore diameter is less than the molecular mean free
path.

iii) configuration diffusion, which may occur if the molecular dimensions of the
diffusant are very close to the pore radius.

It was found that diffusion coefficients in the Knudsen diffusion regime are

inversely proportional to the pore dimensions due to the enhanced flow resistance

which results from the increased frequency of molecule-wall collisions. In the
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configuration regime, the diffusion resistance is greatly enhanced, possibly to such an
extent that intracrystalline diffusing species can hardly escape from the field gradient
of the zeolite, and a diffusant experiences the variation in potential energies as it
passes along the channel length.

As the pore sizes of zeolites are close to the critical dimensions of the diffusant,
configuration diffusion may be the major process to account for the observed
diffusion behaviour. The intracrystalline diffusion within zeolites is significantly
influenced by the following factors [5,26]:

i) framework structure of zeolites.

ii) size, charge position and distribution of cations in the framework.

iii) size, shape, polarity and flexibility of guest molecules.

iv) presence of impurity molecules in the sorbents.

v) concentration of diffusant in the crystals.

vi) temperatures of the systems

vii) zeolite lattice defects, e.g. stacking faults.

viii) zeolite structure alterations instigated by penetrating molecules or physical and

chemical pre-treatment.
1.3.2 Three-dimensional Diffusion

As mentioned in section 1.3.1, the framework structures of zeolites can
significantly influence the intracrystalline diffusion behaviour within the zeolites. For
the zeolites with three-dimensional channel networks, such as ZSM-5 or silicalite-1,

the diffusivity can be described by a random-walk model [27], i.e. the mean square

displacement of the individual molecule, r(t)2 , is proportional to the observed time, 7

(r(1)*) = 6Dyt (1.1)
where Dy is the intracrystalline self-diffusion coefficient.

It is interesting to pay attention to the anisotropic diffusivities of three-dimensional
diffusion, which has been both observed experimentally [28-30] and derived from
simulation calculations [31-35]. For the diffusion in silicalite-1, as expected from the

geometry of the zeolite channel network, diffusion in the straight channels
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(b-direction) may be faster than that in the sinusoidal channels (a-direction) and
diffusion in the c-direction could be very slow. However, if molecules are small
enough or temperatures are high enough, molecules may also readily overcome

conformational energy barriers and explore the entire zeolite channel systems [33,35].
1.3.3 Singie-file Diffusion

In contrast to three-dimensional diffusion, the diffusion mechanism in
one-dimensional channels may be significantly different as soon as the diameters of the
guest molecules are close to the dimensions of the channels so that individual
molecules cannot pass over each other within the channels. To describe such
molecular mobility, a single-file diffusion mechanism has been applied [36] where the
jump of a molecule in the one-dimensional channel will take place only when there is a
vacant site available in the jumping direction. It was shown theoretically [37,38] and
demonstrated experimentally by pulse field gradient nuclear magnetic resonance (PFG
NMR) [39] that the mean square displacement of the individual molecule in the single
file diffusion is proportional to the square root of the observed time rather than the

observed time as given in Equation (1.1).

(r(?*)=2F1 (12)
where F is the single-file mobility.

The frequency response measurements of CO, in theta-1 presented a surface
resistance which is ascribed to the need in single-file diffusion for a molecule in the

gas phase to wait for a vacancy to occur at the entrance of the channel before it can

be sorbed [40].

1.4 TECHNIQUES INVOLVED IN MEASUREMENTS OF DIFFUSIVITIES
1.4.1 Macroscopic Methods

Techniques involved in intracrystalline diffusion measurements may be classified

into macroscopic and microscopic methods [41]. The macroscopic methods of
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measuring intracrystalline diffusivity all depend on measuring the flux into or through
a zeolite crystal under well-defined boundary conditions. The diffusivity is then
calculated by matching the experimental flux or uptake rate to the appropriate
theoretical solution derived from Fick’s first or second equations. Most of the
macroscopic methods produce transport diffusivity, i.e. the diffusivity in the presence
of a concentration gradient or a net flux of sorbate molecules, except the tracer
exchange measurement which yield intracrystalline self-diffusivity. The more
commonly used macroscopic methods are summarised as below:

i) sorption uptake, including gravimetric, volumetric and piezometric [42-49]

ii) zero-length column (ZLC) chromatography [50,51]

iii) FTIR spectroscopy [52]

iv) surface temperature IR [53,54]

v) single crystal membrane [55,56]

vi) frequency response [57,58]

The features of these techniques and the diffusivities measured by these methods
for different sorbate/zeolite systems have been summarised by Kiérger and

Ruthven [27,41] and Rees [59].

1.4.2 Microscopic Methods

All microscopic methods measure the self-diffusivity, either indirectly by
determining the average time between molecular jumps or directly, as in the PFG
NMR technique. The more extensively used microscopic methods are PFG NMR
originated in the laboratory of Pfeifer in the early 1970’s [60] and Quasi-elastic

neutron scattering (QENS) which measures the translational and rotational dynamics
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experimental results of these methods are also outlined by Kargerand
Ruthven [27,41] and Rees [59].

Along with the development of experimental techniques, molecular dynamic
simulations are also becoming of increasing importance for studying the diffusivities

of sorbate molecules in zeolite channel networks. These simulations can predict

10
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intracrystalline self-diffusivities of guest molecules in zeolites by employing
atomistically-detailed models and the principles of statistical mechanics. Theodorou ez

al. [59] and Rees [62] have recently reviewed the work in this area.

Table 1.1 Self-diffusivities of n-alkanes in silicalite-]1 near 300 K reported in

literature [33]°

No. of Carbon /K Do/ m’s™ method Ea/kJmol”' references
1 300 1.6x10® MD 56 63
1 300 1.34x10°* MD 64
1 300 1.1x10°® NMR 5 65
1 300 1.0x10°® MD 43 66
1 250 5.0x10” QENS 438 67
1 300 3.6x10” MD 68
1 334 1.1x10™ MBRN 55
1 300 1.3x10™ CHTGY 22 69
2 299 5.4x10” NMR 7.8 65
2 323 3.0x10” FR 70
2 300 2.0x10” QENS 71
2 298 1.3x10” FR 10.5 49
2 334 2.2x10™ MBRN 55
2 298 6.5x10™" FR 213 72
2 298 3.1x10™" CHTGY 7.8 73
3 313 3.9x10” NMR 1.0 65
3 300 2.0x10” MD 66
3 300 1.2x107 QENS 51 71
3 323 6.0x10™ FR 70
3 323 5.0x10™° FR 7.4 49
3 303 7.7x1072 ZLC 12.97 74
3 334 7.3x10™"? MBRN 55

11
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Table 1.1 Continued

No. of Catbon  7T/K Do/ m’s” method  Ea/kJmol” references
3 298 3.5x10™ FR 20.4 72
3 400 2.9x10™"° CHTGY 45 69
4 300 3.2x10” MD 5 34
4 300 1.7x107 MD 64
4 300 1.0x107 QENS 5 75
4 300 2.0x10™ NMR 8 76
4 323 5.4x10™" FR 21.5 70
4 297 5.7x10"? MBRN 19.6 77
5 300 1.0x10™" NMR 76
5 323 1.5x10™" ZLC 19.24 74
6 300 2.2x10? MD 34
6 373 6.9x10™ QENS 75
6 323 3.0x10™" UPTK 78
6 325 2.0x10™" FR 17 49
10 373 3.1x10™" ZLC 20.92 74
14 343 2.3x10™" Zic 19.25 74
20 343 2.0x10™" ZLC 18.83 74

* Techniques abbreviated as follows: MD: Molecular Dynamics, NMR: Pulsed Field
Gradient Nuclear Magnetic Resonance; QENS: Quasi-elastic Neutron Scattering;
MBRN: Membrane Permeation, CHTGY: Chromatography (various techniques);
FR: frequency response;, ZLC: Zero-length Column;, UPTK: uptake rate.

1.4.3 Discrepancies between the Diffusivities Determined by Macro- and

Micro-methods
Table 1.1 lists the intracrystalline self-diffusion coefficients of n-alkanes in

silicalite-1 measured by different techniques and by different investigators. Over five

orders of magnitude differences between these values can be seen from the table,

12
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which has occupied the attentions of researchers for many years [79]. The diffusion
coefficients determined by microscopic methods tend to give higher values than those
obtained by macroscopic techniques. This observation leads to a critical
re-examination of the earlier adsorption/desorption kinetic measurements [79].

To account for the discrepancies, a number of different interpretations have been
put forward, but a rational and logical explanation still remains to be
found [27,41,43,80]. The possible explanations for the difference between macro- and
micro-diffusivity values could be [27,41]:

i) intrusion of extracrystalline heat- or mass-transfer resistance.

ii) non-linearity effects and boundary conditions in uptake rate measurements.

iii) differences in sample origin and pre-treatment.

iv) internal heat conduction.

v) surface barriers.

vi) undirectional surface resistance.

vii) influence of the magnetic field on molecular mobility in an NMR experiment.

viii) enhancement of PFG NMR self-diffusivities by fast proton exchange.

ix) intracrystalline barriers.

x) difference in the time scale of the measurement.

Among them, the last one was considered to be more important than the others.

1.5 FREQUENCY RESPONSE

The Frequency Response (FR) technique is a quasi-steady state relaxation
technique in which a parameter influencing the equilibrium state of the system is
perturbed periodically at a particular frequency. The response of a parameter
characteristic of the state of the system depends upon the time scale of the dynamic
processes affecting the parameter relative to the period of perturbation, the type of
perturbation and physical characteristics of the system. The response of the system to
the frequency spectrum thus allows the determination of the dynamic parameters.

This technique was firstly used by Yasuda to measure diffusion coefficients in

13
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gas-zeolite systems [57,58,81] by applying a sinusoidal-wave perturbation to the
equilibrium gas phase volume of the system [81,82]. Rees ef al. have improved this
technique by the use of ‘pure’ square-wave perturbations, by reduction of the
response time of the pressure transducer, by automation of the apparatus, and finally,
by an expansion of the frequency-range [70,72,83-85].

The FR technique has proved to be a very effective and a very powerful method
for determining inter- and intra-crystalline diffusivities of sorbate molecules in
zeolites. An outstanding advantage of the FR method is its ability to distinguish
multi-kinetic processes in an FR spectrum, i.e. various ‘independent’ rate processes
which occur simultaneously can be investigated by this technique [58].

Two FR methods have been developed by Rees ef al, (a)the full and (b) the
single-step method. The salient features of the FR methods can be summarised as
follows.

The sorbate/zeolite system is brought into sorption equilibrium and then a small
+1% square-wave volume modulation of this equilibrium situation is applied. The
uptake/release of the sorbate following this disturbance takes place at a virtual
constant composition of the sorbed phase and the diffusion coefficient controlling the
uptake/release can be taken to be the differential diffusion coefficient that applies for
the equilibrium concentration of sorbate in the zeolite. The equilibrium concentration
can be varied, so the differential diffusion coefficient can be ascertained as a function
of sorbate concentration. Both FR methods follow the rates of sorption and
desorption during each half square-wave disturbance respectively, so differences in
these two rates can be detected. The single-step method can follow very rapid
uptake/desorption rates in a millisecond time scale and many data points can be
accumulated over quite short periods. Both FR methods can cope with fast diffusion
processes and can determine, therefore, very large diffusion coefficients, especially if
it is possible to select the size of zeolite crystals to be used in the measurements.
Finally, as will be shown in later chapters, the full FR method can separate two
simultaneous diffusion processes if they are controlled by diffusion coefficients that

differ by a factor of 3 or greater and the full FR method could also be used to study

14
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the simultaneous intra- and inter-diffusion processes which occur in pelleted zeolite

sorbents and catalysts [86].

1.6 AIM OF THIS WORK

Zeolites and microporous solids are widely used as catalysts and adsorbents in a
large number of hydrocarbon reactions and gas separation processes, respectively.
The diffusivities of sorbate molecules in these materials are frequently the limiting step
in the overall kinetic processes, so the effect of the framework structure of sorbents
and the molecular shape and size of sorbates on the adsorption and diffusional
behaviour of sorbate and reactant molecules has been of great interest. However, as
mentioned in section 1.4.3, the intracrystalline diffusion coefficients determined by
different experimental methods sometimes vary by up to five orders of magnitude
even though considerable care had been taken. The reason for these large
discrepancies is still not very clear.

Such anomalies stimulated improvements in both micro- and macro-techniques.
Carried out over a wide range of time scales from 0.01-1000 s, the frequency
response method has been proved to be a very powerful technique for determining
intracrystalline diffusivities for different sorbate/sorbent systems. In this work, the
diffusivities of n-alkanes and cyclic hydrocarbons in MFI type zeolites have been
systematically studied using the frequency response method and compared with the
results obtained from the other techniques (Chapters 6 and 7), which, hopefully, will
lead to a better understanding of the diffusional mechanism involved in these systems.

The FR method has been widely used over the past ten years to measure
diffusivities of many different sorbates in various zeolites, e.g. Kr-mordenite [57], Kr-,
Xe-, ethane-, and propane-5A [87,88], n-alkanes-silicalite-1 [28,49,70,72],
Xe-silicalite-1 [89], benzene-HZSM-5 and benzene-NaX [90], n-alkanes-NaX [91],
and CO,-theta-1 [40], efc.. The dynamics of various surface phenomena have recently
been reviewed by Yasuda [58] who was the first to use the method.

To fit the FR experimental spectra and then calculate diffusion coefficients, several

15



theoretical models have been developed over the past decade, including the pure
single diffusion model [57,58], the two independent diffusion processes
model [28,58], diffusion with surface resistance model [92,93], the non-isotherm
diffusion model [94,95], the non-isotherm diffusion with surface resistance
model [95], the diffusion-rearrangement model [96].

On fitting the FR experimental data with different models, it was found, however,
that the major difficulty in the application of the FR method is that the rate spectra or
the FR spectra are not always uniquely defined and there are generally several
combination of parameters, i.e. several theoretical models, which could produce
virtually the same the FR spectra. Controversial interpretations of one set of
experimental data have been reported in the literature [29,30,94]. This difficulty will
be tackled in this study (Chapters 6 and 7) by investigating systematically the systems
over a wide range of reasonable or possible parameter values, e.g. variation of
pressures or temperatures and by testing the validity of theoretical models by
analysing the physical parameters derived from the fits.

Over the past twenty years many new zeolites with unidimensional channel
structures have been synthesised [4]. The adsorption and transport properties of
sorbate molecules in these sorbents have not been, however, studied, experimentally
or theoretically, in detail. Chapter 8 aims to investigate the diffusion behaviour of
propane in theta-1 zeolite and to compared the mobility properties of the sorbate
molecules in both theta-1 (one-dimensional) and silicalite-1 (three-dimensional)
zeolites.

Chapters 4 and 5 will focus on the experimental and theoretical studies of the
adsorption behaviour of hydrocarbons in the zeolites, respectively, which will provide
the basis for the diffusion studies. Also some thermodynamic parameters can be
calculated from the adsorption isotherms.

Finally, apparatuses and theories used in adsorption and the frequency response

studies will be presented in Chapter 2 and 3.
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2.1 ADSORPTION
2.1.1 Physisorption Forces

Physisorption is the outcome of the forces of attraction between sorbate molecules
and the atoms or ions composing the sorbents. The forces involved in physisorption
may be listed below [1-3]:

i) dispersion energy, ®p, which arises from the rapid fluctuation in electron
density within each atom. The fluctuation induces an electrical moment in a near
neighbour and thus leads to attraction between the two atoms.

ii) repulsion energy, ®z, which arises from the interpenetration of the electron
clouds of the two atoms.

iii) polarisation energy, ®p, which arises from a dipole in the gas molecules induced
by an electric field in the sorbents.

iv) field-dipole energy, @, which arises from the interaction between the
permanent dipole of sorbate molecules and the electric field.

v) field-quadrupole energy, @, which arises from the interaction between the

FQ>
quadrupole moment of sorbate molecules and the electric field gradient.
vi) sorbate-sorbate interaction energy, ®sp.
Thus the overall adsorption potential, ®1or, for a physisorption process may be
expressed by [1-3]

@ror=Pp + Op+ Pp + Ppy + P, + Pop 2.1)

In the case of high silica zeolites, e.g. silicalite-1, the electric field is dramatically
reduced, such that the contribution to ®ror from ®p, is negligible [2]. For simple or

saturated hydrocarbons, ®z, and ® 7p are small or reduced to zero. The last term,

®gp, tends to be important only at high coverage. The forces may be, therefore,

dominated mainly by dispersion energy, ®p, and repulsion energy, ®, for the
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adsorption of hydrocarbons in silicalite-1 or silicon type theta-1.

2.1.2 Thermodynamics of Adsorption

The isosteric heat of adsorption can be calculated by the Clausius-Clapeyron

equation [1,3]

Jln P) 22)

Qst =RT2( oﬂyl-v

q

where g is the amount of adsorption, P and 7 are the pressure and temperature of

adsorption. If the range of temperature is small enough to justify the assumption that

Q,, is independent of temperature, O, can be obtained from adsorption isotherms at

two or more temperatures. For the isotherms available only at two temperatures,

Q,, can be given by
oy
0, = Rﬁ(ln P, —InP, )q (2.3)
If isotherms are available at several temperatures, the appropriate equation should be
(nP), =- % + constant (2.49)

The value of Q, can then be obtained from the slope of the isosteric plot of

InP vs. 1/T.
At equilibrium of adsorption, the chemical potential of sorbed phase, x,, must be

equal to the chemical potential of gas phase, x, , i.e.

#, = py 25)
since
wp=H TS (2.6)

then the differential entropy of adsorption

AS=8,-§, 2.7)
can be calculated by
AS=AH|T=-Q,,|T (2.8)

where AH is the differential molar enthalpy of adsorption, which is defined by
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m

AH=H,-H,=-0, (2.9
S, and S, are the partial molar entropy of sorbed phase and of molar entropy of gas
phase, respectively, H, and H, are the partial molar enthalpy of sorbed phase and of

molar enthalpy of gas phase, respectively.

For an ideal gas phase
S, =82 - Rin(P/P°) (2.10)
where S: is the molar entropy of ideal vapour at the standard state and

P°=1.0132x10° Pa. Therefore, the differential molar entropy of adsorption at

standard pressure, P, can be calculated by combining Equations (2.7), (2.8) and
(2.10)

S, -8=-0,/T-Run(P/P°) 2.11)
2.1.3 Adsorption Isotherm Models

As mentioned in 1.2, the isotherms for most zeolites are normally of type-I [1,3],

which can be described by the Langmuir isotherm model

g b'(P/P,)
O = n, 1+b(P/P,) G

where @, is the fractional coverage; n,, the sorbate monolayer coverage; b , the
adsorption coefficient; P,, the saturated pressure of the sorbate at the isotherm

temperature and P, the gas phase sorbate equilibrium pressure. Equation (2.12) can be

rearranged to
n'“"bP 2 13)
=1 op eSS

where b=b'/P, .

For the isotherms of some sorbate molecules, such as n-hexane (cf. section 4.2), in
silicalite-1 at lower temperatures, the Langmuir model cannot be used to reproduce
accurately the experimental data. To fit the isotherms deviating from Langmuir type,

a double Langmuir or dual-site model [4-7]
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g n, b P . n,,b, P
(1+8P) (1+5,P)

(2.14)

has been proposed. This model takes the geometrical constraint and the
heterogeneous sorption sites of sorbent crystal structure into account. For MFI type
zeolites, for example, three different types of adsorption sites, straight channels,
sinusoidal channels and the intersections between these two channels, exist in the
channel system. The deviation of the isotherms from the Langmuir model is then
considered as the combination of the adsorption of the sorbate molecules in the

channel and the intersection sorption sites of the sorbent framework.

2.2 DIFFUSION

2.2.1 Theoretical Models of the Full FR Method

In our frequency response method an equilibrium state is perturbed by applying a
square-wave to the volume of a gas phase. The theoretical solutions of the
frequency-response technique have been comprehensively developed over the past
decade. The full FR parameters (phase lag and amplitude) are experimentally derived
from a Fourier transformation of the volume and pressure square-waves. The phase
lag @5 = ®; - ®p is obtained, where ®; and @ are the phase lags determined in the
presence and the absence of zeolites, respectively. The amplitude is embodied in the
ratio Pz/P;, where Pz and P; are the pressures response to the *+1% volume
perturbations in the absence and presence of sorbents, respectively. From the solution
of Fick's second law for the diffusion of a single diffusant in a solid subjected to a
periodic, sinusoidal surface concentration modulation, the following equations

in-phase: (P, / P,)cos®, , —1=K5, +S§ (2.15)

out-of-phase: (P / P,)sin®,_, = KJ,, (2.16)
can be obtained [8-11]. K is a constant related to the gradient of the adsorption
isotherm, S is a constant that represents a very rapid adsorption/desorption process,
which may co-exist with the diffusion process being measured, &, and J,. are the

overall in-phase and out-of-phase characteristic functions, respectively. The
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assumptions on which the solution of Fick’s law is based are the following [10]
i) surface concentration is proportional to the partial pressure of the
sorbate — Henry’s law regime.
ii) diffusivity is independent of sorbate concentration since the sorbate
concentration varies only to a small degree (< £1% of the total pressure).
iii) intracrystalline diffusion is the rate controlling step.
iv) ideal gas law applies.
S, and &,, depend on the theoretical models describing the overall kinetic
processes of a system. The models available in the literature and used in this work are

as follows.

2.2.1.1 Single diffusion process model

When only a single intracrystalline diffusion process occurs in a system, the

characteristic functions are [8,11]

) RTV,K,
in-phase: KJ,, = v o, (2.17)
RTV K,
out-of-phase: K¢, = _17—55 (2.18)

where R is the gas constant, 7 is the isotherm temperature, V; is volume occupied by
the sorbent, V. the mean volume of sorbate outside the sorbent and K|, is the
equilibrium constant based on pressure.

For crystals of slab shape, &, and &, are given by [8]

1 sinhn+singy

= 2.19
¢ n coshn+cosn (2.19)
1 sinh7—sinny
2 BRg—may, 20
o coshn+cosn) (2.20)
For diffusion in spherical crystals, &. and & are given by [8]
3 sinh7—sin
| =y 2.21)

- n cosh 7 —cosn
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Figure 2.1 The ideal shape of the phase lag @, , and amplitude ratio Ps/P; curves

vs. frequency.

1.0
K3,

06 |-

02

1 —

00 a2 s aasaal A a s aaaaal
0.01 0.1 1 10 100

Frequency / Hz

Figure 2.2 Theoretical characteristic functions, K&, and Kd,.., for a single diffusion

process when /=10 pm (sphere), K= 1, and D = 10" m’s™.
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3 sinh7+si 2
5, == (Sl_ﬂinl_ 2y (2.22)
n coshnp—cosn n

Where 7= (2wl* / D)Y? | w is the angular frequency, f = @/ 27 = frequency, / is the
half thickness of the slab or the radius of the sphere, and D the transport
intracrystalline diffusion coefficient.

The diffusion coefficient is obtained by a least-squares curve-fitting of the
experimental characteristic functions versus frequency data, with the diffusion
coefficient being the only adjustable parameter.

The ideal shape of the phase lag ®, and amplitude ratio Ps/P; curves versus
frequency should be as shown in Figure 2.1. Such ideally shaped curves lead to

characteristic functions versus frequency curves, as shown in Figure 2.2.
2.2.1.2 Two independent diffusion processes model

When two diffusion processes occur simultaneously, provided they are independent
of each other, the theoretical treatment can be expanded to give [8,12]
in-phase: K3, = K,5,, +K,9,, (2.23)

out-of-phase: K6, = K6, + K,5,, (2.24)

where subscripts 1 and 2 indicate the two separate kinetic processes. The
characteristic functions &, and &, are also generated by Equations (2.19) - (2.22).

When two such processes exist then K&, and K, characteristic functions as given in
Figure 2.3, respectively, are obtained. Such curves can be deconvoluted into their
respective separate components I and II with diffusion coefficients that differ by a

factor of five, but with K constants that are the same for both diffusion processes.

are seen, where the diffusion coefficients differ by a factor of 100 and when the
constant K is twice as large for the faster process than for the slower process. In this
latter case the flux associated with the faster process is thus twice that of the slower

process.
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Figure 2.3 Theoretical characteristic functions, K3, and Kd,., for two diffusion
processes (I+1I) when K; = K; = 0.5, I, = 1;,=20 pum, and D; = 5xDy = 5x10™"° m’s™.
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Figure 2.4 Theoretical characteristic functions, K&, and Kd,., for two diffusion
processes (I+1I) when K;=0.6, K;=03, I, =1,=20um, and D;=10"m’",

D]] =1 0-“ mZS-l.
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2.2.1.3 Non-isothermal diffusion model

Periodic adsorption and desorption inside adsorbent particles, induced by the
volume modulation, may lead to a heat of sorption effect which is dissipated through a
heat exchange between the sorbent and the surroundings. When the heat exchange
rate is comparable with the diffusion rate, a bimodal form for the frequency response
characteristic curves is found [13-15].

The overall characteristic functions &, and &, for this model are given by

RIV,K, ( 6,(1+0*}) +y (82 +32)o’t]
in-phase: K&, = - P( 2 h)z AC: sz) — (2.25)
Ve (1+75swth) +(1+750) o1
RIV.K, [ 8,1+ 0*})+y (82 + 87 )ot
out-of-phase: K&, = —— ( 5 hz 7 ;)2 2 (2.26)
Ve \(+pt,)" +(1+75,) @7t

where #, is the time constant for heat exchange between the sorbent and its
surroundings, and

7 =K70,/C, 2.27)
is a measure of the non-isothermalicity of the system. C, is the volumetric heat
capacity of the sorbent and K7 is derived from the adsorption isotherm with respect to

the temperature and defined by

_ PO,
RT?

