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Synopsis

The active catalytic sites of zeolites are usually situated within the micropores of the
crystals. Since the size of zeolite micropores is of a similar order of magnitude to that
of many molecules, the intracrystalline diffusion of reactants and products is often the
step that determines both the reaction rate and selectivity. Thus, knowledge of the
diffusion rates, and of the diffusional behaviour of molecules within zeolites, is of

- primary importance in the understanding of these phenomena.

While several methods are used to measure diffusivities, most of these have
limitations associated with the minimum crystal size that can be used and/or the range
of diffusivities that can be measured. Other problems frequently experienced are
experimental complexity and the definition of experimental conditions within a range

in which the theoretical models are applicable.

A powerful method for measuring diffusivities under well-defined conditions is the
frequency response method, in which the pressure response to a small volume
modulation in a closed system is recorded over a range of frequencies. Models have
been developed to determine the diffusivity from such experiments for a variety of

circumstances, including non-isothermal conditions and multiple diffusion processes.

Fourier transform infra-red (FTIR) spectroscopy can be used to monitor the uptake of
sorbate molecules (and hence estimate their diffusivity) in zeolites. In addition, the
behaviour of these molecules at the surface, and of the functional groups of the
zeolite, can be observed. These observations reveal information about the sorption
and diffusional behaviour of the molecules. For a completely reproducible process
(e.g. a constant frequency volume modulation), special high time-resolution methods
(i.e. rapid- and step-scan) can be used. With these techniques, very rapid molecular

processes can be probed.

The objective of this study was to design, construct and commission an apparatus
capable of measuring diffusivities using the frequency response method, and to
integrate it with an FTIR spectrometer to allow the use of standard and high time-

resolution spectroscopy.
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To avoid the intrusion of impurities, even at very low sorbate pressures, the entire
system was designed for ultra-high vacuum. A deflecting-membrane (i.e. not gas-
dependent) pressure gauge was used to monitor sorbate pressure. Temperature-
controlled frequency response and infra-red sample cells were custom-made. Square-
wave volume modulation was achieved using a mild steel armature attached to
flexible bellows mounted between two electromagnets, which could be alternately
activated and de-activated. The same signal that drove the current in the
electromagnets was used to trigger the recording of pressure and infra-red data,
ensuring that these measurements were perfectly synchronised over repeated

modulation cycles.

Three important limitations in the apparatus were detected during commissioning.
Firstly, the quality of the square wave volume modulation was found to be acceptable
only at frequencies below 1 Hz. Thus, the maximum diffusivity that could be
measured was limited to 10™" m*/s (for a crystal diameter of 10 ym) or 10 m?/s (for
a crystal diameter of 0.1 pm). Secondly, in the high amplification range, the response
of the pressure gauge was found to be unstable. Thus, the minimum pressure at which
the dynamic range of the gauge was sufficient for frequency response experiments
was 0.6 mbar. And, thirdly, for the toluene/HZSM-5 system investigated, the number
of FTIR scans that had to be coadded (to achieve an acceptable signal-to-noise ratio)
was such that step scan experiments would have been excessively long. Thus, only
the rapid scan FTIR mode could be used, limiting the time-resolution between spectra

to a minimum of 70 milliseconds.

Nonetheless, within these limitations, several significant commissioning experiments
could be performed. Using the frequency response method, the diffusivity of toluene
in HZSM-5 (HMFI) crystals (Si/Al=43) with a diameter of 3 um was found (at
100°C) to be 1x10* m%s in the straight channels and 3.3x10™"° m¥s in the sinusoidal
channels. Monitoring the uptake rate of toluene in HZSM-5 crystals (Si/Al=57) with
a diameter of 0.1 pm, a toluene diffusivity (at 100°C) of 2.4x10""7 m%s was estimated.
The values obtained in both of these experiments were comparable to those reported

in literature for samples of similar crystal size and acidity.



Svnopsis : iv

Using rapid scan FTIR spectroscopy for toluene adsorbed on HZSM-5 at 0.1 mbar
and 100°C, good quality infra-red spectra were recorded with a time resolution of 0.5
seconds. Extrapolating from the parameters and conditions used, it was deduced that,
within a reasonable time frame (i.e. 6 hours), high quality infra-red spectra would also
be attainable at the limiting time-resolution of the rapid scan mode (i.e. 70

milliseconds).

All experiments performed on both the frequency response and infra-red sections of

the apparatus were found to be reproducible within acceptable margins.

From the above findings, it was concluded that, especially if the recommended
improvements were incorporated, the apparatus could be used to perform a range of
experiments, including: examining the effects of adsorbed concentration on
diffusivity; measuring the activation energy of intracrystalline diffusion; determining
the diffusivities of sorbates in the presence of other sorbates (i.e. co- and counter-
diffusion); clarifying the role of different sorbent functional groups in adsorption and

desorption; and investigating the dynamics of transition states on zeolite surfaces.
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Nomenclature

Where the same symbol has been used for more than one different variable, the
symbol 1s repeated in the “Variable” column and the description should render the

applicable definition clear. Subscripts are included with the variable, except in the

case of subscripts in Appendix B, which are listed separately.