K, Kp (2.28)

S, and &, are also given by Equations (2.19) and (2.20) respectively for slab-shaped
crystals and Equations (2.21) and (2.22) respectively for spherical crystals.

2.2.1.4 Diffusion-rearrangement model

When Fickian diffusion occurs in transport channels, for example, the straight
channels of silicalite-1 framework structure, and sorbate is immobilised in storage
channels, e.g. the sinusoidal channels of silicalite-1, and a finite-rate mass exchange
between these two kinds of channels exists [16] the overall characteristic functions

derived by Sun ef al. [13] are
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o, — 0,0t
in-phase: 8, =8, + K C—‘z—zi (2.29)
1+oty
o o, oty
out-of-phase: J,, =6, + Ko ——— (2.30)
1+o°ty
For diffusion in slab geometry, &, and J; are given by
A sinh2Z, + 4 sin24, (231)
© (2% + 2*)cosh 22, + cos24,) '
5 = A sinh24, — 4, sin24, (232)
’ (lf + A2 )(cosh 24, + cosZAs) '
For diffusion in spherical geometry, &, and J; are given by
3 (A sinh24, — A, sin24, A2 - A
i, = iy (2.33)
A+ A cosh2A, —cos2A, A+ A
53 Lzs sinh24, + A, sin24, 244, j -
T 22+ 22 cosh24, —cos24, A2+ 2 2:34)
with
A +id, =[(v, +iv.)l* /D] (2.35)
and
14— Na (2.36)
v=lt——r }
‘ 4 cozt},zi
K,ot,
B =—— 2.37
Y l+e?t} (237)

fz is the time constant of mass exchange between the transport and storage channels

and K, is the ratio of mass hold-up in the storage and transport channels.

2.2.1.5 Diffusion with surface-resistance or surface-barrier model

When surface-barriers or surface-resistance to sorbate gases or ‘skin’ effect occurs,

the overall characteristic functions can be indicated by [11,17,18]

in-phase: &, = (ak_, /)’ (a +c3,)/

(2.38)
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out —

out-of-phase: 6, =(ak_,/ a))[l -~

A/a) ak A/w +c5 /9] (2.39)
where k_, is the rate constant for the resistance, . and J. are as same as those in

Equations (2.19) - (2.22) for slab and spherical crystals respectively, and
0={(ak_s /o) +c5,} +{a+cs.)” (2.40)
c=(dc/ap) [{d(4+C)/dP} =1-a (2.41)
Here A is the adspecies on the external surface, C is the adspecies within the porous

adsorbent and P the equilibrium pressure. a ~ 1072 and ¢~ 1 for most zeolites

R §=1
016 F  eeeees £=10
0.12
3
4
e
& 0.08
Q_

0.04

1E 3 0.01

0.1 1

Frequency / Hz

Figure 2.5 Theoretical FR spectra for diffusion with surface resistance with & as

parameter for spherical crystal geometry when K = 0.15 and D/ r°=01s

The surface resistance can be demonstrated by the area of the intersection between

the in-phase and the out-of-phase characteristic function curves as presented in
Figure 2.5, which depends on the ratio of £ defined by

g=ak_, [(D/1?)

(2.42)
suggesting that the ‘skin’ effects depend not only on the ratio of the rate constants
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between the surface resistance and diffusion processes, but also on the size of crystals.

A large value of & means small “skin’ effects [18,19].

The limiting values of the in-phase component as @—0 can be experimentally used
to determined the equilibrium constants [20] since
RTV K,

e

KS, (2.43)

If the experimental range of frequency is wide enough to cover all the rate
processes occurring in a system, the asymptotes of the in-phase and out-of-phase

characteristic curves should satisfy the following two relations [11]

tim (P, /P, )cos®,_, —1=0 and lim(P;/P,)sin®, ;=0 (2.44)

W—>0 —>0

lim(P, /P, )cos ® T s ]
BN/ 1z )M g g~ IEAST

e

and lin})(PB/Pz)sin(Dz_Bzo (2.45)
o>

2.2.2 Analysis of the FR Experimental Data

Figure 2.6 shows a flow chart for the summary of the evaluation of the FR
parameters. The full FR experimental parameters (phase lag and amplitude) can be
obtained from the Fourier transformation of a square-wave perturbation of the
volume, (1), and the frequency response signals of pressure in the gas-zeolite system,
g(t). As any periodic waveform can be described by a set of sinusoidal

components [22], the Fourier series of /(#) can be expressed as [22]

4 1
F(t)y=— X —sin(nwt) (2.46)
T n=135-N

where 7 is time and @ is the relevant frequency.

For a linear system the steady-state response signals, g(7), is

g)=nt)+ T a, sin(na)t + CD,,) (2.47)
n=13,5~

where «, is the proportionality coefficient for the nth frequency, @, is the phase

angle at the mth frequency, and n(?) the stochastic noise signal. By rearranging

Equation (2.47), one can obtain
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Input square-wave

perturbation on volume, F{(1)

Sorbate gas/zeolite

system

Theoretical model

Noise n(1)

Output pressure response

to the volume

perturbation, g(7)

|

Fourier transformation

L l
Theoretical phase lag,

amplitude and Experimental phase lag ®©;.5,

. .
characteristic functions amplitude ratio Py/Pz and

characteristic functions &, and &,.

Comparison of results to
evaluate diffusion coefficients

and other parameters

Figure 2.6 The flow chart of frequency response data analysis

33



Chapter 2 - THEORETICAL

g)=n()+ T (a, cos(D,,)sin(nwt) + X (a,, sin®, ) cos(nat) (2.48)
n=1,3,5,~

n=135,

Comparing Equation (2.48) with the definition of a Fourier series or Fourier

expansion [22] of the function g(7), e.g.

a_+ Y a, cos(nwt) + Zb sin(nawt) (2.49)

2  weiis” n=13.5

where the Fourier coefficients, a, and b,, are given by

=— I g(t) cos(nat)dt (2.50)
7T -zlw
and
=— ”,/[wg(t) sin(nawt)dt (2.51)
T -zjw

it is evident that

a, =a,sin®, (2.52)
and
b, =a,cos®, (2.53)

From Equations (2.52) and (2.53), the frequency response parameters phase lag, @,

and amplitude ratio, P, ,, at the nth frequency can be calculated by

_ 4ar-1| dn
®, = tan > (2.54)
and
nmw nT [ 2 .2
Prn=g O = (a2 +82) (2.55)

In practice, the integration of the Fourier coefficients, a, and b,, is carried out by a

computer over a number of cycles to reduce the effect of noise and to improve the

accuracy of the FR parameters [23], i.e.
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S/
a, - Zz g(x)cos(27mx/S) (2.56)
52
and
b, =% SZ/ZZ g(x) sin(27mx/5) (2.57)
sp2

where S is the number of points per square wave, @ =27z/S and x is the position
along the S points per period square-wave, x =1.

Generally, the FR parameters can be derived from the equivalent fundamental
sine-wave perturbation by the first harmonic (#=1) Fourier transformation of the input
signal and the pressure response signal. The higher harmonic (#>1, where » is an odd
number) can be, nevertheless, used to extended the experimental frequency range by a

factor of » when high quality response data can be obtained [24].
2.2.3 Calculation of the Darken Factor

The diffusion coefficients measured by macroscopic methods are normally
represented as transport diffusivity, D, as indicated in section 1.4, whereas
microscopic techniques can determine the self-diffusivity, D,. By applying a
correction factor, the Darken factor, to the values of D, D, may be determined by

Darken equation [25,26]
Dy = D(@1ng/&1n P) (2.58)

The Darken factor, Jlng/J1n P, can be calculated from Equations (2.13) and (2.14).

2.2.4 Activation Energy of Diffusion

The activation energy of diffusion can be determined by the Arrhenius equation
Dy=D exp(— E, /RT) (2.59)
where E, denotes the activation energy of diffusion, R is the gas constant, T

temperature, and D', pre-exponential factor. On plotting In D, against 1/7', E, can

be deduced from the slope of the linear line.
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3.1 MEASUREMENTS OF ADSORPTION ISOTHERMS

A gravimetric balance (Sartorius) as presented in Figure 3.1 was used to measure
the isotherms of hydrocarbons in ca. 200 mg of sorbent sample, which was outgassed
under a vacuum of < 10°Pa at 673 K for about twenty hours by oil diffusion and
rotary pumps prior to sorption measurements. The sensitivity of the balance is 1ug for
RI range and 0.1pg for RII range. The temperature was then decreased to the
measurement temperature which was controlled by a Eurotherm temperature

controller. The sorbate gases were subjected to several freeze-pump-thaw cycles

gl a5

Figure 3.1 Schematic diagram of adsorption apparatus
1: Sartorius electrobalance display unit; 2: Counterweight; 3: Sorbent sample;
4: Sartorius electrobalance; 5: MKS 626 Baratron pressure transducer; 6: High
vacuum taps; 7: MKS 220CA Baratron pressure transducer ; 8: Gas inlet; 9: Liquid
sorbate; 10: Cold finger; 11: Edwards high vacuum valve; 12: Oil diffusion pump;
13: Edwards high vacuum Speedivalves; 14: Rotary pump
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where necessary. The sorption isotherms were measured by increasing (for
adsorption) or decreasing (for desorption) the equilibrium pressure step by step. The
pressures were determined by the high-accuracy Baratron pressure transducers type
MKS 626 (0-10 Torr) and type MKS 220CA (0-1000 Torr). The zero drift of the
apparatus was always found to be negligible. The buoyancy correction for the original
weight uptake data is insignificant in this balance. Another two corrections,
condensation and thermal gas motion effects, which may be applied to the present
gravimetric technique, can also be discounted because all the sorbates were
investigated at temperatures higher than their critical temperatures and a minimum
equilibrium pressure of 0.001 Torr was used, which are too high for these effects.

The isotherms of methane, ethane and propane in theta-1 were measured using a

Micromeritric ASAP 2010 instrument with similar activation processes.

3.2 THE FULL FR APPARATUS

The principal features of the FR apparatus developed by Rees ef al. are shown in
Figure 3.2. An accurately known amount of sorbent sample is scattered in a plug of
glass wool and outgassed at a pressure of < 10° Pa and 623 K overnight by rotary
and turbo molecular drag pumps (6). The temperature was raised to 623 K at
2 Kmin™" using a programmable tube furnace. A dose of purified sorbate is brought
into sorption equilibrium with the sorbent in the sorption chamber (8) at the chosen
pressure and temperature.

A square-wave modulation of + 1% was then applied to the gas phase equilibrium
volume, V.. The modulation was effected by applying a current to each of the two
electromagnets (3) in turn, which moves the disc (4) between the electromagnets
rapidly (< 10 ms) and periodically. The brass bellows (5) attached to ihe disc, which is
part of the sorption gas phase volume, was expanded and compressed to produce the
+ 1% change in volume. A frequency range of 0.001 to 10Hz was scanned over some
30 increments. The range of diffusivities that can be covered by such a FR apparatus
depends on the size and the shape of the adsorbent crystals, as is demonstrated in

Figure 3.3.
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The pressure response to the volume perturbation was recorded with a
high-accuracy differential Baratron pressure transducer (MKS 698A11TRC) (10) at
each step over three to five square-wave cycles (256 reading points per cycle) after
the periodic steady-state had been established. The volume, V., is 80 cm’ in the FR
system. The isotherm describing the equilibrium sorption conditions can be linear or
curved. However, the horizontal region of a rectangular isotherm cannot be used as

there is no sorption/desorption following the square-wave modulation of the

equilibrium volume.
1 ‘_—152‘2‘ -
Sorbate Inlet Rotary and
Turbo Drag Pumps

TYPE 270
signal conditioner

COMPATIBLE i

Figure 3.2 Schematic diagram of the FR apparatus
1: Sorbate inlet; 2: Valve; 3: Electromagnets; 4. Moving disc; 5: Bellows; 6: Rotary
and turbo drag pumps; 7: Computer with A/D and D/A card; 8: Adsorption vessel
with zeolite in glass-wool, 9: Vacuum connectors, 10: Differential baratron;

11: Signal conditioner; 12: Reference pressure side
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The frequency was controlled by an on-line computer (7), which was also used for
the acquisition of the pressure data from the Baratron transducer. The conversion rate
of the analogue-to-digital converter in the interface unit must be fast enough to cope
with the 1 to 4 ms response time of the pressure transducer. The pressure response to
the volume change over the whole frequency range was measured in the absence
(blank experiment) and presence of sorbent samples to eliminate time constants
associated with the apparatus. The FR spectra were derived from the equivalent
fundamental sine-wave perturbation by a Fourier transformation of the volume and

pressure square-wave forms as discussed above.
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Figure 3.3 The relationship of diffusion coefficients, D; frequency, f, and spherical
crystal radius, 7.

3.3 ZEOLITE SAMPLES

The features of the zeolite samples used in this study are summarised in Table 3.1.

40



Chapter 3 - EXPERIMENTAL

Silicalite-1 (A) was synthesised by Van-Den-Begin ef al. from a gel containing a
TPA-water solution (20 wt% TPAOH) and a Ludox solution (40 wt% colloidal
Si0;) [1,2]. The composition of the batch was: SOTPAOH-75Si0,-85H,0.
Silicalite-1 (B) is a commercial zeolite, RD 1051/87, produced by LAPORTE
Inorganic [3]. The sample was separated by sedimentation in a column of water to
produce a narrow distribution of particle size prior to the diffusion measurements.
Silicalite-1 (C) are coffin-shaped crystals [4] with narrow particle size distribution.
Theta-1 is silicon type with needle shape (80pum long).

The ZMS-5 sample was kindly provided by J. Martens, Leuven. This needle shaped
sample was synthesised by using an unusual template in the presence of sodium and
potassium cations. It has the straight channels running down the length of the needle,
which is quite different from the more normal coffin-shaped crystals.

All the samples were used for the adsorption and the FR studies after calcination at
823 K for 10 hours in an oven. The crystals were heated from room temperature to
823 K at 2 Kmin™.

The X-ray diffraction patterns and SEM micrographs in Figures 3.4-3.12 show that
all the zeolites are of nearly uniform size with very high crystallinity. The peaks of
260=38.2 and 44.3 degree are related to the sample holder used in the operations.

Table 3.1 Zeolite samples used in this study

Sample Shape Crystal size Si/Alratio No. of internal SiOH
/ um groups per gram / 10% [1]
Silicalite-1 (A)Sphere (twinned) 14.4 (diameter) 'S 54
Silicalite-1 (B) Cube 4x3x4 1338 -
Silicalite-1 (C) Coffin 40x40x260 >1000 -
Theta-1 Needle 80 (length) - -
ZSM-5 Needle 5 (length)x0.7 19 -
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Figure 3.4 SEM of silicalite-1 (A).
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Figure 3.5 The x-ray diffraction pattern of silicalite-1 (A).
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Figure 3.6 SEM of silicalite-1 (B).
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Figure 3.7 The x-ray diffraction pattern of silicalite-1 (B).
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Figure 3.8 SEM of theta-1 zeolite.
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Figure 3.9 The x-ray diffraction pattern of theta-1zeolite.
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Figure 3.10 SEM of ZSM-5 zeolite.
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Figure 3.11 The x-ray diffraction pattern of ZSM-5 zeolite.
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Figure 3.12 SEM of silicalite-1 (C).

3.4 SORBATES

The sorbate gases used in this study are as below:

Benzene (99+%), from the National Physical Laboratory, UK.

Toluene (99+%), from Aldrich Chemical Company, Inc.

Ethylbenzene (99+%), from Aldrich Chemical Company, Inc.

P-xylene (99+%), from Aldrich Chemical Company, Inc.

Methane (99.995%) and ethane (99.995%), from Linder Gas Ltd.

Propane (99+%), from ARGO International Ltd.

n-Butane (99+%), from UCAR Specialty Gases

n-Pentane and n-hexane (99+%), from the National Physical Laboratory, UK.
Cyclohexane (99+%), from the National Physicai Laboratory, UK.

cis-1,4-Dimethylcyclohexane (99+%) from Fluka Chemie AG.
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Chapter 4 - ADSORPTION OF HYDROCARBONS IN
SILICALITE-1 AND THETA-1 ZEOLITES

4.1 INTRODUCTION

The adsorption equilibria of hydrocarbons on zeolites is of great importance in
understanding adsorption and kinetic processes involving these sorbates and sorbents.
Over the past decade, there has been an increasing interest in adsorption studies of
various gases and hydrocarbons in silicalite-1, especially of those systems which
exhibit isotherms deviating from Langmuir model [1-17]. The interpretations for the
deviation, e.g. the ‘kink’ isotherms for n-hexane [1-6] and the isotherms with a
hysteresis loop for p-xylene [13-16], are, however, still controversial. In addition, the
diffusion and adsorption behaviour in zeolites is intimately related as diffusion may be
considered to occur through an activated jump of sorbate molecules from one
adsorption site to another. For a sorbate/sorbent system, as mentioned in Chapter 1,
the experimental conditions used in the frequency response studies presented in
subsequent chapters (Chapters 6-9) rely on the isotherms of the system and the
Darken factor which is used to correct the transport diffusion coefficients to obtain
the intracrystalline self-diffusivities is also calculated from the isotherms (cf. 2.2.3).
Finally, the dissipation of the heat of adsorption between sorbents and the surrounding
gas phases is to some extent significant in the diffusivity studies (¢f. 2.2.1.3). It is,
therefore, indispensable to study in detail adsorption and thermodynamic properties
prior to the FR investigations.

In this chapter, the adsorption isotherms of C;-C; n-alkanes and six cyclic
hydrocarbons, benzene, toluene, ethylbenzene, p-xylene, cyclohexane, and
cis-1,4-dimethylcyclohexane, in the MFI zeolites listed in Table 3.1 are presented and
discussed to try to elucidate the anomalous isotherms more explicitly. The adsorption
behaviour of methane, ethane, and propane in theta-1 are also included in this chapter.
The adsorption data were fitted using the Langmuir and the dual-site or double
Langmuir models (Equations (2.13) and (2.14)) and the thermodynamic parameters
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were calculated by the Equations given in section 2.1.2. All the adsorption
measurements were carried out with the apparatus shown in Figure 3.1 except the
isotherms for theta-1 which were determined using a Micromeritics ASAP 2010

instrument.

4.2 ADSORPTION OF C;-Cs n-ALKANES IN SILICALITE-1 ZEOLITES

The adsorption isotherms of C;-Cs n-alkanes in silicalite-1 (A) (¢f Table 3.1) are
shown in Figures 4.1-4.6. The isotherms of ethane are in the Henry's law regime over
the measured temperature and pressure ranges. The Darken factors for these
isotherms are, therefore, unity and the gradients are constant. For methane, propane,
n-butane, all the isotherms at the temperatures and pressures measured in this study
are type-I which can be well fitted by the Langmuir model, Equation (2.13),
suggesting that the adsorption sites of the sorbent are energetically uniform to these
small adsorbate molecules.

For n-pentane and n-hexane, the isotherms are type-I according to the Brunauer
classification [18] over the temperature and pressure range studied. Those at
temperatures < 323 K for n-pentane or <373 K for n-hexane cannot be, however,
accurately reproduced by the Langmuir model (dashed lines), implying that a complex
uptake mechanism occurs in these system. The deviation of the isotherms of n-hexane
from normal Langmuir model was also observed in previous experimental
results [1-5] and Monte Carlo simulations [6]. It was suggested that the processes
occurring in the system comprise both Fickian diffusion and sorbate immobilisation
which arises from the interplay between the length of the sinusoidal channels
(0.66 nm) and the length of n-hexane molecules (~1 nm). At low coverage, the hexane
molecules can move freely in the sinusoidal channels and will populate the
intersections of the two channels. If part of the intersections is occupied, the straight
channels cannot accommodate other molecules. In order to fill the two channels
completely at high loadings, the sorbate molecules sorbed in the sinusoidal channels

have to be 'frozen' in the channels leading to an entropy loss [2,4,6]. The analyses of
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Figure 4.1 Adsorption (®) and desorption (O) isotherms of methane in
silicalite-1 (A) at 195 K. Dashed line was derived from Equation (2.13)
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Figure 4.2 Adsorption (®) and desorption (O) isotherms of ethane in silicalite-1 (A)

at temperatures of (from top to bottom) 273, 303, and 323 K. Dotted lines were

derived from linear regression.

50



Chapter 4 - ADSORPTION OF HYDROCARBONS IN SILICALITE-1 AND THETA-1 ZEOLITES

1.5F
48
P ke
o® -
"o 10 ‘o’.’ 1° 3
© _2° 2
& g e £
~ ’ O’.— —4 E
’ [
o - .-t
05+ § o™
K o7
5 W 42
b o
e
la”
o.o ' A L A 1 ) L 1 A 0
0 3 6 9 12 15

Pressure / Torr

Figure 4.3 Adsorption (®) and desorption (O) isotherms of propane in
silicalite-1 (A) at temperatures of (from top to bottom) 303 and 323 K. Dashed lines
were derived from Equation (2.13).
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Figure 4.4 Adsorption (®) and desorption (O) isotherms of n-butane in
silicalite-1 (A) at temperatures of (from top to bottom) 303, 323, 348, 373, and
398 K. Dashed lines were derived from Equation (2.13).
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Figure 4.5 Adsorption (®) and desorption (O) isotherms of n-pentane in
silicalite-1 (A) at temperatures of (from top to bottom) 273, 303, 323, 348, 373, 395,
423 and 450 K. Dashed lines were derived from Equation (2.13) and the solid lines

are fits by Equation (2.14).
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Figure 4.6 Adsorption (®) and desorption (O) isotherms of n-hexane in
silicalite-1 (A) at temperatures of (from top to bottom) 336, 353, 373, 398, 423 and
448 K. Dashed lines were derived from Equation (2.13) and the solid lines are fits by

Equation (2.14).
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the TPD profiles of n-hexane in ZSM-5 zeolite by single heating rate-variable
coverage method [19] show a decrease of activation entropy of desorption of
n-hexane with increasing coverage, which further verifies that the n-hexane molecules
are expected to suffer a loss of freedom at high loadings.

Zeolites with the MFI framework structure present three distinct adsorption sites,
sinusoidal channels, straight channels and the intersections between the two channels.
The difference in potential energy between the channel sites for sorbate molecules is
far smaller than the difference between the channel and the intersection sites.
Molecular simulations (cf. Chapter 5) show that linear alkanes prefer to accommodate
themselves in the channel sites. Molecules smaller than n-butane can stay in the
channel adsorption sites without intrusion into the intersections at loadings up to 8
molecules per unit cell (m./u.c.), while for molecules with a chain-length in excess of
the lengths of the channels, such as n-pentane and n-hexane, a greater percentage of a
sorbate molecule length must be located in the intersection sorption sites
(cf. Chapter 5) in order to get high densities of packing, which may result in the
deviation of the isotherms from the Langmuir model because of the pronounced
difference in potential energies for the sorbate molecules between the channel sorption
sites and the intersection sites.

The interactions between sorbate molecules may also contribute to the deviation
which can be justified by the fact that the isotherms of propane and n-butane at lower
temperatures and high pressures up to 500 kPa (3750 Torr) where the sorbate-sorbate
interactions become significant also presented a deviation from the normal Langmuir
model [10].

The dual-site or double Langmuir model, Equations (2.14), has been used to fit the
isotherms deviating from the normal Langmuir model (solid lines). An excellent
agreement between the experimental data and the model can be seen in Figures 4.5
and 4.6. Some adsorption equilibrium parameters for C4-Cs n-alkanes derived from
the fits of isotherm data using both Langmuir and double Langmuir models are listed
in Table 4.1, which are consistent with literature values [20].

Figure 4.7 shows the isosteric heats of adsorption for the n-alkanes derived from

the isotherms using Equation (2.3) or (2.4), which agrees well with the resuits
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obtained from the literature [3,5]. Some isosteres determined from the isotherms for
the systems above are also presented in Figures 4.8-4.11. The profiles of the heats of
adsorption vs. loadings for the n-alkanes/silicalite-1 systems indicate that the
interactions between sorbate molecules become pronounced with increasing loading
only for molecules bigger than n-butane at the ranges of temperatures and pressures
measured. As mentioned above, a fraction of a n-pentane or n-hexane molecule must

encroach into the intersection sorption sites. These sorption sites possess potential

Table 4.1 Equilibrium parameters obtained from the isotherms of C;-Cs n-alkanes in
silicalite-1 (A) using Equation (2.13) or (2.14)

Sorbates Temperature P by N2 b,
/K /m. (u.c.)’ / Torr /m. (u.c.)’ / Torr™
n-butane 303 8.43 2.49 - -
323 8.29 0.58 - -
348 7.77 0.15 - -
373 7.03 0.054 - -
398 5.70 0.028 - -
n-pentane 273 8.67 42.02 0.97 0.28
303 7.94 9.34 1.32 0.16
323 6.37 418 2.28 0.33
348 7.69 0.667 - -
373 6.02 0.244 - -
423 5.03 0.052 - -
n-hexane 273 6.63 434 2.19 -
336 5.74 1.041 2.72 -
353 5.16 0.184 3.87 16.1
373 3.56 0.047 438 23
398 4.58 0.651 - -
423 435 0.247 . B
448 4.60 0.063 - =
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Figure 4.7 Isosteric heats of adsorption of n-alkanes in silicalite-1 (A) derived from

the isotherms in Figures 4.2-4.6 using Equation (2.3) or (2.4).
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Figure 4.8 Adsorption isosteres of ethane in silicalite-1 (A) at loadings of (from
bottom to top) 0.5, 1.0, 1.5, 2.0, and 2.5 m./u.c. calculated from the isotherms in
Figure 4.2.
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Figure 4.9 Adsorption isosteres of n-butane in silicalite-1 (A) at loadings of (from
bottom to top) 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, and 5.5 m./u.c. calculated

from the isotherms in Figure 4.4.
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Figure 4.10 Adsorption isosteres of n-pentane in silicalite-1 (A) at loadings of (from
bottom to top) 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, and 4.5 m/u.c. calculated from the

isotherms in Figure 4.5.
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Figure 4.11 Adsorption isosteres of n-hexane in silicalite-1 (A) at loadings of (from
bottom to top) 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, and 4.5 m/u.c. calculated from the

isotherms in Figure 4.6.

energies higher than those in the channel ones, implying that the increase of the heats
of adsorption with increasing the chain-length could decrease for n-pentane and
n-hexane as shown in Figure 4.7. The reduction of the heats of adsorption for these
two systems at loadings higher than 4 m./u.c. may also be ascribed to the

encroachment of the molecules into the intersections between the channels.

4.3 ADSORPTION OF CYCLIC HYDROCARBONS IN THE MFI ZEOLITES

The isotherms of Cs-Cs cyclic hydrocarbons in silicalite-1 (A) and silicalite-1 (B)
are shown in Figures 4.12-4.18. Marked steps can be seen in the isotherms of benzene
and toluene at 323 K and of p-xylene at 323 and 348 K at loadings above 4 m./u.c.
Only the isotherms of p-xylene, however, display hysteresis loops. All of the other
isotherms show type-I behaviour. All of the isotherms are reversible except the two
with p-xylene which show hysteresis. Similar results have been reported in the

literature [12-17].
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Figure 4.12 Adsorption (®) and desorption (O) isotherms of benzene in
silicalite-1 (A) at temperatures of (from top to bottom) 323, 348, 373, 395, 415, and
435 K. Dashed lines were derived from Equation (2.13) and the solid lines are fits by
Equation (2.14).
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Figure 4.13 Adsorption (®) and desorption (O) isotherms of benzene in
silicalite-1 (B) at temperatures of (from top to bottom) 323, 348, 373, 395, 415, and
435 K. Dashed lines were derived from Equation (2.13) and the solid lines are fits by

Equation (2.14).
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Figure 4.14 Adsorption (®) and desorption (O) isotherms of toluene in
silicalite-1 (B) at temperatures of (from top to bottom) 323, 348, 373, 395, 415, and
435 K. Dashed lines were derived from Equation (2.13) and the solid lines are fits by
Equation (2.14).
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Figure 4.15 Adsorption (®) and desorption (O) isotherms of ethylbenzene in
silicalite-1 (B) at temperatures of (from top to bottom) 323, 348, 373, 395, 415, and
435 K. Dashed lines were derived from Equation (2.13) and the solid lines are fits by
Equation (2.14).
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Figure 4.16 Adsorption (®) and desorption (O) isotherms of p-xylene in
silicalite-1 (B) at temperatures of (from top to bottom) 323, 348, and 373 K. Dashed

lines were derived from Equation (2.13).
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Figure 4.17 Adsorption (®) and desorption (O) isotherms of cyclohexane in
silicalite-1 (B) at temperatures of (from top to bottom) 323 and 373 K. Dashed lines

were derived from Equation (2.13).
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Figure 4.18 Adsorption (@) and desorption (O) isotherms of
cis-1,4-dimethylcyclohexane in silicalite-1 (B) at temperatures of (from top to bottom)
323 and 373 K. Dashed lines were derived from Equation (2.13).

Step-like isotherms can stem either from the energetically heterogeneous surface of
the adsorbents or from phase transitions of the zeolites induced by the loading of the
sorbate molecules [21]. Some researchers attribute the step to the latter
reason [13,15,22-25] in the light of XRD studies which have proved that the
symmetry of silicalite-1 does change from P2,/n to Pnma with increasing loadings of
sorbate molecules such as p-xylene [22,24]. But these structural changes have been
shown to occur at loadings of ca. 0-2 m./u.c. [13,15,24-26] which are much lower
than 4 m./u.c. where the steps are found. The symmetry changes also depend on
temperature. The higher the temperature, the lower the loading at which the phase
transition takes place [15,27]. The step and the hysteresis loop are, however, always
found at loadings above 4 m./u.c. as shown in Figures 4.13, 4.14 and 4.16. In
addition, for benzene and toluene/silicalite-1 systems, the P2,/n symmetry remains
unchanged up to 4 m./u.c. [22], suggesting that the phase transition argument is not
plausible for the interpretation of the steps occurring at ca. 4 m./u.c.. Moreover, the
transformation from monoclinic to orthorhombic symmetry involves only minor

displacements of atomic positions within the framework structure which, under
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appropriate conditions, are highly reversible and cause only very small changes in size
and shape of the channel system [28]. The fact that the structural differences between
the topologically equivalent orthorhombic and monoclinic forms of MFI framework
are very small is generally overlooked by many workers who ascribed these changes in
the adsorptive properties simply to the phase transitions.

Heterogeneous sorption sites in MFI zeolites have been reported for various
sorbates by many researchers [14,16,17,22,29-33]. As discussed in section 4.2, the
elliptical sinusoidal channels, the near-circular straight channels, and the intersections
of the two channels form three different possible adsorption sites for sorbate
molecules. For some sorbates, such as methane, ethane, propane, efc., the differences
in the energies between these sorption sites are insignificant and the whole framework
can be considered as energetically homogeneous, while for some big sorbate
molecules especially for aromatics containing 7 electrons, these differences can be
more pronounced and cannot be ignored. The heterogeneous sorption sites of MFI for
the adsorption of aromatics is confirmed by the complex profiles of the isosteric heat
of adsorption measured by calorimetric and isosteric methods [17,30,34]. The heats of

adsorption of the aromatics, presented in Figure 4.19, calculated from the isotherms

80
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I —e— p-Xylene
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Figure 4.19 Isosteric heats of adsorption of aromatics in silicalite-1 (B) derived from

the isotherms using Equation (2.3) or (2.4). “ Benzene in silicalite-1 (A).
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measured in this work using Clausius-Clapeyron equation (Equation 2.4) also shows
similar profiles to those reported in the literature. Along with Figure 4.19, the
isosteres of the aromatics derived from the isotherms are also presented in
Figures 4.20-4.23 in which excellent linear regressions can be seen. The big change in
sorption entropy for the aromatics/silicalite-1 systems[14,17], over the entire
concentration range also indicates that the sorbent exhibits energetically
heterogeneous sorption sites.

Studies involving computer simulation (¢f Chapter 5) and XRD techniques have
shown that unlike n-alkanes/silicalite-1 systems, the intersections, of which there are
four per unit cell, are the most preferred sorption sites for aromatics [22,29,31,32,35],
which is consistent with the fact that the step or the hysteresis loop of the isotherms
of aromatics in silicalite-1 can only be observed above loadings of 4 m./u.c..

In contrast with the cases of benzene and p-xylene, the isotherms of cyclohexane
and cis-1,4-dimethylcyclohexane in silicalite-1 display simple type-I behaviour with an
adsorption capacity of ca. 4 m./u.c. at 323 K, even though the kinetic diameters of

these four compounds are quite similar, indicating that the aromatic ring plays a
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Figure 4.20 Adsorption isosteres of benzene in silicalite-1 (A) at loadings of (from

bottom to top) 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, and 5.0 m./u.c. calculated

from the isotherms in Figure 4.12.
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Figure 4.21 Adsorption isosteres of benzene in silicalite-1 (B) at loadings of (from
bottom to top) 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, and 4.0 m./u.c. calculated from the

isotherms in Figure 4.13.
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Figure 4.22 Adsorption isosteres of toluene in silicalite-1 (B) at loadings of (from
bottom to top) 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, and 3.5 m/u.c. calculated from the

isotherms in Figure 4.14.
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Figure 4.23 Adsorption isosteres of p-xylene in silicalite-1 (B) at loadings of (from
bottom to top) 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, and 4.0 m./u.c. calculated from the
isotherms in Figure 4.16.

significant role in the adsorptive properties of aromatics in silicalite-1. About 4 m./u.c.
saturation loading for these two saturated cyclic hydrocarbons and the simple profile
of the heat of adsorption of cyclohexane in silicalite-1 [12] provide more evidence for
the assumption that the intersections of the two channels of the MFI framework
structure are the most favourable sorption sites.

Another important factor that could affect the adsorption and diffusion properties
significantly is sorbate-sorbate interactions, which become more meaningful for
aromatic sorbates because of the stronger interactions between the hydrogen
atoms (either in the ring or in the alkyl groups) of one molecule and the aromatic ring
of another. It is sensible to assume that the step-like isotherms can also be associated
with sorbate-sorbate interactions due to the tight fit of the adsorbates within the
framework at loadings above 4 m./u.c.. The calorimetric and isosteric
studies [17,30,34] showed that the heat of adsorption of aromatics in silicalite-1
increased and presented a maximum at loadings above 4 m./u.c., which was attributed
to the formation of the complexes (dimers, trimers, etc.) or the clustering of the

aromatics. In the case of cyclohexane, however, the heat of adsorption remained

65



constant at loadings up to saturation and then fell rapidly [12], which is consistent
with the results derived from TPD measurements and ab initio molecular orbital
calculations which showed that cyclohexane adsorption is dominated by the
interactions between the sorbate molecules and the silicalite surface and was not
enhanced even by the presence of sodium ions [36]. One can, therefore, conclude that
the anomalous isotherms presented in Figures 4.12-4.16 probably also result from the
increase of the adsorption capacity caused by sorbate-sorbate interactions.

The hysteresis loop found with p-xylene sorbed in silicalite-1 is of great interest. In
the micropore framework system of silicalite-1, it is difficult to ascribe this
phenomenon to capillary condensation, which occurs when the adsorbent contains
meso- and macro-pores. In the light of the discussion above, the conclusion that the
hysteresis loop is caused by the phase transition of silicalite-1 from P2,/n to Pnma
symmetry can also be discarded. The most convincing argument for the hysteresis
loop is due to the packing differences of p-xylene molecules on adsorption and
desorption branches induced by the heterogeneous sorption sites and the
sorbate-sorbate interactions.

A striking and unusual result is the marked differences in the adsorption properties
between p-xylene and ethylbenzene which possess very close molecular dimensions.
No hysteresis loop has been reported to the best of our knowledge for the
ethylbenzene/silicalite-1 system, and the saturation loading for this system is only
6 m./u.c. at the temperature of 263 K [13] (corresponding to an adsorbed volume of
0.13 ml/g) which is 2 m./u.c. less than the adsorption capacity of p-xylene at the much
higher temperature of 348 K, suggesting that apart from shape selectivity, molecular
features are also very important for determining the adsorption properties of sorbates.
Compared with p-xylene, ethylbenzene molecules are asymmetric and the end methyl
groups are less stabilised than the methyl groups in p-xylene because of the rapid
rotation of the carbon-carbon bonds connecting the benzene ring and the ethyl groups.
These features restrain ethylbenzene molecules from approaching each other, which
can be supported by the lower boiling (136.2°C) and melting points (-95°C) for
ethylbenzene than for p-xylene (138.3°C and 13.3°C, respectively). The unstabilised

ethyl groups of ethylbenzene can also hinder the molecules from exploring the higher
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energy sorption sites due to the steric restrictions of the channel segments. Although
no distinct step can be seen in the ethylbenzene isotherms in Figure 4.15, the
interactions between the molecules could still be observed from the deviation of the
323 K isotherm from the normal Langmuir model. However, the isotherms of
ethylbenzene in silicalite-1 at lower temperatures did display a step [13], suggesting
that sorbate-sorbate interactions do become more significant at lower temperatures.
The far stronger interactions between the p-xylene molecules than those for the other
cyclic hydrocarbons investigated in this study, which is supported by the profiles of
the heat of adsorption [30] (also see Figure 4.19), may be the major reason for the
formation of the hysteresis loop in the isotherms of p-xylene in silicalite-1. These
stronger interactions can readily trigger packing rearrangements of the sorbate
molecules at higher loadings.

The sorbent composition dependence of the adsorptive properties has been
reported in the literature. The marked step or hysteresis loop tends to be less sharp
and the heat curve of aromatics in silicalite-1 tends to be more constant as the Si/Al
ratio decreases [15,17,34]. Figure 4.24 shows the isotherms of p-xylene in three of
the MFI samples used in this study at 323 K. No distinct step and hysteresis loop can
be observed for the ZSM-5 sample, which agrees well with results published in the
literature [15]. The existence of potassium cations in the sample does not seem to
introduce any specific interactions. The hysteresis loop in the isotherms in
silicalite-1 (A) sample is less sharp than the one in silicalite-1 (B). In addition, unlike
the isotherm in silicalite-1 (B) at 348 K (cf. Figure 4.16), the hysteresis loop in
silicalite-1 (A) disappears at this temperature. Similar results can be seen in
Figure 4.12 presenting the isotherms of benzene in the same sample. Different
isosteric heats of adsorption observed for benzene in the two different silicalite-1
samples presented in Figure 4.19 displays ihe effect of sorbent samples on the
adsorption properties of the adsorbates. The synthesis gel composition for
silicalite-1 (A) sample had no aluminium present and, thus, the Si/Al ratio of the
product should be almost infinite. The large number of internal silanol groups,
measured by the 'H-MAS NMR [37], existing in the bulk phase of the silicalite-1 (A)
crystals induced by the presence of TPA ions during pentasil-type synthesis seems to
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Figure 4.24 Comparison of the isotherms of p-xylene at 348 K (#) in silicalite-1 (A)
and 323 K in silicalite-1 (A) (®,0), silicalite-1 (B) (M,]), and ZSM-5 (A,D)
zeolites. Solid symbols denote adsorption and open symbols denote desorption. Solid
line is obtained from the fitting of Equation (2.13) and dashed line is fits by
Equation (2.12).

be, therefore, the factor influencing the adsorptive properties significantly. One can,
then, conclude that the adsorption behaviour of a sorbate in MFI zeolites depends not
only on the Si/Al ratio but, also, on the structural defects present. It is worth to note
that the effect of different sorbent samples on the adsorption properties is far less
significant for the n-alkanes/silicalite-1 systems than that for the aromatics in
silicalite-1 zeolites. For the case of aromatics/MFI systems, the defect effect may be
more pronounced than that for alkanes/MFI systems due to the fact that an additional
interaction between sorbate molecules and the sorbent framework will be involved in
the aromatics/MFI systems compared with the simple dispersion forces which are

involved with the alkanes.
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Chapter 4 - ADSORPTION OF HYDRC

4.4 ADSORPTION OF N-ALKANES IN THETA-1

The adsorption isotherms of methane, ethane and propane in theta-1 at different
temperatures are presented in Figures 4.25-4.30 which are in good agreement with
the literature [38]. It can be seen that all the isotherms can be well fitted by the
Langmuir model and some of them become linear at low equilibrium pressures. As
mentioned in 1.1.3, the framework of theta-1 is an unidirectional channel system. It is,
therefore, easy to imagine that the difference in potential energy between the
adsorption sites is negligible and that the whole framework can be treated as

energetically homogeneous.
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Figure 4.25 Isotherms of methane in theta-1 at temperatures of (from top to bottom)
273 and 298 K and pressures up to 800 Torr. Dashed lines are derived from
Equation (2.13).
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Figure 4.26 Isotherms of methane in theta-1 at temperatures of (from top to bottom)

273 and 298 K and pressures up to 20 Torr. Dotted lines are fitted with linear

regression.
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Figure 4.27 Isotherms of ethane in theta-1 at temperatures of (from top to bottom)

298, 323 and 348 K and pressures up to 800 Torr. Dashed lines are derived from

Equation (2.13).
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Figure 4.28 Isotherms of ethane in theta-1 at temperatures of (from top to bottom)
298, 323 and 348 K and pressures up to 20 Torr. Dotted lines are fitted with linear

regression.
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Figure 4.29 Isotherms of propane in theta-1 at temperatures of (from top to bottom)
348, 373, 398 and 423 K and pressures up to 800 Torr. Dashed lines are derived from
Equation (2.113).
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Figure 4.30 Isotherms of propane in theta-1 at temperatures of (from top to bottom)

348, 373, 398 and 423 K and pressures up to 10 Torr. Dotted lines are fitted with

linear regression.
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Chapter 5 - SIMULATIONS OF THE PACKING OF
HYDROCARBONS IN SILICALITE-1

5.1 INTRODUCTION

Over the past decade, computer simulations, used with molecular dynamics (MD)
and Monte Carlo (MC) simulations or an energy minimization (EM) procedure, have
been extensively used to examine the adsorption and diffusion of molecules in
zeolites [1-17]. The behaviour or the conformation of sorbate molecules within the
sorbent framework must play a key role on the anomalous adsorption properties of
the sorbate molecules as discussed in Chapter 4. In addition, the FR technique is a
quasi-equilibrium method. The status of probe molecules in the host structure at
equilibrium is crucial for a better understanding of the FR data. It is, therefore,
indispensable to have a detailed knowledge of structural information of the adsorbed
molecules inside the pores of the zeolites at the molecular level. Such information can,
however, hardly be obtained from experiments directly because of the limitation of
experimental conditions even though some efforts have been done by NMR [18-20],
XRD [21-23] and neutron powder diffraction [24] techniques. Theoretical simulation
calculations then become attractive alternatives.

Several studies on the spatial distribution of hydrocarbon sorbate molecules within
silicalite-1 framework have been published [1,4,6-9,18,25-28] using different
simulation methods. These studies have, however, not yielded a consistent picture.
For n-alkanes, June ef al. [1] concluded from the Metropolis Monte Carlo algorithm
that linear alkanes, such as n-butane and n-hexane, prefer to reside in the channel
segments of silicalite-1 framework, while bulky side group in branched alkanes, such
as 2- and 3-methylpentane, force these molecules towards the intersections between
the two types of channels. Smit ef al. [4,6,7] presented similar results using the
configurational-bias Monte Carlo technique and stated that the distribution of the

n-alkanes depend on carbon number. For the short alkanes where n, < 6, the
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probability of the molecules being in the two channel segments is equal. For the larger
alkanes, the straight channels are favoured over the sinusoidal channels. Energy
minimization simulations of methane and propane by Titiloye ef al. [27] showed that
the molecules prefer the intersections, while the sinusoidal channels are preferential
adsorption sites for methane and propane in the light of simulation results from
Nicholas et al. [28]. Molecular dynamics simulations of methane in silicalite-1 by
Catlow et al. [9] also reached a conclusion that methane molecules prefer to reside in
the intersections at 300 K, whereas at 600 K the molecules tend to pick up the
sinusoidal sites. Similar discrepancies exist in the cases of aromatics. A conclusion
that the straight channels are the preferential adsorption sites for both benzene and
p-xylene molecules inside silicalite-1 lattice was drawn out by Pickett e al. [25] and
Talu [26] from the energy minimization simulations using Lennard-Jones potentials.
Reischman ef al. [18] concluded, nevertheless, using Buckingham potentials [29] that
the most energetically favoured sorption sites are the intersections between the two
channels for p-xylene molecules at loadings < 4m/u.c., whereas for
loadings >4 m./u.c. molecules tend to preferentially fill the sinusoidal channels
besides the intersections.

In addition, most of these studies presented only the preferential adsorption sites
for sorbate molecules in the sorbent or the probability for the molecules being in
certain sites rather than the detailed conformation of the sorbate molecules inside the
host lattice.

In this study, packing arrangement patterns of C,-Cs n-alkanes and the aromatics
of benzene, toluene, and p-xylene in silicalite-1 at different loadings were simulated
using the Solid Docking software package in InsightIl, which combined MD, MC and
EM techniques, developed by MSI. The configurations derived from the calculations
are shown in detail. The focus of the present investigation is on structural rather than
dynamic properties of the sorbate molecules. A similar method has been employed by
George, Catlow and Thomas [8] but only on the methane/silicalite-1 system.

One of the key points for obtaining reliable simulation results is to employ an
efficient potential type or a forcefield. Contrasted with previous investigations, a new

forcefield with atom type defined specially for zeolite structures [30,31] has been used
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in the simulation calculations carried out in this study. The results obtained, as given
in subsequent sections, supported the validity of the forcefield.

The effect of framework vibrations on the mean square displacement has been
observed from the molecular dynamics calculations [32,33]. This effect is, however,
insignificant for the simulations of the distribution of sorbate molecules within the
sorbent [34]. A rigid framework was assumed in order to reduce computing time,

which is the case for most of the simulation calculations reported in the literature..

5.2 MODEL AND COMPUTATIONAL PROCEDURE

5.2.1 Silicalite-1 Framework

The pure siliceous framework of MFI zeolite, silicalite-1, was constructed using
the Solid Builder module in InsightIl commercial software developed by MSI. The
unit cell used has an orthorhombic Pnma space group with a=20.022 A,
b=19.899 A, ¢ =13.383 A and contain 96 silicon and 192 oxygen atoms. The zeolite
framework was identical for all simulations and was assumed to be rigid during all
runs. The simulation box was defined as a single crystallographic unit cell and the
periodic boundary conditions were applied to all the simulation calculations in order

to simulate the infinite zeolite structure.

5.2.2 Sorbate Molecules

All the sorbate molecules involved in this study were constructed using the Builder
moduie in Insightii. For the fiexibie guest moiecuies, such as n-aikanes, an ensembie
of possible conformations (100 representatives collected randomly in an output
archive file) of the molecules were generated prior to launching the packing
simulations utilising a high-temperature (1500 K) dynamics calculation. While for
rigid molecules, e.g. benzene, toluene, and p-xylene, the entities constructed from

fragments were used directly for the subsequent packing calculations.
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5.2.3 Interaction Potentials

The cf®1 czeo forcefield, belonging to the cff91 forcefield, was used to describe
the interactions in both the host framework lattice and the guest sorbate molecules.
This is a forcefield developed specially for the simulation of zeolites. The van der
Waals interactions were calculated using an inverse 9"-power term for the repulsive
part rather than the more conventional Lennerd-Jones description. For the dynamical
simulated annealing procedure, these interactions were computed using a quartic
expression to make sure that at small, even zero, separations the energy is finite.
Atoms can, therefore, come very close one another without catastrophic

consequences which would normally be observed [31].

5.2.4 Simulation Procedures

All the simulation calculations were carried out using the Solid_Docking package
in InsightIl which by rapid searches is able to locate possible low-energy binding
sites/packing arrangements for guest molecules within a host lattice. The simulation
details are as below;

(1) Select the forcefield (cfi91 czeo in this study).

(ii)  Construct a sorbate molecule using the Builder module. If the molecule is
flexible, run high-temperature molecular dynamics calculation to get a range of
possible conformations for the sorbate molecule.

(iii) Creat a single unit cell bulk structure of siliceous MFI zeolite using the
Solid Builder module with periodic boundary conditions employed.

(iv) Apply a Monte Carlo algorithm to insert a conformation of the sorbate
molecule selected randomiy into a random position within the zeolite framework
structure and then calculate the interaction energy for the guest-host system. If the
energy is below a certain threshold, the configuration is accepted and another attempt
is then made to find a suitable site for a second molecule, and so on for successive
molecules until the target number of guest molecule has been reached. The whole

packing arrangement is then saved. These processes are repeated to get different
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Chapter 5 - SIMULATION OF THE PACKING OF HYDROCARBONS IN SILICALITE-1

configurations (100 frames in this study) so that more accurate conformations can be
obtained.

(v) Refine the configurations converged in procedure (iv) using dynamical
simulated annealing to allow the molecules to overcome potential energy barriers and
to relax into more stable lower energy configurations.

More details for the methodology used above can be found in references [30,31].
The summary of the simulation procedure is presented in Figure 5.1. The calculations
were performed on a Silicon Graphics workstation.

Guest Molecule

2
Flexible ?

Yes No

¥
High Temperature Host Structure

Molecular Dynamics L

|

Monte Carlo Sampling
(Random Conformation and Random
Position of the sorbate molecule) Repeat for the number of

sorbate molecules packed

Configuration with Energy ‘[
Below Threshold

Dynamical Simulated Annealing to
get Low energy configurations

(100 Frames Calculated)

Figure 5.1 Schematic flow chat of the packing simulation mechanism.
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5.3 RESULTS AND DISCUSSION

5.3.1 Packing Patterns of n-Alkanes in Silicalite-1

Figures 5.2 to 5.21 show minimum energy spatial configurations found from the
simulations for the sorption of methane, propane, n-pentane and n-hexane in
silicalite-1 framework at different loadings. It should be emphasised that even though
only one unit cell of the framework is presented in the figures, the patterns can be
extended to the infinite zeolite structure as the period boundary conditions were
applied in the simulations. The terms abbreviated in the tables which are attached to
the figures are as follows: Host denotes the total intermolecular energy from
sorbate-sorbent interactions, Guest Only denotes the total intermolecular energy from
sorbate-sorbate interactions; and the others terms, e.g. ME1, ME2 in Figure 5.3,
denote the total sorbent-sorbate and sorbate-sorbate interactions for a specific
molecule. All the energy values are in kJ/mol units. In summary, we have

Host = ME1+ ME?2 — Guest _Only for the specific example in Figure 5.3.

Several significant points can be extracted from these simulation results.

(i)  The channel segments are the preferential adsorption sites for all the sorbate
molecules. Small molecules like methane and propane tend to pick out, however, the
sinusoidal channel segments first as shown in Figures 5.2 and 5.7, while the longer
molecules, such as n-hexane, prefer to reside in the straight channels at a loading of
1 m./u.c. as presented in 5.17. This is plausible because the length of the sinusoidal
channels is longer than that of the straight channels and propane is the longest
n-alkane molecule which can be contained in the sinusoidal channels without overlap
into the higher energy intersection sites. Molecules longer than propane must
encroach into the intersections when contained in their preferential channel segment
sites.

(ii)) Minor differences in the potential energies between the two types of
channels can be observed for all the systems (cf. Tables included in Figures 5.3-5.6,
5.8-5.16 and 5.18-5.21 for the energy value of the individual molecule relevant to

each site). These results are consistent with the discussion for the adsorption
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(a)

Figure 5.2 Spatial conformation of one methane per unit cell of MFI framework for

(a) the minimum energy configuration and (b) the ten lowest energy configurations.

isotherms of n-alkanes in silicalite-1 given in Chapter 4.

(i)  Surprisingly, all the sorbate molecules tend to group together so as to lower
the total potential energy rather than, as one might expect, fill all the lowest energy
sites first. This cluster effect has been found in the simulations of methane in
mordenite and chabazite [8] and in quasi-elastic neutron scattering data of methane in
mordenite [35]. The degree of this clustering depends on features of the sorbate
molecules. Methane and propane molecules tend to group together only at loadings
>3 m./u.c. (Figures 5.4-5.6 and Figures 5.9-5.12), while in the cases of longer
molecules, n-pentane and n-hexane, the clusters form at loadings as low as
2 m./u.c (Figures 5.13 and 5.18), i.e. the molecules occupy both channel segment
sites, with two molecules sharing one channel segment in the case of methane, leaving
some preferential sites empty At loadings of 8 m/u.c. at which all the channel
segment sites are filled, larger assemblage of the molecules can be clearly seen as
shown in Figures 5.16 and 5.21. For n-pentane, one intersection seems to be joined by
a group of four molecules and these groups are then linked to each other through the
adjacent intersections. Whereas n-hexane molecules tend to, remarkably, form a long
chain through the whole framework structure. This effect may be ascribed to the

sorbate-sorbate interactions. The longer the molecules are, the larger the interactions,
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(a) (b)

Host ME1 ME2 Guest Only
-19.7 9.8 98 -0.04

Figure 5.3 Packing pattern of 2 methane molecules per unit cell of MFI with
symmetry Pmna derived from simulated anneal refinement. (a) A view down the
sinusoidal channels (100), (b) A view down the straight channels (010), and (c) A
view down (001). Values in the table are the intermolecular interaction energies

calculated in kJ/mol for this minimum energy frame.
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(a) (b)

Host ME1 ME2 ME3 ME4 Guest Only
-38.6 99 99 -10.1 -10.2 -1.5

Figure 5.4 Packing pattern of 4 methane molecules per unit cell of MFI with
symmetry Pmna derived from simulated_anneal refinement. (a) A view down the
sinusoidal channels (100), (b) A view down the straight channels (010), and (c) A
view down (001). Values in the table are the intermolecular interaction energies

calculated in kJ/mol for this minimum energy frame.
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Host MEI ME?2 ME3 ME4 MES ME6  Guest Only
-57.3 -10.2 -9.8 -10.3 -10.2 -10.3 -10.0 -3.4

Figure 5.5 Packing pattern of 6 methane molecules per unit cell of MFI with
symmetry Pmna derived from simulated_anneal refinement. (a) A view down the
sinusoidal channels (100), (b) A view down the straight channels (010), and (c) A
view down (001). Values in the table are the intermolecular interaction energies

calculated in kJ/mol for this minimum energy frame.
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(a) (b)

Host ME1 ME2 ME3 ME4 MES5 ME6 ME7 ME8 Guest Only
761 99 -99 -100 -97 -102 -102 -103 -938 -3.8

Figure 5.6 Packing pattern of 8 methane molecules per unit cell of MFI with
symmetry Pmna derived from simulated anneal refinement. (a) A view down the
sinusoidal channels (100), (b) A view down the straight channels (010), and (c) A
view down (001). Values in the table are the intermolecular interaction energies

calculated in kJ/mol for this minimum energy frame.
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(a) (b)

Figure 5.7 Spatial conformation of one propane per unit cell of MFI framework for
(a) the minimum energy configuration and (b) the ten lowest energy configurations.
The two propane molecules in the sinusoidal channels in (b) belong to the ninth and

the tenth lowest energy configurations.

and so the easier the clusters form, a fact which is shown in these studies. In addition,
the formation of the clusters may also be a consequence of the lack of a particularly
favourable interaction between the sorbate molecules and the zeolite framework for
the two channel segments.

(iv)  Figure 5.22 shows the profiles of the average intermolecular energies of the
sorbate-sorbent and the sorbate-sorbate per sorbate molecule as a function of loading.
It can be seen that for the smaller methane and propane molecules, the energies of
sorbent-sorbate and sorbate-sorbate interactions remain sensibly constant with
increasing loading (c¢f. Figure 22 (a)), while the sorbate-sorbate interactions are
insignificant (¢f. Figure 22 (b)). The decrease in the total energy shown in
Figure 22 (a) for the longer molecules as the loadings increase imply that the cluster
effect has increased the importance of the sorbate-sorbate interactions. As more
molecules are adsorbed in the framework, a larger percentage of the sorbate

molecules encroach into the intersections and this is especially the case for n-hexane

(cf. Figures 5.17-5.21). However, the molecules located in the intersections will have
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(a) (b)

(010)

L (100)

Host PRO1 PRO2 Guest Only
-459 -23.0 -23.0 -0.04

Figure 5.8 Packing pattern of 2 propane molecules per unit cell of MFI with
symmetry Pmna derived from simulated_anneal refinement. (a) A view down the
sinusoidal channels (100), (b) A view down the straight channels (010), and (c) A
view down (001). Values in the table are the intermolecular interaction energies

calculated in kJ/mol for this minimum energy frame.

87



Host PRO1 PRO2 PRO3 Guest Only
-66.4 -23.5 -22.7 -22.9 -2.7

Figure 5.9 Packing pattern of 3 propane molecules per unit cell of MFI with
symmetry Pmna derived from simulated anneal refinement. (a) A view down the
sinusoidal channels (100), (b) A view down the straight channels (010), and (c) A
view down (001). Values in the table are the intermolecular interaction energies

calculated in kJ/mol for this minimum energy frame.
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(010)

L (100)

(c)

Host PROI PRO2 PRO3 PRO4 Guest_Only
-89.0 -23.8 -23.5 -23.6 -23.0 -5.0

Figure 5.10 Packing pattern of 4 propane molecules per unit cell of MFI with
symmetry Pmna derived from simulated anneal refinement. (a) A view down the
sinusoidal channels (100), (b) A view down the straight channels (010), and (c) A
view down (001). Values in the table are the intermolecular interaction energies

calculated in kJ/mol for this minimum energy frame.
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(a) (b)

Host PRO1 PRO2 PRO3 PRO4 PRO5 PRO6 Guest Only
-130.1  -23.0 -24.4 -22.5 -24.6 -23.2 -24.4 -11.9

Figure 5.11 Packing pattern of 6 propane molecules per unit cell of MFI with
symmetry Pmna derived from simulated anneal refinement. (a) A view down the
sinusoidal channels (100), (b) A view down the straight channels (010), and (c) A
view down (001). Values in the table are the intermolecular interaction energies

calculated in kJ/mol for this minimum energy frame.
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(©)

Host PRO1 PRO2 PRO3 PRO4 PROS5 PRO6 PRO7 PRO8 Guest Only
-174.7 -246 -233 -235 -240 -235 -215 -232 -23.1 -12.1

Figure 5.12 Packing pattern of 8 propane molecules per unit cell of MFI with
symmetry Pmna derived from simulated_anneal refinement. (a) A view down the
sinusoidal channels (100), (b) A view down the straight channels (010), and (c) A
view down (001). Values in the table are the intermolecular interaction energies

calculated in kJ/mol for this minimum energy frame.
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(a) (b)

Host PENI1 PEN2 Guest Only
-66.1 -35.9 -33.6 -3.4

Figure 5.13 Packing pattern of 2 pentane molecules per unit cell of MFI with
symmetry Pmna derived from simulated anneal refinement. (a) A view down the
sinusoidal channels (100), (b) A view down the straight channels (010), and (c) A
view down (001). Values in the table are the intermolecular interaction energies

calculated in kJ/mol for this minimum energy frame.
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(a) (b)

Host PEN1 PEN2 PEN3 PEN4 Guest_Only
-125.6 -33.0 -37.3 -32.3 -349 -11.8

Figure 5.14 Packing pattern of 4 pentane molecules per unit cell of MFI with
symmetry Pmna derived from simulated anneal refinement. (a) A view down the
sinusoidal channels (100), (b) A view down the straight channels (010), and (c) A
view down (001). Values in the table are the intermolecular interaction energies

calculated in kJ/mol for this minimum energy frame.
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(a) (b)
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Host PEN1 PEN2 PEN3 PEN4 PENS5 PEN6 Guest Only
-193.8 -347 -33.6 -37.6 -37.2 -36.5 -36.8 -22.6

Figure 5.15 Packing pattern of 6 pentane molecules per unit cell of MFI with
symmetry Pmna derived from simulated anneal refinement. (a) A view down the
sinusoidal channels (100), (b) A view down the straight channels (010), and (c) A
view down (001). Values in the table are the intermolecular interaction energies

calculated in kJ/mol for this minimum energy frame.
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Host PEN1 PEN2 PEN3 PEN4 PEN5 PEN6 PEN7 PEN8 Guest Only
-2583 -37.1 -36.6 -381 -373 -370 -372 -380 -374 -40.5

Figure 5.16 Packing pattern of 8 pentane molecules per unit cell of MFI with
symmetry Pmna derived from simulated_anneal refinement. (a) A view down the
sinusoidal channels (100), (b) A view down the straight channels (010), and (c) A
view down (001). Values in the table are the intermolecular interaction energies

calculated in kJ/mol for this minimum energy frame.

95



(b)

Figure 5.17 Spatial conformation of one n-hexane per unit cell of MFI framework for

(a) the minimum energy configuration and (b) the ten lowest energy configurations.

a higher potential energies from sorbent-sorbate interactions so the decrease observed
indicates that sorbate-sorbate interactions are larger than the difference in the
sorbate-sorbent interaction between the channel segment and the intersection sites.
These energy profiles agree, in general, well with the profiles of the heats of
adsorption of n-alkanes in silicalite-1 displayed in Figure 4.7.

(v) The spatial configurations of n-alkanes/silicalite-1 obtained from the
simulations in this study are extremely useful in interpreting for the diffusion
behaviour of the systems investigated by the frequency response technique as
presented in the following chapter. As can be seen in the figures, the tendency of the
sorbed molecules to be in a/the gauche state increases as the chain length of the
molecules decrease and as the loading increases. This finding is consistent with the
results presented by June ef al. [1] which show that the trans state is populated by
53.3% of n-butane but by 70% of n-hexane molecules in the zeolite. At low loadings,
the molecules tend to stay in the middle of the channel segments with the orientation
of the chain length parallel to the relevant channel direction, but on increasing the
loading, some molecules deviate from the channel directions because of the increase in

the sorbate-sorbate interaction (cf. Figures 5.13-5.16 and 5.18-5.21). These findings
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Host HEX1 HEX2 Guest Only
-75.6 -40.2 -39.8 -4.4

Figure 5.18 Packing pattern of 2 hexane molecules per unit cell of MFI with
symmetry Pmna derived from simulated_anneal refinement. (a) A view down the
sinusoidal channels (100), (b) A view down the straight channels (010), and (c) A
view down (001). Values in the table are the intermolecular interaction energies

calculated in kJ/mol for this minimum energy frame.

97



Host HEX1 HEX2 HEX3 HEX4 Guest_Only
-147.5 -40.2 -40.5 -39.2 -40.0 -12.3

Figure 5.19 Packing pattern of 4 hexane molecules per unit cell of MFI with
symmetry Pmna derived from simulated_anneal refinement. (a) A view down the
sinusoidal channels (100), (b) A view down the straight channels (010), and (c) A
view down (001). Values in the table are the intermolecular interaction energies

calculated in kJ/mol for this minimum energy frame.
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Host HEX1 HEX2 HEX3 HEX4 HEX5 HEX6 Guest Only
-217.6  -40.1 -42.6 -41.0 -42.3 -43.8 -40.3 -32.6

Figure 5.20 Packing pattern of 6 hexane molecules per unit cell of MFI with
symmetry Pmna derived from simulated anneal refinement. (a) A view down the
sinusoidal channels (100), (b) A view down the straight channels (010), and (c) A
view down (001). Values in the table are the intermolecular interaction energies

calculated in kJ/mol for this minimum energy frame.
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(c)

Host HEX1 HEX2 HEX3 HEX4 HEX5 HEX6 HEX7 HEXS8 Guest Only
2017 441 -451 -448 -428 -428 -444 -447 -449 -61.8

Figure 5.21 Packing pattern of 8 hexane molecules per unit cell of MFI with
symmetry Pmna derived from simulated_anneal refinement. (a) A view down the
sinusoidal channels (100), (b) A view down the straight channels (010), and (c) A
view down (001). Values in the table are the intermolecular interaction energies

calculated in kJ/mol for this minimum energy frame.
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Figure 5.22 Average potential energies of the n-alkanes in silicalite-1 for the minimal
energy configurations at each loading. (a) denotes the total energies of

sorbate-sorbent and sorbate-sorbate and (b) the sorbate-sorbate interactions only.

imply that the interchange of the sorbed molecules between the two channels would
take place more easily for small molecules and at higher loadings. Moreover, with
increase in the chain length, the molecules in the sinusoidal channels have a tendency
to be constrained in their channel segments, while the molecules in the straight
channels shift towards the intersections as the loadings increase and this is especially
the case for n-hexane. As can be seen in Figure 5.21 (c), the sorbed n-hexane
molecules in the straight channels have obviously blocked the diffusion pathway of
those in the sinusoidal channels. This very interesting finding agrees strikingly with the
assumption that the hexane molecules sorbed in the sinusoidal channels have to be
'frozen' in the channels leading to an entropy loss [36-38] in order to fill the two
channels completely at high loadings.

(vi) The formation of the ciusters, which leads to a greater ordering of the
molecules, and the constraint of the molecules in the sinusoidal channels for n-pentane
and n-hexane results in an entropy loss that has to be compensated by a higher
pressure. It is this compensation effect that brings about the deviation of some
isotherms of n-pentane and n-hexane in silicalite-1 from the Langmuir model as shown

in Figures 4.5 and 4.6.
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5.3.2 Packing Patterns of Aromatics in Silicalite-1

The lowest energy conformations of benzene, toluene, and p-xylene obtained from
the simulations are presented in Figures 5.23-5.29 and 5.33-5.43. In contrast to the
n-alkanes/silicalite-1 systems, the intersections linking the two types of channels of the
zeolite are the energetically favourable positions for all of the aromatics investigated
in this study. These sorbate molecules prefer to populate these lower energy sites at all
loadings < 4 m./u.c.. When all of the intersections have been filled, the molecules then
populate the channel segments. Once the molecules start to populate the channel
segment sorption sites, the cluster effect observed in the n-alkane systems occurs as
has been reported in the literature [39-43]. In addition, the difference in potential
energies between the different sorption sites; ie. the intersections, the straight
channels and the sinusoidal channels, is far more pronounced for the aromatic

molecules than that for n-alkanes (cf. Tables included in the Figures).

5.3.2.1 Packing patterns of benzene

The configurations of benzene/silicalite-1 (Figures 5.23-5.29) are very interesting.
At loadings up to 4 m./u.c. (¢f. Figures 5.23-5.25), the molecules are located in the
intersections with the aromatic-ring plane normal to the x-z plane. Minor
sorbate-sorbate interactions through the sinusoidal channels can be observed from the
energy values listed in the relevant Tables. At the loading of 5 m./u.c., however, a
dramatic change occurs in the structure of the system as shown in Figure 5.26. Four
molecules are divided into two independent benzene species and distributed in the
intersection and the straight channel sites forming a polymeric chain along the straight
channel direction, which extends undoubiedly to infinite chains parallel to each other
down the straight channel direction through the whole framework structure as the
periodic boundary conditions were applied in the simulations. Unlike the molecules in
the intersections at loadings < 4 m./u.c., the molecules in the intersections reorientate
such that the molecular plane is parallel to x-z plane rather than being normal to this

plan. The molecules in the straight channel segments have orientations similar to those
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(010)

> (100)

Figure 5.23 Spatial conformation of one benzene per unit cell of MFI framework for

the minimum energy configuration.

in the intersections at low loadings. The fifth molecule which does not join the chain is
in an intersection site with the same orientation as those at low loadings. The
polymeric chain still occurs at a loading of 6 m./u.c. with now two molecules located
in intersection sites as displayed in Figure 5.27. The formation of these chains has
been proposed by Sacerdote ef al. [41] by comparing x-ray powder diffraction data
and calorimetrically determined differential adsorption heats, with computer simulated
atom-atom interactions for this system at a loading of 8 m./u.c..

As the loading increases further, the polymeric chain remains unchanged. However,
now the seventh molecule does not go to the remaining straight channel site to form
another chain down the straight channel adjacent to the one with the existing chain
but resides, unexpectedly, in one of the sinusoidal channel sites to form a side chain
along the sinusoidal channel direction (cf. Figure 5.28). This molecule aligns itself
with an orientation which is the same as that of the species in the intersections in the
chain down the straight channel. At a loading of 8 m./u.c., a similar configuration can
be seen with the eighth molecule located in another sinusoidal channel at a site
opposite to that of the seventh molecule as can be seen in Figure 5.29. Thus the
configuration of benzene in silicalite-1 at a loading of 8 m./u.c. consists of infinite
polymeric chains down the straight channels with side chains along the sinusoidal

channel direction. To the best of our knowledge, this configuration has never been
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(c)
Host BEN1 BEN2 BEN3 Guest Only
-86.0 292 -29.2 -289 =13

Figure 5.24 Packing pattern of 3 benzene molecules per unit cell of MFI with
symmetry Pmna derived from simulated anneal refinement. (a) A view down the
sinusoidal channels (100), (b) A view down the straight channels (010), and (c) A
view down (001). Values in the table are the intermolecular interaction energies

calculated in kJ/mol for this minimum energy frame.
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()
Host BEN1 BEN2 BEN3 BEN4 Guest_Only
-114.6 -29.3 -29.2 -29.3 -29.2 -2.3

Figure 5.25 Packing pattern of 4 benzene moiecuies per unit celi of MFI with
symmetry Pmna derived from simulated_anneal refinement. (a) A view down the
sinusoidal channels (100), (b) A view down the straight channels (010), and (c) A
view down (001). Values in the table are the intermolecular interaction energies

calculated in kJ/mol for this minimum energy frame.
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() (b)

(c)

Host BENI1 BEN2 BEN3 BEN4 BENS5  Guest_Only
-130.7 -29.1 -30.5 -33.2 -30.4 -33.1 -25.6

Figure 5.26 Packing pattern of 5 benzene molecules per unit cell of MFI with
symmetry Pmna derived from simulated_anneal refinement. (a) A view down the
sinusoidal channels (100), (b) A view down the straight channels (010), and (c) A
view down (001). Values in the table are the intermolecular interaction energies

calculated in kJ/mol for this minimum energy frame.
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Host BEN1 BEN2 BEN3 BEN4 BEN5 BENG6 Guest Only
-157.7 -29.2 -32.9 -29.2 -30.2 -32.9 -30.2 -26.8

Figure 5.27 Packing pattern of 6 benzene molecules per unit cell of MFI with
symmetry Pmna derived from simulated anneal refinement. (a) A view down the
sinusoidal channels (100), (b) A view down the straight channels (010), and (¢c) A
view down (001). Values in the table are the intermolecular interaction energies

calculated in kJ/mol for this minimum energy frame.
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(c)

Host BENI BEN2 BEN3 BEN4 BEN5 BEN6 BEN7 Guest Only
1762 301 -320 -291 -327 -302 -249 -33.8 -36.7

Figure 5.28 Packing pattern of 7 benzene molecules per unit cell of MFI with
symmetry Pmna derived from simulated anneal refinement. (a) A view down the
sinusoidal channels (100), (b) A view down the straight channels (010), and (c) A
view down (001). Values in the table are the intermolecular interaction energies

calculated in kJ/mol for this minimum energy frame.
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(a) (b)

(©

Host BEN1 BEN2 BEN3 BEN4 BEN5 BEN6 BEN7 BEN8 Guest Only
-1956 -33.8 -249 -249 -304 -320 -32.0 -338 -304 -46.7

Figure 5.29 Packing pattern of 8 benzene molecules per unit cell of MFI with
symmetry Pmna derived from simulated_anneal refinement. (a) A view down the
sinusoidal channels (100), (b) A view down the straight channels (010), and (c) A
view down (001). Values in the table are the intermolecular interaction energies

calculated in kJ/mol for this minimum energy frame.
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reported in the literature and, as discussed below, it seems to be a convincing
configuration for the benzene/silicalite-1 system at this high loading.

This loading dependence of the spatial configurations for benzene in silicalite-1
coincides well with the calorimetric and gravimetric sorption results [39,40,44] as
shown in Figures 5.30 and 5.31. Two steps can be observed in both the profile of the
heat of adsorption and the adsorption isotherms at loadings of 4 m./u.c. and 6 m./u.c.,
respectively, where the spatial configurations of the system start to change
dramatically. These findings also confirm statements made by Thamm [40] from his
calorimetric data that redistribution and/or reorientation occurs in the system at
loadings of 4 m./u.c. and 6 m./u.c., respectively. But the conformation, proposed by
Sacerdote ef al. [41], that the sorbed benzene molecules at a loading of 8 m./u.c. are
located in the intersections and the straight channel segments forming infinite
polymeric chains in the straight channels is not able to interpret correctly the second
step in the calorimetric and the isotherm curves.

As mentioned in section 5.3.1, the cluster effect will result in an entropy loss that
has to be compensated by a higher pressure. A far bigger entropy loss can be evidently
anticipated for the configuration change which occurs on increasing the loading to
5 m./u.c. from the loading of 4 m./u.c. as both rotation and translation of benzene
molecules are apparently impeded with the formation of the chains or clusters. At
loadings higher than 6 m./u.c., larger clusters formed from the chains down the
straight channels and the side chains along the sinusoidal channels result in even
bigger entropy losses. These arguments are confirmed experimentally by the entropy
curve presented in Figure 5.30. It is the entropy loss that induces the steps in the
isotherms due to the compensation effect mentioned above. Compared with the
n-alkanes/silicalite-1 system, the entropy loss in the aromatics/silicalite-1 systems is
much higher. The steps are, therefore, far more pronounced for the latter systems than
the former (cf. Figures 4.5, 4.6, 4.13 and 5.31). The adsorption isotherm measured in
this study at 323 K also displays a step at a loading of 4 m./u.c. (¢f. Figure 4.13).

The fact that the experimental saturation value for the adsorption of benzene in
silicalite-1 is only 8 m./u.c., which is much less than the maximum possible value of

12 m/u.c. with the pore volume fully filled, may arise from the anomalous
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Figure 5.30 Differential heats of adsorption, Qg, of benzene in silicalite-1 (solid) and

partial molecular entropies, S 9 of the adsorbed benzene at 301 K (dashed line) [40].
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Figure 5.31 Adsorption isotherms for benzene in silicalite-1 at temperatures of (from

left to right) 273, 283, 293 and 303 K [44].
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Figure 5.32 Average potential energies of the aromatics in silicalite-1 for the minimal
energy configurations at each loading. (a) denotes the total energies of

sorbate-sorbent and sorbate-sorbate and (b) the sorbate-sorbate interactions only.

configuration in Figure 5.29 as the adsorption mechanism for this kind of spatial
structure cannot be considered simply as pore filling.

It can be seen from the potential energy values listed in the tables included in the
Figures 5.25 and 5.26 and Figure 5.32 (b) that the sorbate-sorbate interactions of
benzene molecules increase significantly on increasing the loading from 4 m./u.c. to
5 m./u.c., indicating that the first stepwise increase in the experimental heats of
adsorption shown in Figure 530 could arises from the larger sorbate-sorbate
interactions between hydrogen atoms in one benzene molecules and the benzene ring
in another (cf. Figures 5.26). On increasing the loading from 6 m./u.c. to 8 m./u.c,, the
sorbate-sorbate interactions show a further increase as presented in Figure 5.32 (b),
leading to a further increase in the heat of adsorption.

On comparing Figure 5.30 with Figure 5.32 (a), it can be seen that the total
potential energies calculated do not show a trend with loading the same as that found
from the experimental heats of adsorption. It should be emphasized that the energy
values shown in Figure 5.32 are not comparable with the values of the heats of
adsorption because of the different standard states involved but the relative values
between different loadings are comparable. A possible reason for the poor agreement

between the calculated and experimental heats of adsorption is that the configurations
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derived from the energy minimization simulations are at zero Kelvin, thus all
molecules are frozen. The orientation of the sorbed benzene molecule in each site
presented in the simulation is, therefore, the potential minimum for the molecule in
that site. At the temperature of the calorimetric study (room temperature), the sorbed
benzene molecules are, to some extent, mobile and will, therefore, fluctuate around
the potential minima, resulting in higher average potential energies than the minimal
potential energies obtained from the simulations. At loadings < 4 m./u.c., the benzene
molecules can rotate freely in the intersection sorption sites [45-49], implying that
some higher potential energy orientations are accessible to the molecules. On
increasing the loading from 4 m./u.c. to Sm/u.c, the molecules are, as mentioned
above, subject to a big entropy loss due to the formation of the chains, which restrict
the mobility of the molecules. It is, therefore, more difficult for the molecules to
populate higher potential energy orientations at higher loadings, i.e. the magnitude of
the fluctuation of the molecules around the potential minima is bigger at low loadings
than that at high loadings. The sorbed molecules become even more ordered on
increasing the loading from 6 m./u.c. to 8 m./u.c., leading to a further reduction in the
magnitude of the fluctuations. According to the discussion above, one can conclude
that the experimental potential energies should be higher than the theoretical ones and
the differences between them decrease with increasing loading. The dependence of the
average potential energies on loading at realistic temperatures should, therefore,
decrease with increasing loadings rather than be constant as presented in
Figure 5.32 (a). Lower potential energies mean higher intermolecular interactions.
The increase of the heats of adsorption for benzene in silicalite-1 with increasing
loadings as illustrated in Figure 5.30 could be, therefore, attributed to the increase in
both the sorbate-sorbent and the sorbate-sorbate interactions induced by the
formation of the clusters which cause larger entropy losses. Molecular dynamic
simulations are needed to get average potential energies at each loading at realistic
temperatures to confirm this speculation.

Finally, from the spatial configurations obtained from the simulations for the
benzene/silicalite-1 system one can easily conclude that benzene molecules can rotate

in the intersections of silicalite-1 framework as proposed from the XRD and the NMR
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studies [41,45-49] when the temperature is raised from 0K to, say, room

temperature..

5.3.2.2 Packing patterns of toluene

Analogous to benzene, toluene molecules also reside preferentially in the
intersections of silicalite-1 at loadings up to 4 m./u.c. having orientations similar to
those found for benzene molecules. The aromatic-ring of the molecules is located in
the intersections while the methyl groups are located in the straight channel segments
with different direction as shown in Figures 5.33 and 5.34. In contrast to the case of
benzene, when the loading increases above 4 m./u.c. a second preferential adsorption
site for toluene in the sinusoidal channel segment is found (cf. Figures 5.35-5.37). The
molecules in the sinusoidal channels have their molecular planes parallel to the x-z
plane. The molecule in the intersection nearest to the methyl group of the molecule in
the sinusoidal channel segment is found to rotate a little around its long axis.
Considerable differences in potential energies of the intersection and the sinusoidal
sites were found.

When the loading increases above 4 m./u.c., a large increase in the sorbate-sorbate
interactions is found (cf Figure 5.32 (b)), which can be ascribed to the strong
interactions between the toluene molecules in the intersection sites and the molecules
in the sinusoidal channel segments. The mobility of the sorbed toluene molecules are
retarded by these strong interactions, leading to a larger entropy loss. As discussed
above, it is the entropy loss that results in the stepwise isotherm of toluene in
silicalite-1 as presented in Figure 4.14.

The increase of the heats of adsorption for toluene in silicalite-1 measured by a
calorimetric method [39] was also found when the loading increases above 4 m./u.c..
The strong sorbate-sorbate interactions are the most likely reason for this increase.

The discrepancy in the profiles of the total potential energies shown in
Figure 5.32 (a) and the heats of adsorption of toluene in silicalite-1 determined by the
calorimetric technique [39] can also be interpreted in the light of the discussion for the

case of benzene in the last section.
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(a) (b)

Host TUI1 TU2 Guest Only
-69.4 -35.7 -35.7 -2.1

Figure 5.33 Packing pattern of 2 toluene molecules per unit cell of MFI with
symmetry Pmna derived from simulated_anneal refinement. (a) A view down the
sinusoidal channels (100), (b) A view down the straight channels (010), and (c) A
view down (001). Values in the table are the intermolecular interaction energies

calculated in kJ/mol for this minimum energy frame.
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(a) (b)

(©)
Host TOLI TOL2 TOL3 TOLA4 Guest Only
-139.0 -35.8 -35.8 -35.8 -35.8 -4.3

Figure 5.34 Packing pattern of 4 toluene molecules per unit cell of MFI with
symmetry Pmna derived from simulated_anneal refinement. (a) A view down the
sinusoidal channels (100), (b) A view down the straight channels (010), and (¢) A
view down (001). Values in the table are the intermolecular interaction energies

calculated in kJ/mol for this minimum energy frame.
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Host TUI TU2 TU3 TU4 TUS  Guest_Only
-158.7 -39.0 -35.4 -28.9 -35.5 -37.4 -17.5

Figure 5.35 Packing pattern of 5 toluene molecules per unit cell of MFI with
symmetry Pmna derived from simulated anneal refinement. (a) A view down the
sinusoidal channels (100), (b) A view down the straight channels (010), and (c) A
view down (001). Values in the table are the intermolecular interaction energies

calculated in kJ/mol for this minimum energy frame.
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(a) (b)

Host TUI TU2 TU3 TU4 TUS TU6  Guest Only
-180.6  -373 -28.9 -39.3 -37.4 -39.3 -28.9 -30.4

Figure 5.36 Packing pattern of 6 toluene molecules per unit cell of MFI with
symmetry Pmna derived from simulated_anneal refinement. (a) A view down the
sinusoidal channels (100), (b) A view down the straight channels (010), and (c) A
view down (001). Values in the table are the intermolecular interaction energies

calculated in kJ/mol for this minimum energy frame.
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(c)

Host TUI TU2 TU3 TU4 TUS TU6 TU7 Guest_Only
-198.1 -272 273 -39.1 -290 -409 -375 -411 -44.0

Figure 5.37 Packing pattern of 7 toluene molecules per unit cell of MFI with
symmetry Pmna derived from simulated_anneal refinement. (a) A view down the
sinusoidal channels (100), (b) A view down the straight channels (010), and (c) A
view down (001). Values in the table are the intermolecular interaction energies

calculated in kJ/mol for this minimum energy frame.
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5.3.2.3 Packing patterns of p-xylene

The spatial distribution of p-xylene in silicalite-1 is of great interest due to the very
unusual hysteresis loop observed in the adsorption/desorption isotherm measurements
(cf Figure4.16 and 4.24) and has provoked extensive investigation by several
techniques such as XRD [21,22,42,43], NMR [18-20,46] and computer
simulation [18,25,26,50], efc.. Although there is some inconsistency among these
results, as mentioned in section 5.1, it has tended to be well documented that p-xylene
molecules are located in the intersections of silicalite-1 at loadings <4 m./u.c. with
their long molecular axis paralleling the straight channel direction and perpendicular
to the crystallographic mirror plane. At loadings > 4 m./u.c., apart from the four
molecules in the intersections the other molecules will, similar to the situation for
toluene, occupy the sinusoidal channel segments and have their molecular plane
coincident with the crystallographic mirror plane. At a loading of 8 m./u.c. p-xylene
molecules populate all the intersection and sinusoidal sites and form polymeric chains
down the sinusoidal channel direction [18,19,22,43]. Single crystal X-ray
investigation of the p-xylene/MFI system [22] at high loadings seems to give
convincing evidence of this structure.

The simulation results displayed in Figure 5.38-5.43 obtained from this study are
generally consistent with the above model except for the spatial configuration for this
system at a loading of 8 m./u.c.. In this latter case four of the eight molecules reside in
the sinusoidal channel segments with the same orientations as those in the structure
proposed above, but now two of the other four molecules stay in the intersections and
the remaining two are located in the straight channel segments as illustrated in
Figure 5.43. This structure, determined for the first time, is, indeed, a mixture of the
two models proposed by Mentzen e/ al. [43]. They suggested that at this loading one
possible structure consists of four p-xylene molecules in the straight channel segments
and another four in the sinusoidal channel segments. The second likely conformation
for the system contains four molecules in the intersections and another four in the
sinusoidal channel segments. Unfortunately, they did not consider a third

conformation as obtained in this study on refining their powder X-ray diffraction data.
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(a) (b)

Host PX1 PX2 Guest_Only
-77.6 -41.1 -41.1 -4.5

Figure 5.38 Packing pattern of 2 p-xylene molecules per unit cell of MFI with
symmetry Pmna derived from simulated_anneal refinement. (a) A view down the
sinusoidal channels (100), (b) A view down the straight channels (010), and (c) A
view down (001). Values in the table are the intermolecular interaction energies

calculated in kJ/mol for this minimum energy frame.
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(a) (b)

(c)
Host PX1 PX2 PX3 PX4 Guest Only
~152.9 -40.7 -40.7 -40.7 -40.7 97

Figure 5.39 Packing pattern of 4 p-xylene molecules per unit cell of MFI with
symmetry Pmna derived from simulated_anneal refinement. (a) A view down the
sinusoidal channels (100), (b) A view down the straight channels (010), and (c) A
view down (001). Values in the table are the intermolecular interaction energies

calculated in kJ/mol for this minimum energy frame.
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Host PX1 PX2 PX3 PX4 PX5  Guest Only
-174.8 -42.2 -40.9 -41.0 -45.0 -31.6 -25.8

Figure 5.40 Packing pattern of 5 p-xylene molecules per unit cell of MFI with
symmetry Pmna derived from simulated_anneal refinement. (a) A view down the
sinusoidal channels (100), (b) A view down the straight channels (010), and (c) A
view down (001). Values in the table are the intermolecular interaction energies

calculated in kJ/mol for this minimum energy frame.
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Host PX1 PX2 PX3 PX4 PX5 PX6  Guest Only
-196.8 -31.7 -42.5 -31.7 -42.5 -45.1 -45.1 -41.9

Figure 5.41 Packing pattern of 6 p-xylene molecules per unit cell of MFI with
symmetry Pmna derived from simulated_anneal refinement. (a) A view down the
sinusoidal channels (100), (b) A view down the straight channels (010), and (c) A
view down (001). Values in the table are the intermolecular interaction energies

calculated in kJ/mol for this minimum energy frame.
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(a) (b)

Host PX1 PX2 PX3 PX4 PX5 PX6 PX7  Guest Only
2175 -433 426 -318 -434 -455 318 -31.7 -52.6

Figure 5.42 Packing pattern of 7 p-xylene molecules per unit cell of MFI with
symmetry Pmna derived from simulated_anneal refinement. (a) A view down the
sinusoidal channels (100), (b) A view down the straight channels (010), and (c) A
view down (001). Values in the table are the intermolecular interaction energies

calculated in kJ/mol for this minimum energy frame.
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(010)

1\—9 (100)

Host PX1 PX2 PX3 PX4 PX5 PX6 PX7 PX8 Guest Only
2341 -423 -425 -342 -460 -459 -320 -32.1 -34.1 -75.1

Figure 5.43 Packing pattern of 8 p-xylene molecules per unit cell of MFI with
symmetry Pmna derived from simulated_anneal refinement. (a) A view down the
sinusoidal channels (100), (b) A view down the straight channels (010), and (c) A
view down (001). Values in the table are the intermolecular interaction energies

calculated in kJ/mol for this minimum energy frame.
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The MFI zeolite sample used in the single crystal study mentioned above had a
Si/Al ratio of ca. 300 [22]. The somewhat large amount of framework aluminium
must affect the structure of the sorbed molecules significantly. A pure siliceous MFI
framework structure was used in the simulation calculations in this study and it is,
therefore, not surprising that two different configurations were obtained from these
two investigations. Moreover, if the zeolite sample used in the X-ray study was not
fully saturated, it would be possible to find a different structure from that obtained
from the theoretical simulations.

From the point of view of crystal geometry, the structure of the sorbed p-xylene
molecules deduced from the simulation calculation at 8 m./u.c. seems to be more
stable than the structure suggested above. The motions of the p-xylene molecules in
the simulated structure must be restricted more than that in the x-ray study because all
of the molecules in the former structure are linked to each other over the whole
framework lattice.

The increase of the heats of adsorption of p-xylene in silicalite-1 as the loading
increases above 4 m./u.c. detected by a calorimetric method [39] may also be
attributed to the strong sorbate-sorbate interactions as presented in Figure 5.32 (b).
The stepwise adsorption isotherms of p-xylene in silicalite-1 as shown in Figures 4.16
and 4.24 arise, once again, from a large entropy loss induced by the strong
sorbate-sorbate interactions.

In summary, all of the sorbed benzene, toluene and p-xylene molecules have high
degrees of freedom when they are sorbed into the favourable intersection sorption
sites at loadings < 4 m./u.c. and separated from each other by the channel segments,
ie. the molecules behave liquid-like in this concentration region and the
sorbate-sorbate interactions are negligible. While at loadings > 4 m./u.c., the aromatic
molecules are sorbed in a solid-like state. The mobility of the sorbed molecules in this
concentration region is hindered dramatically by the strong sorbate-sorbate
interactions and the spatial hindrance of the channel segments to the molecules,
leading to a enormous entropy loss. The interactions between p-xylene molecules are
much higher than those for benzene and toluene because of the strong interactions

between the methyl groups of the p-xylene molecules in the sinusoidal channel
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segments and the aromatic-rings of the p-xylene molecules in the intersections of
silicalite-1 framework parallel to the straight channel direction. The sorbed p-xylene
molecules are also more restricted by the framework than the sorbed benzene and
toluene molecules. The sorbed p-xylene molecules at loadings >4 m./u.c. are,
therefore, more frozen than the sorbed benzene and toluene molecules. These
arguments can be supported by the far sharper step of the adsorption isotherms of
p-xylene in silicalite-1 (¢f. Figure 4.16) than that for benzene (cf. Figure 4.13) and
toluene (cf. Figure 4.14). These strong sorbate-sorbate interactions and the solid-like
spatial distribution of the sorbed p-xylene molecules at high loadings form a very low
energy well which has to be surmounted during desorption. The FR diffusion
measurements (cf. Chapter 7) show a diffusion coefficient of p-xylene in silicalite-1 at
a loading of ca. 7 m./u.c. in the order of magnitude of 10" m’s” which is about two
orders of magnitude slower than that of the molecule diffusion in the straight channels
at low loadings (< 4 m./u.c.) and about one order of magnitude slower than that in the
sinusoidal channels and only one diffusion process was found at this loading,
suggesting that the molecules in the sinusoidal channels must have extremely slow
mobility or even to be stationary at this high loading. It is, therefore, plausible to
imagine that in the adsorption branch of the hysteresis loop more p-xylene molecules
would reside in the straight channels than those in the sinusoidal channels, while in the
desorption branch more molecules would be in the sinusoidal channels than those in
the straight channels because a long and rigid p-xylene molecule (ca. 0.9 nm) should
not be able to rotate around the axis perpendicular to the plane of the aromatic ring at
the intersections. This may be the reason which prevents a p-xylene molecule moving
from a high potential energy site (a sinusoidal channel segment) to a lower one (a
straight channel site). It is this steric hindrance that results in a very high energy
barrier, leading to the commonly observed hysteresis ioop of the
adsorption/desorption isotherms of p-xylene in silicalite-1.

As mentioned above, the sorbed molecules have high mobility, i.e. they are
liquid-like, at low loadings (< 4 m./u.c.). Thus, the difference in the potential energies
between the straight channels and the sinusoidal channels at realistic temperatures

(say, room temperature) may be much smaller than that obtained from the simulations
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which calculate the potential energies at 0 K as discussed in section 5.3.2.1. p-Xylene
molecules would, therefore, be adsorbed in both channels even at low loadings rather
than only populate the intersections as obtained by the simulations. The FR spectra at
low loadings which show two diffusion processes support this assumption. At high
loadings, the simulation results are close to the real situation as the sorbed molecules
are solid-like.

The symmetry change or phase transition of the silicalite-1 framework induced by
the adsorption of sorbate molecules has a very insignificant effect on the adsorption
and diffusion behaviour of the sorbate molecules. The configuration of the p-xylene in
silicalite-1 at a loading of 8 m./u.c. were simulated with both P2y/n.1.1 and Pnma
symmetries of the framework and exactly the same spatial distribution of the p-xylene

molecules was obtained.

5.4 CONCLUSIONS

5.4.1 n-Alkanes in Silicalite-1

The sinusoidal channel segments of silicalite-1 framework are the most preferential
adsorption sites for small molecules like methane and propane, while the straight
channel segments are favourable to the longer molecules like n-pentane and n-hexane.
However, the differences in the potential energies between the two types of sites are
small.

All of the sorbate molecules tend to be sorbed in both channels to form clusters at
quite low loadings (< 3 m./u.c. for methane and propane and < 2 m./u.c. for n-pentane
and n-hexane). The formation of these clusters resuits in an entropy ioss which has to
be compensated by a higher pressure. The deviation of some isotherms of n-pentane
and n-hexane in silicalite-1 from the Langmuir model arises from this entropy effect.

The sorbate-sorbate interactions for methane and propane are insignificant but
pronounced for n-pentane and n-hexane.

The tendency of the sorbed molecules to be in gauche state increases as the chain
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length of the molecules decreases and as the loading increases. Therefore, the
interchange of the sorbed molecules between the two channels would take place more

easily for small molecules and at high loadings.

5.4.2 Aromatic in Silicalite-1

The intersections of the straight and sinusoidal channels of the framework are the
most favourite adsorption sites for all of the aromatics. The differences in the
potential energies between the different types of adsorption sites are more pronounced
than those for the n-alkanes. At loadings <4 m./u.c., the sorbed molecules populate
the intersections, while at higher loadings the cluster effect was found.

Consistent with the heats of adsorption measured by a calorimetric method, the
sorbed benzene molecules experience two rearrangements in their spatial
configurations when the loading increases from 4 m./u.c. to a saturation value of
8 m/u.c.. A polymeric chain of the sorbed benzene molecules down the straight
channel direction was found on increasing the loading from 4 m./u.c. to 6 m./u.c. and
the other molecules which do not join the chains remain in the intersections. On
increasing the loading from 6 m./u.c. to 8 m/u.c,, side chains down the sinusoidal
channels, which link to the chains along the straight channels, were found.

When the loading increases above 4 m./u.c., both toluene and p-xylene molecules
start to populate the sinusoidal channel segments and interact strongly with the
molecules in the intersections. At a loading of 8 m./u.c. a redistribution of the sorbed
p-xylene molecules occurs. Four molecules still reside in the intersections while two
are in the intersections and the remaining two stay in the straight channels segments.

The experimental heats of adsorption of the aromatics increase when the loading
increases above 4 m./u.c.. This increase most probably arises from the strong
sorbate-sorbate interactions and the solid-like spatial distribution of the sorbed
molecules at higher loadings because of the cluster effect and the steric hindrance of
the framework which could result in larger entropy losses. The stepwise isotherms of
the aromatics in silicalite-1 arise from this entropy effect.

The large steric hindrance of the framework to the sorbed p-xylene molecules
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could be the reason for the commonly observed hysteresis loop of the
adsorption/desorption isotherms of p-xylene in silicalite-1. It is difficult for a long and
rigid p-xylene molecule to rotate in an intersection around the axis perpendicular to
the aromatic-ring plane. Therefore, in the desorption branch of the hysteresis loop the
molecules in the sinusoidal channels, which are immobile, are prevented from moving
into the straight channel sites left by the molecules in these sites, which are mobile,
leading to a difference in the spatial configurations between the adsorption and

desorption branches. It is this very high energy barrier that creates the hysteresis loop.
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Chapter 6 - DIFFUSIVITIES OF N-ALKANES IN
SILICALITE-1

6.1 INTRODUCTION

MFI type zeolites, i.e. ZSM-5/silicalite-1, are extensively used in both fundamental
research and industrial applications. The pore diameters of these zeolites are close to
the critical dimensions of many important hydrocarbon molecules. Intracrystalline
diffusivities of these sorbate and reactant molecules in the zeolite channel system have
significant effects on the performance of the zeolites as hydrocarbon separating agents
and cracking catalysts. An accurate knowledge of the intracrystalline mobility is,
therefore, very important in obtaining a better understanding of the separation and
catalytic processes involved.

In this study, the diffusivities of C;-Cs n-alkanes in silicalite-1 (C) and other
physical processes occurring in the systems have been systematically investigated
using the frequency-response (FR) technique and the results are compared with those

obtained from PFG NMR, molecular dynamics calculation and other methods.

6.2 EFFECT OF HEAT OF ADSORPTION ON THE FREQUENCY
RESPONSE SPECTRA

On investigating the FR spectra of hydrocarbons in silicalite-1, a bimodal behaviour
of the out-of-phase curves has been observed for several hydrocarbons and various
morphologies of the silicalite-1 [1-3]. In order to explain the bimodal response data
three main interpretations have been put forward.

One interpretation suggests that this response behaviour is due to the existence of
two independent diffusion processes in the straight and sinusoidal channels of
silicalite-1, respectively [2-4] (cf. Section 2.2.1.2). The second interpretation believes
that the heat of sorption effect is not negligible and that the FR spectra should be
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fitted by the non-isothermal diffusion model developed by Sun ef al. [5-7] (cf- Section
2.2.1.3). The bimodal behaviour of the FR curves has been also attributed to the
diffusion-rearrangement model [5,8], given in section 2.2.1.4, which assumes that for
zeolites such as MFI the sorbate molecules diffuse only along the transport channels,
the straight channels, and are stored in the sinusoidal channels, with a finite-rate mass
exchange between the two channels.

In order to obtain a clearer understanding of the effect of the heat dissipation
between sorbent and the surroundings on the diffusivities of sorbates, the FR spectra
of propane in silicalite-1 were determined systematically at different equilibrium
pressures and temperatures and analysed by the non-isothermal diffusion, two
independent diffusion processes and single-diffusion models, respectively. The
diffusion-rearrangement model can be ruled out for this system as such small
molecules will not be immobilised in the sinusoidal channels. In addition, the
simulation results presented in Chapter 5 have shown that the sinusoidal channel
segments are the energetically preferred adsorption sites for propane molecules, i.e.
all molecules will tend to reside in the sinusoidal channels at low loadings, which is
inconsistent with the assumption for this model.

Figure 6.1 shows the experimental frequency response curves of propane in
silicalite-1, fitted by (a) the non-isothermal diffusion, (b) the two independent
diffusion processes, and (c) the single-diffusion models, respectively, using the kinetic
parameters listed in Tables 6.1 and 6.2. Other parameters involved were the gas-phase
volume, V=80 cm’, density of the crystals, p-~1760 kg m™, volumetric heat capacity
of the crystals, Cs~1400 kJ m~ K. It can been seen that the bimodal behaviour of the
FR spectra of this system is observed only at higher loadings, i.e. lower temperatures
and higher pressures. At lower loadings only the simple, single response curves are
tound. Close agreement between the theoretical modeis and the experimentai data can
be seen in all the cases and the K values obtained from the experimental data fits are in
good agreement with those obtained from the isotherms. The diffusion coefficients
derived from both the non-isothermal diffusion and the two independent diffusion
processes models for one set of experimental data are also consistent with each other.

Such agreement clearly indicates the difficulty in interpreting the FR spectra. One can,
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Figure 6.1 Fits of the experimental in-phase K&, () and out-of-phase Ko (O)
characteristic functions for propane diffusion in silicalite-1 (C) by (a) non-isothermal
diffusion model, (b) two independent diffusion processes model, and
(c) single-diffusion model using the parameters given in Tables 6.1 and Table 6.2.
Solid lines denote the theoretical overall characteristic functions, and the dash and
dash-dot lines denote the theoretical diffusion processes occurring in the sinusoidal

channels (magenta) and the straight channels (orange), respectively.
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Table 6.1 FR parameters of propane in silicalite-1 derived by two different models

Non-isothermal diffusion model Two diffusion processes model
I P Kw K Dx10° ta h y - . = K, Dux10° Dpx10® ta  to
1 2 . R
(K) (Torr) (ms?) () (s) (Wm'K) (kJ/mol) Ki+Ky  (mh () () )
303 0.5 122 131 20 019 1.00 280 0.18 33.1(32.0)* 1.03 031 134 023 2.6 1.1 0.15 3.24

10 1.10 1.10 17 022 176 159 035 345(33.7) 075 038 113 034 24 055 0.15 6.55
20 091 106 20 016 230 122 050 32.029.7) 0.55 044 099 044 3.1 060 0.11 538
30 076 077 1.1 027 270 104 063 32.1(31.9) 039 037 076 049 21 024 0.14 1253
40 064 0.63 1.1 025 277 101 0.74 32.7(33.1) 031 035 066 053 22 020 0.10 14.20
60 048 045 1.0 025279 100 083 327(338) 0.18 024 042 057 23 0.16 0.11 14.87

323 05 045 059 50 008 025 1106 0.12 489(429) 049 009 058 016 5.6 56 0.07 0.70

10 044 050 45 009 050 560 0.14 37.8(356) 041 009 050 018 51 28 008 137
20 042 046 35 009 065 43.1 021 33.6(32.1) 033 011 044 025 46 19 008 199
30 040 028 22 0.16 076 368 026 31.3(37.4) 020 009 029 031 31 1.5 0.12 2.55
40 038 028 23 016 085 329 033 31.3(365) 0.19 009 028 032 32 1.2 011 3.12

60 035 025 20 0.17 1.03 272 042 302(356) 0.15 0.10 025 040 3.1 086 011 3.85
80 032 022 21 016 1.13 248 048 29.2(35.1) 0.13 009 022 041 33 074 0.10 442

L-FLITYOITIS NI SINYXYTY-N 40 SIILIAISNHIA - 9 4e1deyd

" The values in brackets are calculated from FR K values, the others from Kig.
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Table 6.2 FR parameters calculated from the single-diffusion model

T/K P/ Torr K tal's Dox10° / m’s™
348 1.0 0.20 0.07 6.0
2.0 0.19 0.09 4.7
3.0 0.16 0.11 3.6
4.0 0.16 0.09 43
363 4.0 0.12 0.06 7.0
6.0 0.11 0.06 7.0

nevertheless, test the validity of the theoretical models by analysing the physical
parameters derived from the fits.

Figure 6.2 shows that the heat transfer coefficients increase with increasing
temperature and decrease with the increase in pressure at very low pressures before
levelling off at higher pressures. An estimation of the heat transfer coefficient can be
obtained from

k ot

L . o 6.
b At on|,_, (1)

where 7 is heat transfer coefficient, & is the thermal conductivity of the sorbate, Af the

: . a .
temperature difference between the sorbent and the surroundings, and ™ is the

n=0

temperature gradient of the boundary layer between the external surface of crystals
and the bulk gas phase. For the FR measurements the heat transfer between the
zeolite and its surroundings takes place primarily by gas conduction. The thermal
conductivity of gases is generally proportional to the temperature, which results in an
increase of the heat transfer coefficient with increasing temperature according to
Equation (6.1). An increase of the thermal conductivity also increases the temperature
gradient, so that the heat transfer coefficient increases still further. At a constant
temperature, the thermal conductivity of gases is generally independent of
pressure [9]. Increasing pressure reduces the mean free path of the molecules, 4, (cf.

Table 6.3), causing a increase of the temperature gradient. Meanwhile increasing
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pressure may also induce an increase in the temperature difference (cf. Table 6.3)
between the sorbate and zeolite. The pressure dependence of the heat transfer
coefficient is, thus, a balance between the temperature difference and the temperature
gradient. The pressure and temperature dependence of the heat transfer coefficient,
derived from the fits of the experimental data by the non-isothermal diffusion model

as shown in Figure 6.2 are in agreement with the above physical concepts.
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Figure 6.2 Pressure dependence of the heat transfer coefficient calculated from non-
isothermal diffusion model for propane diffusion in silicalite-1 (C) at 303 K (M) and
323 K (®).

The pressure and temperature dependence of the time constants for heat exchange
calculated from fits by the non-isothermal diffusion model to the low frequency peak
can be seen in Table 6.1. The values increase with rising pressure but
temperature the opposite trend was observed. Such variations are reasonable since
(i) the heat absorbed or released increases with increase in pressure or reduction in
temperature (cf. Table 6.3), and (ii) as illustrated in Figure 6.2, the heat transfer
coefficient in the system decreases with increasing pressure or decreasing

temperature, so prolonging the time of the heat transfer.
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Table 6.3 Estimated values of some parameters associated with the kinetic processes

for propane in silicalite-1 system

T P Aq* Aq’ AQ At Ax10°
(K) (Torr)  (mmolg) (m.uc™) Q) (K) (m)
303 05 0.001 0.0057 0.001 0.05 59
1.0 0.002 0.0114 0.0021 0.1 29
4.0 0.004 0.0228 0.0042 0.2 7.3
323 05 0.0004 0.00228 0.00042  0.02 63
1.0 0.0007 0.00399 0.00073  0.035 31
4.0 0.003 0.0171 0.0031 0.15 738

“ Change in the amount of adsorption corresponding to the +1 % of the volume

perturbation in the FR system.
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Figure 6.3 Pressure dependence of the non-isothermality parameter, 7, derived from
non-isothermal diffusion model for propane diffusion in silicalite-1 (C) at 303 K (M)
and 323 K (®).
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Moreover, the constant y is a parameter describing the non-isothermalicity of the
system. The larger the y values are, the more significant is the heat effect on mass
transfer. Figure 6.3 and Table 6.1 show that the y value, derived from the
experimental data using the non-isothermal diffusion model, increases with decreasing
temperature or with increasing pressure, which is in accordance with the fact that the
higher the pressure or the lower the temperature, the more significant is the heat

effect.

Finally, Figure 6.4 and Table 6.1 present the values of the heat of adsorption of
propane obtained from the fits. These adsorption heats are in good agreement with
the isosteric heat of adsorption of ca. 40 kJ/mol as shown in Figure 4.7. One can
conclude, therefore, that the FR bimodal behaviour of propane in silicalite-1 results

from the effect of heat of adsorption on the mass transfer of propane.
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Figure 6.4 Concentration dependence of the heat of adsorption for propane in
silicalite-1 (C) fitted by non-isothermal diffusion model with K constants estimated
from fitting at 303 K (x) and 323 K (O), and K values from isotherms at 303 K (+)
and 323 K (%).

Table 6.1 and Figure 6.5 show the total K values obtained from the fit by the two

independent diffusion processes model. These K values are in good agreement with
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K., obtained from the isotherms. However, the percentage of mass diffusing in the
sinusoidal channel, K-/ (K;+K:), where K is the K value of the peak at the lower
frequency, increases with increasing pressure or decreasing temperature, which does
not seem to be physically reasonable. As discussed in section 5.3.1, the sinusoidal
channels are energetically favourable positions for propane. Propane molecules are
sited preferentially in the sinusoidal channels at low loadings as presented in
Figures 5.7 and 5.8. On increasing the loading molecules are forced to occupy the
straight channel segments. Thus, K>/ (K;+K>) should decrease, not increase as listed
in Table 6.1, with increasing pressure. With increasing temperature the loading
decreases and propane molecules should prefer to occupy sinusoidal channels which
will increase K / (K;+K>). The opposite was found as shown in Table 6.1.

On the other hand, since the channel intersections have a free diameter of ~0.54nm
it seems reasonable to expect that a flexible molecule of 0.652nm length should be
able to rotate at the channel intersections and, therefore, it is unlikely that two

independent diffusion processes would be observed.

0.8
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¥
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Figure 6.5 Pressure dependence of the proportion of mass diffusing in the sinusoidal
channel, K»/(K+K>), obtained from the two independent diffusion processes model
for propane diffusion in silicalite-1 at 303 K (M) and 323 K (®).

142



hapter 6

Figure 6.1 ¢ (1-4) shows that for the FR spectra of propane in silicalite-1 at lower
pressures and higher temperatures the bimodal response behaviour disappears and
only single-peak response data can be observed. The parameters deduced from the fits
of the FR curves using the single-diffusion model are presented in Table 6.2. This
finding is further strong evidence that the peak at the lower frequency can be
attributed to the heat effect for this system. The agreement between the
single-diffusion model and experimental spectra worsens with increasing pressure or
decreasing temperature, which reflects the small influence of the heat of adsorption on
the diffusivities and indicates that the heat effect can be virtually eliminated by
choosing appropriate experimental conditions. Pure diffusion kinetic parameters of
propane in silicalite-1 can, therefore, be measured by the frequency response
technique.

According to the discussion above one can conclude that the dissipation of the
heats of adsorption between sorbent and the surroundings can result in a bimodal
behaviour of the FR spectra. Whether or not the low frequency peak of the bimodal
FR curves stems from the heat effect can be, however, determined only after analysing
the physical parameters derived from the fits of theoretical models. As will be seen in
the subsequent sections in this chapter and the next chapter, bimodal or even more
complicated FR curves can be observed for most of the systems involved in this study.
However, the heat effect is found to be significant only for the n-alkane molecules
with chain lengths up to that of n-butane. For aromatics/silicalite-1 systems, the heat

effect was not found to play an important part in their FR spectra.

6.3 FR SPECTRA AND DIFFUSIVITIES OF C; TO Cs; N-ALKANES IN
SILICALITE-1

Figure 6.6 shows the experimental frequency response characteristic function
curves of methane to propane in silicalite-1, fitted by the single diffusion process and
the non-isothermal diffusion models using the kinetic parameters listed in Table 6.4.

As mentioned above, the diffusion-rearrangement and the two independent diffusion
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Figure 6.6 FR spectra of methane (a), ethane (b) and propane (c) in silicalite-1 (C).
(0,0) indicate the experimental in-phase K&, and out-of-phase K&, characteristic

functions, respectively. Red curves were fitted by the single diffusion process model,

while blue curves were fitted with the non-isothermal diffusion model.

processes models are not considered for these small molecules. Good agreement
between the experimental data and the theoretical fits can be observed in all cases.
The non-isothermal model had to be used to fit the bimodal data at higher loadings,
i.e. lower temperatures and higher pressures, whiie at iower ioadings the singie
diffusion process was sufficient. By analysing, using same procedures as above, the
parameters derived from the fits of the FR spectra using the non-isothermal diffusion
model one can conclude that the FR bimodal behaviour of these systems results from
the effect of heat of adsorption on the mass transfer of the sorbate molecules. The

equilibrium constant K values and the heats of adsorption obtained from the fits of the
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FR curves are listed in Table 6.4 where they can be compared with those derived from
the isotherms given in Chapter 4 or with those reported in literature. An excellent

consistency is found.

Table 6.4 FR parameters derived from the theoretical fits using either the single
diffusion process model or the non-isothermal diffusion model for methane, ethane
and propane in silicalite-1 (C) systems compared with the values obtained from the

isotherms or from literature

Sorbate I P n Ks K Dox10° t h y  Ou o>

st

(K)(Torr)(m./u.c.) (m?s™) (s) (Wm?K")  (kJmol) (kJ mol™)

Methane195 0.5 020 034035 7.7 - - - - 18.4[10]
10 039 034035 81 098 284 0.11 174 184[10]
20 076 032027 63 162 173 020 185 18.4[10]
40 145 029025 50 183 153 036 184 184[10]

FEthane 273 1.0 042 041042 85 08 350 0.11 297 30.9
20 080 041040 75 136 206 0.19 290 30.5
30 1.19 041038 55 168 160 026 323 30.5

303 1.0 0.13 0.110.13 11.0 - - - - 309
30 033 011012 90 - - - - 309
50 054 011012 78 - - - - 309

Propane303 10 1.15 1.101.10 1.7 176 159 035 33.7 44
30 287 0.760.77 1.1 270 104 063 319 42

60 458 048045 10 279 100 083 338 41

323 1.0 041 044050 45 050 560 0.14 356 4

20 080 042046 35 065 431 021 321 44

40 152 038028 23 085 329 033 365 43

Some typical FR spectra of n-C; to n-Cg/silicalite-1 systems are presented in
Figure 6.7. Tt is clear that the FR spectra for these systems tend to be more
complicated than those for the smaller hydrocarbons. At higher temperatures or very

lower loadings, a simple, single diffusion process applied. As the temperature
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decreases or the loading increases, the FR data, similar to those for methane to
propane systems, developed bimodal behaviour then turned to even more complicated
behaviour which cannot be fitted well by any of the theoretical models listed in
Chapter 2 (cf. Figure 6.7 (a,3), (b,3) and (c,3)). When the loading was increased,
however, to an even higher value a simple FR spectrum returned.

In the light of the simulation results illustrated in section 5.3.1, the n-alkane
molecules with long chain lengths are preferentially located in the straight channel
segments at very low loadings in the frans state, implying that the single diffusion
process measured by the FR technique at very loadings may be attributed to the
mobility of the molecules down the straight channels. Molecular dynamic studies
performed by Catlow ef al. [11-13] has indicated that even with very small molecules
such as ethane there is a higher probability of the molecule continuing to move in a
given direction rather than randomly changing from one channel type to the other at
an intersection. On simulating the diffusion of long n-alkanes (Cs to Cy) in silicalite-1,
Maginn and Theodorou et al. [14,15] have also concluded that it is difficult for the
molecules with longer chain-length to lose their conformational ‘memory’ quickly,
meaning that molecules aligned along a particular channel will tend to move along that
channel at lower loadings. These findings offer further evidence to justify the above
assumption.

When the loading increases, some molecules will occupy the sinusoidal channels as
well as the straight channels due to the cluster effect introduced in Chapter 5,
resulting in two diffusion processes along the two channel directions, respectively. At
this point the loading is still low enough for the molecules to keep their
conformational ‘memory’ and to continue to diffuse in the channel direction where
they originally reside. Another possible reason for the bimodal FR spectra of these
systems at low loadings may be, analogous to smaller hydrocarbons/silicalite-1
systems, associated with the dissipation of the heats of adsorption between silicalite-1
and the surroundings. Table 6.5 lists the parameters determined from the fits of the
FR data for n-butane to n-hexane in silicalite-1 at high temperatures at which the
bimodal FR behaviour can be observed for each system and the data can be well fitted

using both the two independent diffusion processes model and the non-isothermal
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Figure 6.7 FR spectra of n-butane (a), n-pentane (b) and n-hexane (c) in
silicalite-1 (C). (00,0) indicate the experimental in-phase K&, and out-of-phase Kdout
characteristic functions, respectively. Red curves were fitted by the single diffusion
process model, blue curves were fitted with the non-isothermal diffusion model, dark
cyan curves were fitted using the two independent diffusion processes model, and
orange curves with the diffusion-rearrangement model. Solid lines denote the
theoretical overall characteristic functions, and dash and dash-dot lines denote the

theoretical diffusion processes occurring in the straight channels (dash) and the

sinusoidal channels (dash-dot).
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Table 6.5 FR parameters derived from the theoretical fits using both the two diffusion processes model and the non-isothermal diffusion

model for n-butane, n-pentane and n-hexane in silicalite-1 systems compared with the values obtained from the isotherms

Non-isotherm diffusion model

Two diffusion processes model

Sorbate 7 P n  Kiw K Dx10° t  h  y  Qu o K= K, Dyx10°  Dypx10"
(K) (Torr)(m./u.c.) m’s") 5) Wm’K") (kI mor‘)(kJ mol) (KitK2) Eowky (m*s™) (m®s™)
n-butane 373 1.0 036 032031 58 046 609 012 440  51.0 0.31 0.14 6.4 2.4
20 069 029028 35 141 199 018 405 510 0.28 0.19 42 0.77

40 126 024022 45 122 227 024 373 527 0.21 0.24 5.8 0.76

70 194 0180.14 26 1.64 171 034 415 527 0.14 0.32 3.7 0.48

100 249 015011 23 179 157 039 416 527 0.11 0.35 3.4 0.38
n-pentane395 0.5 031 061064 3.5 047 596 013 494 506 0.64 0.16 3.9 2.7
1.0 058 054054 33 076 368 017 451 506 0.54 0.19 3.8 1.5

20 1.0 044040 32 102 275 024 435 506 0.40 0.25 42 0.92

40 175 031026 25 140 200 032 457 506 0.26 0.28 3.4 0.53

n-hexane 423 0.5 049 20 16 20 099 283 029 766  60.0 1.6 0.30 2.9 1.1
10 088 1612 18 085 328 028 603 600 12 0.30 23 1.1

20 145 1108 16 088 315 033 572 612 0.8 0.33 2.2 0.9

40 220 06304 16 058 483 031 560 612 0.4 0.33 2.1 1.0

NI SINVXMTY-N 40 SIILIANISNH-IA - 9 481deyd

=
~
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diffusion model. For n-butane and n-pentane diffusing in silicalite-1 framework, all of
the parameters obtained from the fits of the non-isothermal diffusion model have the
same trend as those discussed in the last section for the propane/silicalite-1 system
and the heats of adsorption derived from the fits are in fair agreement with those
calculated from the isotherms shown in Figure 4.7, suggesting that the bimodal FR
curves stem from the heat effect, i.e. the non-isothermal diffusion model applies to
these systems at low loadings. For n-hexane the K> / (Ki+K3) values remain, unlike the
fits for propane, constant and the parameters obtained from the non-isothermal
diffusion model are contrary to the discussion above, indicating that the two diffusion
processes model may be more reasonable for this system.

At higher loadings, in the light of the simulation results presented in
Figures 5.13-5.21 more molecules tend to be in gauche state and to encroach into the
intersections due to the stronger sorbate-sorbate interactions, inducing an increase in
interference between the two fluxes in the two channels. A finite-rate mass exchange
between the two channels could be, thus, observed. Based on the analyses above, a
model involving three processes, probably including the heat effect as well, can be
tentatively suggested. Two diffusion processes take place in the straight and
sinusoidal channels, respectively, with a mass exchange process between the two
channels. The FR data, then, showed a more complicated behaviour which cannot be
well fitted by the models describing the bimodal out-of-phase characteristic functions
of the FR spectra [cf. Figure 6.7 (a,3), (b,3) and (¢,3)].

When the loading approaches saturation values, the molecules in the sinusoidal
channels tend to be trapped (cf. Figure 5.21) due to the greater pore wall-adsorbate
molecule and sorbate-sorbate interactions, and to the increase in the intrusion between
the two fluxes associated with the straight and sinusoidal channels, respectively. The
mass transfer processes occurring in the system wiil be controlled by both Fickian
diffusion in the straight channels and sorbate immobilisation (or even freezing) in the
sinusoidal channels with a finite-rate mass exchange between these two channels, i.e.
the diffusion-rearrangement model, which can be justified by the simple FR spectra at
high loadings (cf. Figures 6.7 (a,4), (b,4) and (¢c,4)). K values derived from the FR

data fits will then become much smaller than those calculated from the isotherms,
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Ko, at high loadings as presented in Figure 6.8 and Table 6.6 since only the part of

the total sorbate loading resulting from the diffusion in the straight channels is

involved.
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Figure 6.8 Concentration dependence of the deviations of K values derived from the
fits of the FR spectra of n-butane in silicalite-1 (C) from those calculated with the

isotherms, K.

The possible physical processes which can be detected by the FR method for
n-alkane/silicalite-1 systems are (i) diffusion along the channels (isotropic or
anisotropic), (i) adsorption/desorption of the sorbates to/from the sorbent, (iii) a heat
exchange process between the sorbent and the surroundings, (iv) surface barriers on
the external surfaces of silicalite-1 and (v) a finite-rate mass exchange between the
straight and the sinusoidal channels. For n-alkane/silicalite-1 systems, it is reasonable
to expect that the adsorption/desorption process is much faster than the other
processes and thus no response in the FR out-of-phase curve would be detected in the
range of frequencies studied. The gap between in-phase and out-of-phase
characteristic curves shown in some cases in Figure 6.7 [c¢f. (a.4), (b,4) and (c,2) for
examples] makes it clear that a rapid process does take place in these systems, which

may be attributed to this rapid adsorption/desorption process.
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Table 6.6 FR parameters derived from either the diffusion-rearrangement model or

the single diffusion process model for n-butane, n-pentane and n-hexane in
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silicalite-1 (C) systems

Sorbate T P n Koo K  Dox10° f& Ko
(K) (Torr) (m/u.c.) (m’s?) (9

n-butane 303 20 7.11 0.52 031 043 2.68 0.36

4.0 7.76 0.15 0.09 0.33 2.46 0.29

323 8.0 6.91 0.12 0.07 0.76 3.29 0.45

n-pentane 273 0.5 8.50 055 0.20 0.44 0.63 0.1
1.0 8.79 021 0.08 0.29 - -

303 1.0 7.44 059 0.18 0.47 1.51 0.21

20 7.94 0.22 0.06 0.40 1.57 0.13

3.0 8.18 0.13 0.03 041 1.96 0.16
n-hexane 273 0.5 8.23 054 0.08 0.034 - -
1.0 8.51 0.19 0.03 0.026 - -

303 0.5 7.38 1.14 03 0.41 0.87 0.28

1.0 7.90 038 0.1 0.25 0.74 0.18
1.5 8.11 0.19 0.05 0.16 - -

The presence of surface barriers can be indicated by the intersection of the in-phase
and out-of-phase characteristic functions and can be quantified from the intersected
area of the characteristic curves. A large area corresponds to a large 'skin'

effect [16,17]. Figure 6.9 shows that this 'skin' effect become significant only at low

temperatures and low loadings of strongly adsorbed sorbate molecules.

Intracrystalline diffusion processes are always accompanied with surface barriers,
but in most cases this effect is too small to be observed. The decrease or
disappearance of the intersected area with increasing pressure or loading as presented
in Figure 6.9 indicates that the 'skin' effect at low loadings is bigger than that at high
loadings due to the higher ratio of external surface adspecies to the adspecies within

the channels of zeolite at low loadings. The effect of surface barriers on the
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determination of the diffusivities of the investigated systems by developed models is
not critical especially at high loadings.

According to the discussion above, one can conclude, as summarised in
Figure 6.10, that the mass transfer behaviour of the sorbate molecules in silicalite-1

depends on the chain-length of hydrocarbon and the temperature. The FR bimodal
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Figure 6.9 FR spectra of n-butane in silicalite-1 (C). (0,0) indicate the experimental
in-phase K&;, and out-of-phase K&, characteristic functions, respectively. Solid lines

are fits by the non-isothermal diffusion model.
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n-Butane and n-Pentane n-Hexane

bl 1

Isotropic  diffusion Isotropic  diffusion
process in the straight processes in the
and the sinusoidal straight and

channels sinusoidal channels
.
e Isotropic  diffusion Anisotropic
process in the straight diffusion in the
and the sinusoidal straight and
channels ‘ sinusoidal channels
e Heat dissipation

e Heat dissipation

e Anisotropic  diffusion in the
straight and sinusoidal channels

e Mass exchange between the two
channels with a finite-rate

e Molecules mobile in the straight
channels and immobile in the sinusoidal
channels

e Mass exchange between the two
channels with a finite-rate

Molecules freeze in the sinusoidal
channels and diffuse in the straight
channels

Figure 6.10 Kinetic processes occurring in C4-Ce n-alkanes/silicalite-1 (C) systems as

loading increases or temperature decreases.
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behaviour of n-butane and n-pentane at temperatures < 348 and < 395K, respectively,
may be ascribed to the heat effect. Anisotropic diffusion and mass exchange between
the two channels make the FR spectra more complicated with decreasing temperature.
For n-hexane system, nevertheless, anisotropic diffusion was firstly observed at higher
temperatures. The heat effect and the mass exchange could be involved later as the

loading increases or the temperature decreases.

|348K
e 741 ~363K

-10 2 1 A 1 A 1 M 1 a 1 " 1 N
Ly 0 2 4 6 8 10 12 14

n/m. (uc)’

Figure 6.11 Comparison of the concentration dependence of the self-diffusion
coefficients of propane in silicalite-1 determined by the FR technique (V,0,0), the
single-step frequency response method [20] at 333 K (*), and the Pulsed-Field-
Gradient NMR method [18] (V) at 333 K.

Because of experimental limitations, however, the diffusivities measured by PFG
NMR were confined to mean values of D, where D = (D, + D, + D.)/3 [18,19].

The intracrystalline self-diffusivities of propane in silicalite-1 obtained in the
present study and some other methods are compared in Figure 6.11. In agreement
with the PFG NMR results, the intracrystalline self-diffusion coefficients (corrected
via Equation (2.58)) have also been found to decrease with increasing concentration
as explained previously [18,20]. The diffusivities are also in excellent agreement with

those obtained from PFG NMR.
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Figure 6.12 Chain-length dependence of the self-diffusion coefficients of the
n-alkanes in silicalite-1 at 303 K derived from the FR technique (—J—) compared
with the results measured by PFGNMR[18] at 298K (—O—),
QENS [21-23] (—A—) and molecular dynamic calculations [14] (—0—).

The chain-length dependence of the corrected diffusion coefficients measured in
this study is illustrated in Figure 6.12 along with the results obtained by other methods
[14,18,21-23]. A good agreement has been found, indicating the validity of the FR
technique. The diffusion coefficients of molecules in the sinusoidal channels where
two independent diffusion processes apply are about one order of magnitude smaller
than those in the straight channels. The activation energies for the diffusion of
propane to n-hexane in silicalite-1 (related to the straight channels for anisotropic
diffusivities) have been calculated from the Arrhenius plot, as presented in
Figure 6.13, for diffusion coefficients measured by the FR method and are also listed
in Table 6.7. It is noted that these values are nearly a factor of two or three larger
than those obtained from the PFG NMR technique. The discrepancies may be ascribed
to the fact that the activation energies obtained from the latter method are based on
the average values of the diffusivities of diffusant molecules in the three crystalline

directions, while the results derived from the FR technique are only associated with
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the diffusion coefficients in the transport channels (i.e. in the straight channels for
anisotropic diffusivities). The increase in £, with chain length as found by the FR
technique is in agreement with the corresponding increase in the heat of adsorption
with chain length. It is difficult to accept the very small constant £, values found by
the NMR method and their independence of chain length.

10° 3
=
~ i A
DO
10°F i
-10 A 1 A 1 a
" 2.0 2.5 3.0 3.5

10°KIT A
Figure 6.13 Arrhenius plots of the corrected self-diffusion coefficients of
propane (#), n-butane (M), n-pentane (@), and n-hexane (A) (relevant to the straight

channels for anisotropic diffusivities).

Table 6.7 also lists the pre-exponential factors, D', obtained from the Arrhenius
plot for n-alkanes/silicalite-1 systems. From these D' values, the entropy of activation,

AS", can be calculated by

p =" 2 ma ex“(AS‘\
h \R)

where k and 4 are Boltzmann and Planck constants, respectively; R is the gas constant

A~
(=)
Y-y

N’

and d is the jump distance between the two adjacent sorption sites [53] (ca. 1 nm in
the case of MFI zeolites). The AS™ values at the temperature of 323 K are also
presented in Table 6.7. The entropy change between the transition state and the

equilibrium state for n-alkane molecules in silicalite-1 is found to be smaller than that
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for benzene in silicalite-1. However, the AS" value for n-hexane in silicalite-1
calculated from the Arrhenius plot as measured by the NMR technique [18] is
-75.2 J mol'K™". This value is as high as that for benzene (c/. Chapter 7) and much
higher than the FR value; see Table 6.7.

The PFG NMR measurements carried out by Datema ef al. [25] gave activation
energies of 8.1 kJmol" and 12.6 kJ mol” for n-butane and n-pentane in ZSM-5,
respectively, and the activation energy of n-pentane in ZSM-5 has been determined to
be 19.3 kJ mol™ using the ZLC technique [26]. The FR values are in fair agreement

with these values.

Table 6.7 Activation energies derived from the FR method compared with those
obtained from PFG NMR [18]

Sorbates E, (FR) E, (NMR) D’x10° AS" (at 323 K)
(kJ mol™) (kJ mol™) (m*s™) (Y mol'K™)
Propane 15.8+0.7 71 1.12 -23
n-Butane 18.6+0.7 7.5 1.39 -21
n-Pentane 21.0£1.0 83 2.04 -18
n-Hexane 21.7£2.1 8.5 1.03 -24
6.4 CONCLUSION

Multi-kinetic processes occurring simultaneously in n-alkanes/silicalite-1 systems
can be detected by the frequency response method. For example, the two diffusion
processes of sorbate molecules in the straight and the sinusoidal channels; the rate of
dissipation of the heat of adsorption; surface resistance to uptake;
adsorption/desorption processes; the rearrangement of molecules in the channels.

The mass transfer behaviour of n-alkane molecules in silicalite-1 depends on the

chain-length of the hydrocarbons, on the temperature and on the loading.
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The heat effect depends on temperature, pressure and the size of the sorbate
molecules. By selecting the experimental conditions, the effect of the dissipation of
heat can be eliminated and pure diffusion can then be determined.

The intracrystalline self-diffusion coefficients of n-alkanes in silicalite-1 measured
by the frequency response method are in good agreement with those obtained from

microscopic techniques, i.e. PFG NMR, QENS and molecular dynamic simulations.
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Chapter 7 - DIFFUSIVITIES OF CYCLIC
HYDROCARBONS IN MFI TYPE ZEOLITES

7.1 INTRODUCTION

MFI type zeolites show high catalytic activity and shape selectivity in many modern
petrochemical and hydrocarbon processes; e.g., MTG (methanol to gasoline)
conversion [1,2]; aromatization of alkanes [3], and the processing of BTX [1,4]. The
intracrystalline diffusivities of the molecular species involved in these reactions are
frequently the rate controlling factor in the overall kinetics of these processes. An
accurate knowledge of the transport properties of the reactants and products in these
catalysed reactions is, therefore, indispensable for fully understanding the mechanism
of the reactions and also for modelling the complex behaviour of these catalytic
systems.

The adsorption and transport behaviour of cyclic hydrocarbons in MFI has been
widely studied by various techniques [5-17]. Due to the complexity of the systems,
however, the interpretations of the unusual adsorption and diffusion behaviour of
these systems are still controversial and also the diffusion coefficients measured by
different techniques show inconsistencies.

As mentioned in the preceding chapters, an outstanding advantage of the
frequency-response technique is its ability to characterise multi-kinetic processes
which may be present in a FR spectrum with a broad range of time constants, whereas
PFG NMR, QENS and computer simulation calculation techniques were found to be
capable of measuring only very fast intracrystalline mobility Conventional
macroscopic methods such as gravimetric uptake rate measurements can only be
carried out with accuracy when longer time constants are involved [18]. Over the past
decade, the FR technique has been extensively studied both experimentally and
theoretically and has proved to be a powerful method for determining intracrystalline
mass transfer of molecules through zeolite crystals [13,14,19-24].
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In this study, the diffusivities of six cyclic hydrocarbons, benzene, toluene,
p-xylene, ethylbenzene, cyclohexane and cis-1,4-dimethylcyclohexane, in
silicalite-1 (A), silicalite-1 (B) and the ZSM-5 zeolite samples listed in Table 3.1 have
been investigated using the frequency-response method and the results are compared
with those obtained from other techniques. The aim of this work is to try to obtain
more information about the diffusion behaviour of some aromatics in MFI zeolites
which, hopefully, will lead to a better understanding of the gas separation and catalytic

properties of these systems.

7.2 FR SPECTRA AND DIFFUSIVITIES OF CYCLIC HYDROCARBONS IN
MFI ZEOLITES

The diffusivities of aromatics in MFI have been studied by various techniques,
e.g., sorption uptake [25,26], zero length column [26,27], chromatography [28] and
NMR tracer exchange [29], but one (or even more) orders of magnitude of
discrepancy between the different techniques is often seen in the reported diffusivity
data [26].

The frequency-response method has been employed previously in our group to
investigate the mass transfer of benzene and p-xylene in MFI zeolites [13,14,30].
However, the interpretation of the bimodal behaviour of the FR spectra for the
p-xylene/silicalite-1 system still remains controversial [14,21,30]. In this study, the FR
investigations of these systems were carried out with different MFI zeolite samples.
The ranges of temperatures, pressures and loadings covered by the FR measurements
have been extended and additional cyclic hydrocarbons/MFI systems have been
studied.

Some FR spectra of benzene in the silicalite-1 (A), silicalite-1 (B) and ZSM-5
samples listed in Table 3.1 are shown in Figure 7.1. An excellent agreement between
the theoretical model of single diffusion constant and the experimental data for the
two silicalite-1 samples indicates that the mass transfer of benzene in MFI zeolites 1s

dominated by a pure single diffusion process. In the case of ZSM-5, it is clearly
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Figure 7.1 FR spectra of benzene in silicaiite-1 (B) (a), silicaliie-1 {(A) (b),

ZSM-5 (c). Lines are the fits of theoretical models (Dash and dash-dot lines denote
the theoretical characteristic function curves down the sinusoidal and the straight

channels, respectively) and the symbols (00,0) present experimental in-phase and

out-of-phase characteristic function data, respectively.
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evident that two diffusion fluxes occur in the system but only a part of the peak with
the shorter time constant was developed at the maximum frequency of 10 Hz. This
finding seems to contradict the single diffusion coefficient obtained with silicalite-1
but not when the unusual crystal shape of the ZSM-5 sample is taken into account. In
this sample the straight channels run along the needle direction whereas the sinusoidal
channels run across the needle. The FR technique measures the time constants of the
relevant kinetic processes taking place in the system and these depend on the diffusion
path lengths rather than diffusivities directly. The diffusion coefficients derived from
the two time constants of the FR spectra of benzene in the ZSM-5 sample are in close
agreement supporting the results obtained with the silicalite-1 samples. XRD and
NMR studies show that benzene is an almost perfect spherical rotator at the
intersections of the two channels in the MFI structure [6,17,31], indicating that
benzene molecules can interchange readily between the two channels resulting in an
average single diffusion coefficient. The simulation results presented in section 5.3.2.1
also support the possibility of benzene molecules reorienting in the intersections. The
diffusivities of benzene in silicalite-1 (A) and silicalite-1 (B) zeolite samples obtained
from the FR measurements in this study are summarized in Figure 7.2 and 7.3. It can
be clearly seen that, as is commonly observed in zeolite systems [32], the corrected
intracrystalline self-diffusion coefficients of benzene in MFI decreases with increasing
loading, while the transport diffusivities increase slightly as the loading increases for
both samples.

At low loadings or high temperatures, the diffusivities of benzene in both samples
are consistent with each other, while at high loadings or low temperatures remarkable
discrepancies in the diffusivities between these two samples can be observed. The
diffusivities of benzene in silicalite-1 (A) sample are higher than those in
silicalite-1 (B) sample. As discussed in Chapters 3 and 4 (section 4.3), there are a
large number of internal silanol groups in the bulk phase of the former crystals
induced by the presence of TPA ions during the synthesis, suggesting that these
defects in MFI-type zeolites may enhanced the diffusivities of guest molecules. These
findings are in complete consistent with those deduced by 3C CP NMR spectra [33]

which clearly showed an increase in the molecular mobility of the sorbed benzene. The
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Figure 7.2 Concentration dependence of the corrected intracrystalline self-diffusion
coefficients of benzene in silicalite-1 (A) (open symbols) and silicalite-1 (B) (solid
symbols) at the temperatures of 323 (C1,M), 348 (0,®), 373 (A,A), 395(V.V),
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Figure 7.3 Concentration dependence of diffusivities of benzene in silicalite-1 (A) (a)
and silicalite-1 (B) (b) at temperatures given in Figure 7.2. Solid symbols denote the
corrected self-diffusion coefficients (via Darken equation) and open ones denote the

transport diffusivities.

164



TIES OF

Chapter 7 - DIFFUSIVIT CYCLIC HYDROCA

CLIC A YURUGUGAT v

results were ascribed to the assumption that the large number of defect siloxane bonds
produce a more pronounced lattice deformation than in the case of an intact structure.

The unusual diffusion behaviour of p-xylene in MFI zeolites has drawn a great deal
of interest [25,26,28,30,34]. The FR spectra of p-xylene in silicalite-1 (A) and
silicalite-1 (B) are shown in Figures 7.4 and 7.5. It can be clearly seen that, in contrast
to benzene, the diffusivities of p-xylene in the MFI framework depend greatly on the
samples. The FR spectra in silicalite-1 (A) are quite sensitive to loading as well as
temperature. At lower loadings two peaks can be observed in the out-of-phase curve
of the FR spectra (Figure 7.4 (c) and (e)), whereas at higher loadings, e.g.
Figure 7.4 (a), the bimodal phenomenon disappears and only a simple, single peak can
be detected. The higher the temperature the lower the loading when only single peak
spectra are observed. These findings are in agreement with the previous studies in our
group [30]. The FR spectrum of p-xylene (Figure 7.4 (b)) in the hysteresis loop region
(loadings > 5 m./u.c.) of the isotherm at 323 K in silicalite-1 (A) (cf. Figure 4.24), i.e.
at loadings much higher than 4 m/u.c., indicates a substantial decrease in the
transport diffusivity of the p-xylene molecules. This slower diffusivity was also found
in the sorption uptake studies [25,34].

The FR spectra for p-xylene/silicalite-1 (B) system are remarkably different from
those with silicalite-1 (A) sample. Most of these FR curves display a bimodal
behaviour and in some cases with surface barriers, as demonstrated by the intersection
of the in-phase and the out-of-phase characteristic functions. At very high loadings in
the hysteresis loop region (loadings > 4.3 m./u.c.), however, a single, simple FR
spectrum (Figure 7.5 (b,4)) can also be observed.

Apart from differences in morphology, the major difference between these two
samples is the chemical or structural irregularities of the framework. As mentioned
above, a large number of broken siioxane bonds or siianoi groups exist in the
silicalite-1 (A) sample, 7.e. there is a high concentration of structure defects within the
crystals. For the silicalite-1 (B) sample, with a Si/Al ratio of 1338, the bridging
hydroxyl groups in the vicinity of the tetrahedral aluminum position which act as

Bronsted-acid sites must be negligibly small. The structure defects in the crystals
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Figure 7.4 FR spectra of p-xylene in silicalite-1 (A). Lines are the fits of the two
diffusion processes or the single diffusion process models (Dash and dash-dot lines
denote the theorgtical characteristic function curves down the sinusoidal channels and
straight channels, respectively, while solid lines denote the overall characteristic

functions). The symbols ((0,0) present experimental in-phase and out-of-phase

characteristic function data, respectively.
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Figure 7.5 FR spectra of p-xylene in silicalite-1 (B) at temperatures of 323 (a),
348 (b) and 373 K (c). Lines are the fits of the two diffusion processes or the single
diffusion process models (Dash-dot and dash lines denote the theoretical characteristic
function curves down the straight and the sinusoidal channels, respectively, while solid
lines denote the overall characteristic functions). The symbols (0,O) present

experimental in-phase and out-of-phase characteristic function data, respectively.

cannot, however, be excluded especially with so high a Si/Al ratio framework as the

concentrations of lattice imperfections increase with increasing Si/Al ratio.

As shown in Figures 4.16 and 4.24, the hysteresis loops commence at a loading of
ca. 5 m./uc. for sample A and of ca. 4.3 m./u.c. for sample B. At equilibrium, the
p-xylene molecules sorbed in MFI zeolites have been located in the simulation studies,
as discussed in section 5.3.2.3, as well as in XRD and NMR studies in the channel

intersection sites with a fixed orientation parallel to the straight channel direction at
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loadings <4 m./u.c. [5,6,11,35,36]. The stepwise adsorption isotherms of p-xylene in
silicalite-1 may arise from a large entropy loss induced by the strong sorbate-sorbate
interactions and the tight packing arrangement at high loadings. For an ideal
silicalite-1 framework, the step in the isotherms should, therefore, start at a loading of
4 m./u.c.. The fact that the step in the isotherm for p-xylene in the silicalite-1 (A) (cf
Figure 4.24) takes place at a loading higher than that for the silicalite-1 (B) indicates
that a higher concentration of structure defects in the former sample exists. The
differences in the FR behaviour between these two samples may arise from these
structure defect differences.

It is necessary to consider a number of aspects to try to interpret the FR spectra.
First of all, the argument that the lower frequency peak results from the dissipation of
the heat of adsorption [21] can be excluded because the structure defects should
hardly influence the dissipation of the heat of adsorption, implying that the FR curves
for both samples should show similar behaviour and the FR spectra should not be
sensitive to loading. Secondly, Figure 7.6 shows the concentration dependence of
corrected self-diffusivities of p-xylene in the silicalite-1 (A) and silicalite-1 (B) at
temperatures of 323, 348, and 373 K compared with the transport diffusivities of the
system. The complex anomalous profiles for these diffusivities with the amount of
sorbed p-xylene can only arise from kinetic processes which depend strongly on
framework structure rather than the dissipation of the heats of adsorption which
depends weakly on framework structure. Thirdly, the calorimetric measurements show
that the heat of adsorption increases with increasing loading [12], while in the FR
spectra, the second peak tends to disappear with increasing loading for silicalite-1 (A)
and the intensities of this peak relative to that for the fast process decrease with
increasing loadings up to that where the step of the isotherms developed for the
silicalite-1 (B). Fourthly, the rate of heat production depends on the rate ot adsorption
or the diffusivities of sorbate molecules. In the case of p-xylene, the latter is much
slower than that for the n-alkanes/silicalite-1 systems where the heat effect was
observed (cf Chapter 6), implying that the time constant associated with the
dissipation of the heat of p-xylene adsorption could be too high to be detected in the

range of frequencies scanned. Finally, the length of p-xylene (ca. 0.9 nm) is much
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longer than the free dimension of the intersections (ca. 0.54 nm). It is difficult,
therefore, to imagine that a long and rigid p-xylene molecule can rotate around the
axis perpendicular to the plane of the aromatic ring at the intersections and move from
one type of channel to another.

It seems to be, therefore, reasonable to propose that the bimodal behaviour of the
FR spectra stems from the two diffusion processes down the straight and the
sinusoidal channels, respectively [14,30]. In the light of the simulation results
presented in section 5.3.2.3 and the above assumption that the sorbed p-xylene
molecules cannot exchange between the two channels, only one diffusion process
along the straight channel direction should be observed at low loadings, which is
inconsistent with the FR data. The reasons for this discrepancy are still unclear. One
possible answer is that the spatial distributions of the sorbed p-xylene molecules in the
framework may be changed by the structure defects. Another possible explanation is
that, as given in section 5.3.2.3, the difference in the potential energies between the
straight channels and the sinusoidal channels may be reduced at the experimental
temperatures compared with the energy values calculated at 0 K by the simulations.
Thus, p-xylene molecules could be adsorbed in both channels even at very low
loadings. As for the XRD and NMR studies, all of them for p-xylene in silicalite-1
system at low loadings were carried out with powder silicalite-1 crystals and
unfortunately, no reliable single crystal XRD investigation has been published to date,
which may reflect the complication of the spatial configurations of this system.

At very high loadings, the FR spectra for both samples exhibit a single, simple pure
diffusion process (cf. Figures 7.4 (b) and 7.5 (b,4)), suggesting that the interference
between the two fluxes of molecules due to the very close packing may increase such
that the molecular mobility of the p-xylene molecules in the straight channels is greatly
retarded while the mobility of the moiecuies in the sinusoidal channels may be o0
slow to be detected (cf. Figure 7.5 (b,4)). The remarkable decrease in the diffusivities
at these loadings as shown in Figure 7.6 provides indisputable evidence to support this
argument.

The FR spectra where surface barriers are observed (cf. Figure 7.5) may be due to

the hindrance of the two fluxes in the straight and the sinusoidal channels,
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Figure 7.6 Concentration dependence of diffusivities of p-xylene in silicalite-1 (A) (a)
and silicalite-1 (B) (b) at temperatures of 323 (CJ,H), 348 (O,®), and 373 K (AA).
Solid symbols and lines denote the corrected self-diffusion coefficients via Darken
equation, while the open symbols and dashed lines denote transport diffusivities. The
black colour corresponds to diffusivities down the straight channels, whereas the red

colour corresponds to diffusivities down the sinusoidal channels.

respectively. As mentioned above, the silicalite-1 (A) possesses more defects than the
silicalite-1 (B). This higher concentration of defects could cause a more pronounced
lattice deformation induced by the sorbed p-xylene. This deformation may counteract
the obstruction between the two fluxes.

It is worth noting that the two diffusion processes of p-xylene along the straight
and the sinusoidal channel directions, respectively, can be considered as two single file
diffusion processes where surface barriers have been observed. More details of single
file diffusion wiii be discussed in the following chapter.

The influence of acid sites on the intracrystalline diffusivities of benzene, toluene
and p-xylene in MFI-type zeolites has been investigated by Masuda ef al. [37] using
the constant volume method. Their results showed that the influence of acid sites
decreases with  rising  temperature and increases in the  order

benzene < toluene < p-xylene. At high enough temperatures, no influence was found.
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It is reasonable to assume that these trends will be mirrored by the structure defects
and this assumption is supported by the FR data in this study. The FR behaviour of
benzene is nearly identical for both silicalite-1 (A) and silicalite-1 (B) samples, while
the behaviour for p-xylene depends significantly on the samples, especially at low
temperatures. It can be seen in Figure 7.6 that the trends in the diffusivities with
loading are quite similar for both the samples at 373 K but the diffusivities of the

sorbed p-xylene in sample A are faster than those in sample B.
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Figure 7.7 FR spectrum of p-xylene in the ZSM-5 sample. Lines are the fits of the
two diffusion processes models (Dash-dot and dash lines denote the theoretical
characteristic function curves down the straight and the sinusoidal channels,

respectively) and the symbols ((0,0) present experimental in-phase and out-of-phase

characteristic function data, respectively.

Figure 7.7 shows a FR spectrum of p-xylene in the ZSM-5 sample. Once again, a
bimodal behaviour has been obtained. With silicalite-1, the diffusion coefficients of
p-xylene in the straight channels deduced from the higher frequency peak are about
one order of magnitude higher than those in the sinusoidal channels (corresponding to
the lower frequency peak) when two peaks were observed. The diffusion coefficients

derived from the two time constants of the spectrum in Figure 7.7 are, however,
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identical (N.B. the dimensions of the ZSM-5 crystals down the two channel directions
are quite different), suggesting that the existence of the cations in MFI zeolites may
equalize the energy barriers in the two channels, leading to the diffusivities of sorbate
molecules in both channels approaching the same values.

The FR results of toluene in silicalite-1 (B) presented in Figure 7.8 exhibit an
interesting phenomenon which is difficult to be detected by other techniques.
Single-peak spectra are observed for loadings >4 m./u.c. or <1 m./u.c., whereas for

loadings between these limits a bimodal behaviour appears.
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Figure 7.8 FR spectra of toluene in silicalite-1 (B). Lines are the fits of theoretical
models (Solid lines represent the overall theoretical characteristic function curves
while the dash and dash-dot lines indicate the two different kinetic processes,
respectively) and the symbols ([J,0) present experimental in-phase and out-of-phase

characteristic function data, respectively.
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One explanation is that the bimodal behaviour may be ascribed to diffusion
processes which are different in the straight and the sinusoidal channels, respectively.
At low loadings and high temperatures the differences in the energy barriers in the two
channels tend to be small, and the diffusivities in the two channels become identical,
leading to the observation of a simple, single response spectrum as seen in
Figure 7.8 (d). At high loadings, sorbate-sorbate interactions become significant and
the molecules of the two fluxes in the straight channels and the sinusoidal channels,
respectively, interfere with each other. The net result is that molecules move in both
channels with the same diffusivity. It is plausible to expect that in this situation, the
mobility of the molecules in the straight channels would be slowed down and the
molecules in the sinusoidal channels would be speeded up, which is consistent with
the diffusion coefficients deduced from the FR measurements (cf. Figure 7.11 (a)).

Another possible explanation for the bimodal FR spectra of toluene/silicalite-1
system is that as found in molecular simulation calculation [38], where the energy
barriers for toluene molecules diffusing inside the pores of ZSM-5 with the methyl
group in front are much lower than those for the molecules moving with the methyl
group behind. The bimodal behaviour could result from these two different
orientations of the diffusing toluene molecules. Again at low loadings and high
temperatures, these energy differences may be equalised, while at high loadings
sorbate-sorbate interactions result in an average diffusivity. It is difficult to decide
which explanation is the more convincing as it has not been established whether
toluene molecules can rotate easily at the channel intersections or not.

Figure 7.9 shows three representative examples of the FR spectra of ethylbenzene
in silicalite-1 (B). At high temperatures and low loadings a single diffusion coefficient
model is consistent with the experimental data. The fit becomes poorer at high
frequencies with decreasing temperatures and at high ioadings but no distinct bimodai
behaviour can be detected. As mentioned in the adsorption section, the end methyl
group of ethylbenzene is less stabilised due to the rapid rotation of the carbon-carbon
bond connecting the benzene ring and the ethyl group, suggesting that the mobility of
ethylbenzene molecules inside the framework structure of MFI may be restrained by

this rotation. The diffusion coefficients for ethylbenzene (see Table 7.1) are much
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smaller than those for toluene, but are ca. one order of magnitude faster than those

obtained by the constant volume technique [39].
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Figure 7.9 FR spectra of ethylbenzene in silicalite-1 (B). Lines are the fits of the
single diffusion model and the symbols (00,0) present experimental in-phase and

out-of-phase characteristic function data, respectively.

The diffusivities of cyclohexane and cis-1,4-dimethylcyclohexane are far slower
than those for the corresponding aromatics, i.e. benzene and p-xylene, which can be
seen from the FR spectra presented in Figure 7.10. The maximum in the out-of-phase
characteristic curve of cis-1,4-dimethylcyclohexane molecules will occur at a very low
frequency outside the range of frequencies available with the present apparatus.
However, even from the poorly defined FR spectra presented in Figure 7.10, it is still
possible to obtain some information on the diffusivities of these systems.
Figure 7.10 (a) shows the upper frequency end of a typical pure diffusion FR
spectrum, implying that like benzene, the mass transfer of cyclohexane in the MFI
framework is controlled only by the diffusion of the molecules. With
cis-1,4-dimethylcyclohexane Figure 7.10 (b) shows an anomalous phenomenon at the
high frequency end of the FR spectrum which may be associated with the rotation of
the methyl groups. Similar behaviour has been observed with ethylbenzene (cf.
Figure 7.9 (a)) which has been ascribed to the rotation of the ethyl group. Thus, the
diffusivity of cis-1,4-dimethylcyclohexane in MFI zeolites seems to be influenced by
the rotation of the methyl groups. From these FR data, the diffusion coefficient for

cis-1,4-dimethylcyclohexane in MFI zeolites is estimated to be less than
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1.0x10 m%™? at 398K, while the diffusion coefficient for cyclohexane is

6.0x10™"° m’s™" at 423 K as listed in Table 7.1.

0.6 1.2
(a) (b)
P=0.5Torr P=0.5Torr.
T=423K “n T=398K
0.4 {0.
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Figure 7.10 FR spectra of cyclohexane (a) and cis-1,4-dimethylcyclohexane (b) in
silicalite-1 (B). Lines are the fits of single diffusion model and the symbols (0,0)
present experimental in-phase and out-of-phase characteristic function data,

respectively.

The diffusivities of cyclohexane and some alkylcyclohexanes in silicalite-1 have
been investigated by Magalhaes ef al. [40] using both the gravimetric method and the
zero length chromatography (ZLC) technique. They found diffusion coefficients of
1.0x10" m’%s"  for cyclohexane at 383K and of 2.0x10"m’’ for
cis-1,4-dimethylcyclohexane at 423 K, respectively. They also reported activation
energies of 48.1KkJ mol’ for cyclohexane and of 56.0kJ mol”  for
cis-1,4-dimethylcyclohexane, respectively. The FR data for these systems determined
in this situdy are in fair agreement with these resuits.

The corrected self-diffusion coefficients of the four aromatics in the MFI zeolites
obtained from the FR measurements are summarized in Figures 7.3, 7.6 and 7.11 and
Table 7.1. It can be clearly seen that the diffusivities decrease with increasing loading
for all sorbates and the diffusivities of the sorbates decrease in the order of p-xylene >

toluene > benzene > ethylbenzene with the diffusion coefficients of p-xylene being
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Table 7.1 Corrected self-diffusion coefficients of the cyclic hydrocarbons in silicalite-1

Silicalite-1 (A) Silicalite-1 (B)
Sorbate T n Dux10” *Dpx10®  n “Dyx10" “Dypx10”
(K) (mAuc) (ms") (m’s?) (mAc) (ms') (m’s”)
benzene 348 2.74 1.24 - 2.1 0.64 -
373 1.1 2.72 - 1.1 2.58 -
395 1.1 493 - 0.59 5.25 -
415 1.1 7.33 - 1.1 6.59 -
435 1.1 113 - 1.1 9.79 -
toluene 323 - - - 4.1 0.35 -
348 - - - 33 3.0 0.35
373 - - - 2.0 9.6 0.83
395 - - - 0.95 7.68 -
415 - - - 0.5 13.4 -
‘EB 323 - - - 4.0 0.05 -
348 - - - 3.6 0.28 -
373 - - - 29 1.02 -
395 - - - 1.3 422 -
415 - - - 0.81 7.04 -
p-xylene 323 49 7.4 - 4.0 10.9 0.60
348 5.0 8.2 - 4.0 18.7 0.80
373 3.9 160 15 4.3 37.2 1.97
‘CH 423 - - - - 0.06 -
‘c-DMCH 398 - - - - <0.01 -

“ Related to one diffusion process or to the faster diffusion process;
®Related to the slower diffusion process; ° Ethylbenzene;

“ Cyclohexane; ° cis-1,4-Dimethylcyclohexane

about one order of magnitude higher than the others. These results disagree with the

ZLC results where the diffusivity of p-xylene was found to be comparable with that of
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benzene, and about twice as fast as that of ethylbenzene [26]. The FR results are, also,
inconsistent with the results from the non-isobaric concentration pulse
chromatography technique where the diffusivity of p-xylene was found to be faster
than that of benzene but the diffusion coefficients of toluene were found to be similar
to those of ethylbenzene and smaller than those for benzene [28]. FTIR
studies [41,42] showed similar trends for diffusivities of p-xylene, benzene and
ethylbenzene to those obtained in this study but the absolute values of the diffusivities
derived by FTIR are about one order of magnitude smaller than those given in this
work. Interestingly, similar relative trends in the diffusivities of cyclohexane,
methylcyclohexane, ethylcyclohexane and trans-1,4-dimethylcyclohexane in silicalite-1
has also been found [40], ie. the diffusivities of trans-1,4-dimethylcyclohexane >
methylcyclohexane > cyclohexane > ethylcyclohexane.

Enthalpy and entropy effects must be taken into account in the interpretation of the

anomalous features of the diffusivities of aromatics in MFI zeolites. As mentioned

- (a) (b)
12 .'.v A:/ e ke -
10 & 4 . * 1012
y b v
.L‘g . A
~ 10" A PP *a {10™
Do ® s w * .
- L]
1014 - . _1014
0 2 4 0 2 4
n/m.(uc.)’

coefficients of toluene (a) and ethylbenzene (b) in silicalite-1 (B) at temperatures of
323 (M), 348 (0,®), 373 (A,A), 395 (V, V), 415 (0,#), and 435 K (*). Solid symbols
denote single diffusion data. Open symbols with (magenta colour) and without (red
colour) cross in the centre present the bigger and smaller time constant processes,

respectively, for the FR spectra where two diffusion processes were found.
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above, benzene molecules rotate freely in the intersections of the two channels and,
therefore, have to orient themselves before they can jump from one intersection to an
adjacent intersection through either a straight or sinusoidal channel segment. NMR
studies [25] have shown that the fast rotation of benzene molecules about their Cg
axes can still be observed at temperatures as low as 125 K. This findings provide
further evidence for the assumption above. The sorbed p-xylene molecules are
permanently orientated in the straight channels and the diffusion jump steps do not
require the molecules to be orientated as with benzene. In addition, the energy barriers
to be overcome may be higher for benzene molecules than for p-xylene molecules
because the longer p-xylene molecules can actually span cross higher and lower
energy sorption sites. This assumption has been supported by the higher value of the

activation energy for benzene than that for p-xylene as listed in Table 7.2.

10"
10"
"o ;
E I
DO - | ‘ﬁ‘\‘\‘ 1.3
= 0.8
a
ok 1.4 1.1

2.0 ‘ 2.2 . 2.4 ‘ 26 ‘ 2.8 . 3.0
10°KIT

Figure 7.12 Arrhenius plots of benzene (m,0), toluene (@), ethylbenzene (@) and

p-xylene (A,V) in silicalite-1 (A) (open symbols) and silicalite-1 (B) (solid symbols).

The numbers by the lines are the number of the sorbed molecules per unit cell.
The Arrhenius plots for benzene, toluene, ethylbenzene and p-xylene in the

silicalite-1 samples are presented in Figure 7.12 and the activation energies calculated

from these plots are listed in Table 7.2. The diffusivities and the activation energies of
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benzene in both silicalite-1 (A) and silicalite-1 (B) samples are very close to each
other, indicating that the influence of the structure defects of silicalite-1 framework on
the diffusivities of benzene is negligible at low loadings. The activation energies for
these systems are consistent with previous FR results from our group [13] and those
reported in the literature [26]. The relative trends in the activation energies for these
four sorbates is the same as that of the diffusivities, i.e. p-xylene < toluene < benzene

< ethylbenzene. This is also true for cyclohexane and alkylcyclohexanes systems [40].

Table 7.2. Activation energies, pre-exponential factors and entropies of activation of

the aromatics in MFI zeolites

sorbates n/m.(u.c.)’ D'/ m’s™ AS" / Jmol'K"  E,/kJ mol”
(at 323K)
benzene 1.1 (sample A) 1.33x10” -79 27.7
1.1 (sample B) 6.9x10” -69 28.8
toluene 0.8 (sample B) 7.4x107° -84 21.1
ethylbenzene 1.4 (sample B) 1.9x10° -57 34.4

“poxylene 1.3 (sample A) °7.4x10° °13x107 65 41 ®19.0 °35.0

“ Data were taken from a previous study [14]; ® related to the straight channels;

¢ related to the sinusoidal channels.

The entropies of activation, AS’, calculated from the pre-exponential factors, D',
using Equation (6.1) are also presented in Table7.2. For the same zeolite
sample (silicalite-1 (A)), the entropy of activation for benzene is higher than that for
p-xylene diffusing in the straight channels, implying that the big difference in
diffusivities between benzene and p-xylene in MFI-type zeolites may arise from both
the enthalpy and entropy effects.

The rotation and pitching of the sorbed toluene molecules within the MFI structure
due to the asymmetry of the molecules [38], will be more restricted in the channel
segments compared with the case for benzene. The entropy of activation value for
toluene is, therefore, higher than that for benzene as listed in Table 7.2. The activation

energy of toluene is comparable to that for p-xylene diffusing down the straight
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channel direction (cf. Table 7.2) but the entropy of activation for toluene is higher
than that for p-xylene, indicating that the slower diffusivity of toluene than that for the
p-xylene is mainly due to the entropy effect. The potential energy effect may, also,
become pronounced for the faster diffusivity of toluene compared with benzene. The
energy effect plays a much more important role in the much slower diffusivity of the
p-xylene in the sinusoidal channels than the entropy effect in the light of the values of
activation energy and the entropy of activation for p-xylene. The slow diffusivity of
ethylbenzene in MFI seems to arise from the rotations of the ethyl group which may
cause pitching of the whole molecule and create obstacles to the mass transfer of
ethylbenzene molecules. The higher activation energy value for ethylbenzene listed in
Table 7.2 supports this argument.

The additional interactions of the extra hydrogen atoms of the sorbate molecules
with the framework oxygen in the MFI structure and the slightly larger dimensions of
the molecules are the most probable reasons for the much slower diffusivities of
cyclohexane and cis-1,4-dimethycyclohexane in MFI zeolites than those for the
aromatics. As given above, the activation energies for these two sorbates are much
higher than those for the four aromatic molecules, i.e. 48.1kJ mol” for cyclohexane

and 56.0 kJ mol™ for cis-1,4-dimethylcyclohexane [40].

7.3 CONCLUSIONS

Based on the discussion above, some conclusions can be drawn as follows.

The diffusivities of the aromatics in MFI zeolites are affected by the chemical
composition of the sorbents and by the presence of structure defects (e.g., silanol
nests). This effect iends to be insignificant with smalier molecuies or oi increasing the
temperature.

The FR data of benzene and cyclohexane molecules in MFI zeolites display a
single, simple pure diffusion behaviour. The diffusivities of ethylbenzene and
cis-1,4-dimethylcyclohexane may be influenced by the rotation of the alkyl groups of

the molecules.
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The diffusion behaviour of toluene and p-xylene in MFI zeolites depends on
loading. At loadings < ca. 1 m./u.c. and > ca. 4 m./u.c., only a single diffusion process
can be detected by the FR measurements, while at intermediate loadings, a bimodal
FR behaviour is developed. For p-xylene, the two peaks of the FR response data
represent the two diffusion processes down the straight and the sinusoidal channels,
respectively, while for toluene, the bimodal FR spectra may be a reflection of either
two diffusivities of the molecules down the two channels of MFI framework or the
different diffusion behaviour of the two orientations of the toluene molecules; one
diffusing with the methyl groups in front and another one diffusing with the methyl
group behind.

The diffusivities of the aromatics decrease in the order of p-xylene > toluene >
benzene > ethylbenzene with the diffusion coefficients of p-xylene being about one
order of magnitude higher than the values for the others. The diffusion coefficients of
the two cyclic alkanes are at least one order of magnitude smaller than the values for
benzene, i.e. in the order of magnitude of 10" m?s™ or even smaller.

Slow diffusivities of benzene in silicalite-1 could arise from the entropy losses of
the sorbed molecules and the higher energy barriers between the equilibrium and
transition states. The activation energies for the aromatics in silicalite-1 increase in the
order of p-xylene < toluene < benzene < ethylbenzene, which is consistent with the
trends in the diffusivities, i.e. high energy barriers hinder the mobility of the sorbed
molecules. Much slower diffusivities of cyclohexane and cis-1,4-dimethylcycolhexane

than those for the aromatics can be ascribed to the much higher activation energies.
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Chapter 8 —- DIFFUSION OF PROPANE IN THETA-1
ZEOLITE

8.1 INTRODUCTION

Single-file diffusion has increased in interest over the past few years with the
development of zeolites and the other microporous molecular sieves which have one
dimensional channel systems [1-11]. When the channel diameters of these sorbents are
close to the diameters of the sorbate molecules, individual molecules cannot pass over
each other within these one-dimensional channel systems. Therefore, there is a high
degree of mutual correlation between the movement of different molecules and the
overall diffusivities of these molecules will be essentially retarded, i.e. the diffusion
becomes of single-file type. Although single-file diffusion has been extensively studied
theoretically [2,7-13], only a few experimental investigations of single-file diffusion
are reported in the literature [4-6, 14,15]. Most of these experimental investigations
focus on the system of CHy/AIPO,;-5 using PFG NMR [4,14] and quasi-elastic
neutron scattering (QENS)[15] techniques. Only single-file mobility (cf.
Equation (1.2)) can be obtained with these techniques rather than the diffusivities
directly. A study of CO, diffusion in the one-dimensional theta-1 zeolite by Shen and
Rees [5] using the FR method seems to be the only experimental study reported of the
effect of single-file diffusion on the diffusivities of the diffusing molecules. In this
study, the different diffusion behaviour of CO, in theta-1 from that in the
three-dimensional silicalite-1 [16] and a surface resistance have been observed in the
FR spectra of CO, diffusion in theta-1. It is of great interest to study the effect of
single-file diffusion behaviour on the diffusivities of hydrocarbons, the most important
reactants/products in most catalyzed reactions, in one-dimensional channel sorbents
and to compare the results with normal random-walk diffusion in three-dimensional
channel systems. In the present study, the diffusivities of propane in theta-1 with a
10-ring one-dimensional framework have been measured by the frequency response

technique and compared with those in silicalite-1 which has the same number of
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T-atoms controlling the size of the channels but has a three-dimensional channel

system.

8.2 FR SPECTRA AND DIFFUSIVITIES OF PROPANE IN THETA-1

The FR spectra of propane in theta-1 at various temperatures and pressures are
presented in Figures 8.1 and 8.2 fitted using the diffusion with surface barrier model
(cf. Section 2.2.1.5) with the parameters listed in Table 8.1. An excellent agreement
between the experimental data and theory lines can be observed.

It can be clearly seen from these figures and the table that the diffusivities of

propane in theta-1 decrease with increasing loadings or with decreasing temperatures.
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Figure 8.1 In-phase (O) and out-of-phase () characteristic function curves of

propane in theta-1 fitted by the single diffusion with surface resistance model.
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Figure 8.2 In-phase (O) and out-of-phase (O) characteristic function curves of

propane in theta-1 at 398 K fitted by the single diffusion with surface resistance

model.

Comparison of the FR curves of propane in theta-1 and silicalite-1 is shown in
Figure 8.3. Both the out-of-phase characteristic functions of propane in these two
zeolites give a single peak response. The FR data of propane in silicalite-1 presented a
single pure diffusion process, while the intersection of the in-phase with the
out-of-phase functions, which indicates the effect of surface esistance on diffusion,
can be observed for the propane/theta-1 system. The existence of a surface resistance
may result from i) the external surface barriers due to the strong sorption sites or
defects on the external surface; and ii) the fact that the diffusion of propane in theta-1
could be controlled by single-file diffusion because the kinetic diameter of propane

molecules is very close to the size of the channels in theta-1 and it is impossible for a
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Table 8.1 FR parameters of propane in theta-1 derived from the fits by using the

single-diffusion with surface barriers model

T P q n K K. Dx10" £

(K)  (Torr) (m./100u.c.)(m./channel) (m’s™)

348 0.27 0.79 1262 0.48 3.5 1.9 29

373 0.8 0.79 1262 0.20 4.0 2.6 3.2
1.2 1.42 2280 0.20 40 2.0 2.8

398 ) 0.79 1262 0.089 23 6.5 5.6
2.0 1.42 2280 0.088 21 6.2 54
4.0 3.0 4716 0.082 12 5.1 3.7

423 3.1 0.79 1262 0.042 92 13.0 11.3

propane molecule to pass another one inside the channels. For the pure siliceous form
of theta-1 and silicalite-1 used in this study, the external surface barriers should be
very small and similar in nature, especially for small molecules like propane. Since no
surface barrier was found in the FR spectra of propane in silicalite-1, it is reasonable
to assume that the intersection found in the FR spectra for theta-1 is not due to the
external surface barriers. Secondly, as shown in Chapter 6, the external surface
barriers are more pronounced at low loadings when the ratio of the external surface
adspecies to the adspecies within the channels of zeolite is at a maximum. For
single-file diffusion, molecules can propagate only when an empty site is created in the
direction of their diffusion. The molecules adsorbed at the entrances of the channels of
theta-1 cannot, therefore, move into the channels until the adjacent ones move further
down the channels. Similarly, the molecules inside the channels cannot move out of
the channels until the molecules at the entrances escape from the surface of the
zeolite, implying that the rate of adsorption and desorption of the molecules at the end
of the channels plays a significant role on the single-file diffusion process [1,2].
Additionally, the small external surfaces of the ends of the long needle shape crystals
used in this study (cf. Table 3.1) provide less opportunities for molecules to move into

the channels leading to an increase in the surface barrier effect. Finally, although the
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Figure 8.3 In-phase (O) and out-of-phase (O) characteristic function curves of
propane in theta-1 (a) fitted by the single diffusion with surface barriers model and in
silicalite-1 (b) fitted by the single diffusion model.

diffusion behaviour of the methane/AIPO,-5 system is still controversial in the light of
the results provided by different research groups [4,6,7,14,15], there is little doubt
that, as propane molecules, which have a bigger kinetic diameter (4.9 A) than methane
molecules (3.8 &), and theta-1 zeolite, which possesses channels with much smaller
diameter (4.4x5.5 A) than that of AIPO,-5 (7.3 1), single-file diffusion should apply.
As mentioned in section 2.2.1.5, the surface barriers are inversely proportional to
the & values in Equation (2.42). It can be seen from Table 8.1 that the & values
increase with increasing temperature and decrease with increasing loading, which
suggests that the ‘skin’ effect becomes more significant at low temperatures and high
loadings. This finding support the assumption that the surface barriers should be

attributed to the single-file diffusion behaviour of the system rather than to the
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external surface barriers. The rate of adsorption and desorption of the molecules at
the end of the channels becomes higher at high temperature, which may reduce the
surface resistance, whereas high loadings would result in more collisions of propane
molecules at the end of the channels, which may account for the increase of the
surface barriers. It is reasonable to expect that, if the temperature is high enough or
the loading low enough (e.g. < one molecule per channel), the surface resistance will
vanish and a normal diffusion process will be observed for the propane/theta-1 system.
Such a result has been found in the COy/theta-1 system by molecular dynamic
simulations [3]. Unfortunately, it is impossible to measure FR spectra at such low
loadings in the present system.

Figure 84 shows a comparison of the temperature dependence of propane
diffusivities in theta-1 and silicalite-1 as measured by the FR method. The diffusion
coefficients of propane in theta-1 are about two orders of magnitude smaller than
those in silicalite-1 even though the sizes of the channels of the two zeolites are quite
similar, indicating that the diffusion mechanism in these two types of frameworks are
different. These results are plausible if single-file diffusion is involved in the
propane/theta-1 system while normal random-walk diffusion model is involved in the
propane/silicalite-1 system. In single-file diffusion, a displaced molecule is more likely
to return to its original position than to proceed further because of the mutual
interaction of the diffusant molecules, leading to a negative cross-term correlation
effect which reduces the diffusivities compared with the random walk situation [1,2].
The results are also consistent with the finding from the molecular dynamic simulation
and NMR measurements that the mean square displacement in the single-file diffusion
of an infinite long channel is proportional to the square root of the observation time
rather than the observation time [1,2,4,9].

The activation energy of the diffusion of propane in theta-i caicuiated from the
Arrhenius plot is 39+3 kJ/mol which is much higher than the value of 15.8+0.7 kJ/mol
for silicalite-1. The heat of adsorption of propane in theta-1 (41.7 kJ mol™) is,
however, only slightly higher than that in silicalite-1 (40 kJ mol™) [17]. According to
the framework structures presented in Chapter 1, theta-1 zeolite presents a smoother

energy profile than that for silicalite-1 [17-19]. Thus, this high activation energy
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would seem to be ascribed to the consequence of single-file diffusion [4]. It is
interesting to note that the activation energy for the diffusion of propane in theta-1 is
very close to the heat of adsorption for the system, suggesting that the mass transport
process of propane molecules in theta-1 is controlled by the rate of adsorption and
desorption of the molecules to or from the zeolite. This finding offers directly for the
first time a remarkable experimental evidence to the theoretical assumption for the
systems with single-file diffusion behaviour that the adsorption and desorption of the
sorbed molecules at pore entrances are considered to be the significant and even the

rate-controlling step [1].
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Figure 8.4 Comparison of the Arrhenius plots of diffusion coefficients of propane in
theta-1 (@) and in silicalite-1 (Hl).

8.3 CONCLUSIONS

Single-file diffusion mechanism is observed in the propane/theta-1 system. The

diffusion coefficients of propane in theta-1 are about two order of magnitudes smaller

than those of propane in silicalite-1, which, most probably, results from the single-file

diffusion which is occurring in the system. The activation energy for diffusion of this
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system is close to the heat of adsorption and is more than twice as large as that in
silicalite-1, suggesting that the rate of adsorption and desorption of propane
molecules at pore entrances of the theta-1 zeolite is the rate-controlling step for the
mass transport of propane in the zeolite, which is the first experimental evidence to

support the single-file theory.
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9.1 CONCLUSIONS

The adsorption and diffusion properties of normal alkanes, from methane to
n-hexane, and some cyclic hydrocarbons such as benzene, toluene, ethylbenzene,
p-xylene, cyclohexane and cis-1,4-dimethylcyclohexane in silicalite-1, ZSM-5 and
theta-1 have been studied using a gravimetric balance and the frequency response
(FR) technique, respectively. The range of the experimental conditions covered by the
FR measurements has been extended and the quality of the frequency response data
has been improved considerably compared to earlier work. The packing arrangements
of C,-Cs n-alkanes and the aromatics of benzene, toluene, and p-xylene in silicalite-1
at different loadings were simulated using the Solid_Docking software package in
InsightIl, which combined MD, MC and EM techniques, developed by MSI. The
simulation results provide a detailed knowledge of the location and orientation of the
adsorbed molecules inside the pores of the zeolites at the molecular level, which is
difficult to obtained by experiment.

The adsorption/desorption isotherms of the n-alkanes in silicalite-1 and theta-1 are
reversible and most of them can be reproduced well by the Langmuir model. The
deviations of the isotherms from this model as found for n-pentane and n-hexane in
silicalite-1 at low temperatures arise from the entropy loss induced by the
sorbate-sorbate interactions and the formation of clusters of sorbed molecules. These
entropy and cluster effects can also be attributed to the stepwise isotherms of the
aromatics in silicalite-1.

u.c.), the aromatic molecules are adsorbed in a liquid-like
state while at high loadings they are sorbed in a solid-like state. Large steric
hindrances of the framework to the sorbed p-xylene molecules could be ascribed to
the commonly observed hysteresis loop of the adsorption/desorption isotherms of
p-xylene in silicalite-1. It is difficult for the long and rigid p-xylene molecule to carry

out a C, rotation at an intersection around the axis perpendicular to the aromatic-ring
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plane. Therefore, when the molecules are desorbed from the sorbent framework, the
molecules in the sinusoidal channels, which may be ‘frozen’ when the loading
approaches the saturation value, are prevented from moving into the straight channel
sites vacated by the molecules in these sites. This lack of mobility leads to a difference
in the spatial configurations between the adsorption and desorption branches. It is this
very high spatial energy barrier that creates the hysteresis loop.

Convincing arguments for the effect of the heat of adsorption on the diffusivities
have been put forward. This effect depends on temperature, pressure and specific
features of the sorbate molecules. By selecting the experimental conditions, the effect
of the dissipation of heat can be eliminated and pure diffusion can then be determined
by the FR method.

The diffusion coefficients measured by the FR technique in this study are consistent
with those obtained by microscopic techniques, i.e. PFG NMR, QENS and molecular
dynamic simulations.

The mass transfer behaviour of n-alkane molecules in silicalite-1 depends on the
chain-length of the hydrocarbons, on the temperature and on the loading.

The adsorption isotherms and diffusivities of the aromatics in MFI zeolites are
affected by the chemical composition of the sorbents and by the presence of structural
defects (e.g., silanol nests). This effect tends to be insignificant when the sorbate
molecules become smaller or when the temperature increases.

Two diffusion processes were found for p-xylene and toluene in silicalite-1 systems
while only one was found for the other cyclic hydrocarbons. The very small
diffusivities of ethylbenzene and cis-1,4-dimethylcyclohexane may be influenced by
the rotation of the alkyl groups of the molecules.

The diffusivities of the aromatics decrease in the order of p-xylene > toluene >
benzene > ethyibenzene with the diffusion coefficients of p-xyiene being about one
order of magnitude higher than the values for the others. The diffusion coefficients of
the two cyclic alkanes are at least one order of magnitude smaller than the values for
benzene, i.e. in the order of magnitude of 10" m’s™ or even smaller.

Slow diffusivities of benzene in silicalite-1 could arise from the entropy losses of

the sorbed molecules and the higher energy barriers between the equilibrium and
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transition states. The activation energies for the aromatics in silicalite-1 increase in the
order of p-xylene < toluene < benzene < ethylbenzene, which is consistent with the
trends in the diffusivities, i.e. high energy barriers hinder the mobility of the sorbed
molecules. The much slower diffusivities of  cyclohexane and
cis-1,4-dimethylcycolhexane than those for the aromatics are due to the much higher
activation energies involved.

Experimental evidence was found, for the first time, from the FR measurements of
propane diffusion in theta-1 to support the assumption proposed in single-file
diffusion theory that the rate of adsorption and desorption of sorbate molecules at
pore entrances of one dimensional channel sorbents may be the rate-controlling step.
The diffusion coefficients of propane in theta-1 are about two order of magnitudes
smaller than those of propane in silicalite-1, which, most probably, results from the
single-file diffusion which is occurring in the former system. The activation energy for
diffusion of this system is close to the heat of adsorption and is more than twice as

large as that in silicalite-1.

9.2 FUTURE WORK

(i) Molecular dynamic simulations, based on the energy minimisation results, are
needed to calculate the thermodynamic properties and get more detailed knowledge of
the potential energies of sorbate molecules in the sorbent framework at temperatures
for removed from 0 K.

(ii) FR measurements using MFI samples with different Si/Al ratios should be done
to further confirm the effect of chemical compositions and structure defects on the
adsorption and mass transport behaviour of the sorbed aromatic moiecuies.

(iii) FR spectra at a saturation loading (8 m./u.c.) of p-xylene in silicalite-1 should be
measured to confirm that at this loading the mobility of the molecules are extremely
slow because of the strong sorbate-sorbate interactions and the very tight spatial
configuration. The FR measurements in the desorption branch of the hysteresis loop

of the adsorption/desorption isotherms of p-xylene in silicalite-1 at the same loadings
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as those in the adsorption branch must be helpful to get a better understanding of the
difference in configurations between the adsorption and desorption branches in the
hysteresis loop region.
(iv) It has been found by a single crystal x-ray study that the sorbed
p-dichlorobenzene molecules in the silicalite-1 framework have a spatial distribution
the same as that for p-xylene at a loading of 8 m./u.c.. Studies on the adsorption and
diffusion behaviour of p-dichlorobenzene molecules, which have similar dimensions to
p-xylene but possess weaker sorbate-sorbate interactions than those for p-xylene, in
silicalite-1 will be useful to obtain a much better understanding of the anomalous
adsorption and diffusion behaviour of p-xylene in silicalite-1.
(v) Tt is of great interest to study the diffusivities of hydrocarbons in the different
channel systems of various frameworks, e.g., zeolites EU-1 and mordenite, which
have side pockets in the main channels, and NU-86 and NU-87, which have different
dimensions of the two sets of interconnecting channels.
(vi) As mentioned in Chapter 1, many new microporous materials, such as
microporous  silica  polymorphs, aluminophosphate-based ~ polymorphs  and
metallosilicates have been developed and have been applied as catalysts to various
reactions. It is worth measuring the diffusivities of hydrocarbons in these materials to
compare them with those already measured in various zeolites.

(vii) FR apparatus could be improved to improve the quality of the experimental
data, e.g., better temperature control is needed to obtain a more stable temperature
for both reference and sample sides, which is especially crucial for the measurements

of systems with very slow diffusivities.
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