Roman letters

Variable Description SI Units

a External area per unit particle volume (= A/V.); sorption m’
rate method; see equation (1.11)

a Side half-length of a parallelepiped (frequency response m
method)

a Crystal radius in frequency response derivation; see m
section A.2

do Constant term in the definition of a Fourier expansion same as G(t)

a; ap; a;  Constants in an anisotropic parallelepiped model m
(frequency response method); see equation (2.26)

an Fourier coefficient; defined in equation (2.48) same as G(t)

ap External surface area of a sorbent per unit mass m® kg’

A Parameter in frequency response method derivation; -
defined in equation (2.7)

A Composite diffusivity term in an anisotropic m’.s!
parallelepiped model (frequency response method); see
equation (2.26)

A Absorbance of a sample; defined in equation (3.2) -

A Summation counter in Fourier transformation algorithm; -

; see section B.3

A Interim term (in frequency response derivation); see 8
equations (A.48) and (A.49)

Agp Cross-sectional area of the bellows where it is connected m>

to the armature; see section 4.4.3
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B(v)
Ba(v)

Bs( V)

Outer surface area of a crystal

Interim term in frequency response derivation; defined in
equation (A.11)

Side half-length of a parallelepiped (frequency response
method)

Constant in the Freundlich isotherm; see equation (5.1)
Fourier coefficient; defined in equation (2.49)

Total amount of sorbate present in a planar sheet or
isotropic sphere (frequency response method)

Magnetic flux density (or magnetic field); see section
443

Summation counter in Fourier transformation algorithm;
see section B.3

Total amount of sorbate present in a planar sheet or
isotropic sphere at the initial equilibrium (frequency
response method)

Spectral power density (or intensity) of light

Spectral power density (or intensity) of light in a
background (i.e. no sample) spectrum

Spectral power density (or intensity) of light transmitted
through an absorbing sample

Side half -length of a parallelepiped (frequency response
method)

Heat capacity of a sorbent per unit mass (frequency
response method; non-isothermal model)
Time-dependent concentration at the surface of a crystal;
see equation (A.43)

Volumetric heat capacity of a particle

Concentration of a diffusing component

Concentration of labelled molecules at a constant total
concentration

Equilibrium sorbate surface concentration

Diameter of a micropore

same as G(t)

mol

mol
cd
cd

cd

Tkg' X!
mol.m>
Tm3K!
mol.m™

mol.m™

mol.m™

A ornm
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D Constant transport diffusivity of one component in m~s”
another (or a mixtures of others)

D Substitution variable; see equation (A.44) 5!

Dy Corrected diffusivity m*s”

Dy; Dy; Dy Diffusivities in the three primary directions in an ms’
anisotropic parallelepiped model (frequency response
method); see equation (2.26)

D(O) Concentration-dependent transport diffusivity of one m>s”
component in another (or a mixtures of others)

D(Ce) Constant transport diffusivity of one component in m’.s”
another (or a mixtures of others)

a Self-diffusivity; diffusivity due to Brownian motion in m’s™
the presence of no concentration gradient

e Width of each arm of the magnet yoke m

E Equilibrium length of the bellows m

E(r) Particle size distribution -

f Modulation frequency Hz

e Friction coefficient -

F Force acting on an object; e.g., in the new apparatus, sum N
of the forces acting on the moving parts

Fi;, Fy Forces exerted by the two sets of bellows on the moving N
armature; see section E. 1

Fg Spring force of the bellows; see section 4.4.3 N

F@) Square wave input function Depends on

physical
function

Fg Gravitational force acting on the moving parts; see N
section 4.4.3

Fy Magnetic force N

Fp The force exerted by the pressure differential on the N
armature; see section 4.4.3
Gravitational constant (= 9.8) m.s”



Nomenclature xix
G() Response wave-form to input F(7) Depends on
physical
function

h Heat transfer coefficient between the bulk fluid phase W.m2K"'
and the external surface of a particle

H(¥) Noise component of G(¥) same as G(t)

AH Heat of adsorption per mol of sorbate J.mol™

i Complex number (- 1)* -

I Intensity of light (of a certain wavelength) transmitted cd
through an absorbing sample

Iy Intensity of light (of a certain wavelength) in a cd
background (i.e. no sample) spectrum

I Integral term in frequency response derivation; see mol.s.m™
equations (A.45) and (A.46)

L Integral term in frequency response derivation; see s
equations (A.54) and (A.55)

I(A) Intensity of an interferogram as a function of path cd
difference

J Diffusive flux of a diffusing component mol.m?.s™

J Number of cycles required at each frequency for -
coaddition during a frequency response experiment; see
section B.3

J Diffusive flux of labelled molecules at a constant total mol.m™.s"
concentration
Spring constant of the bellows; see section 4.4.3 N.m™
Proportionality constant between surface concentration mol.m™.Pa’!
and gas-phase pressure (k = ¢/P); see equation (A.45)

K Frequency response parameter related to the slope of the -
isotherm; defined in equation (2.15)

K K, K parameters for two independent diffusion processes -

Ky Dimensionless Henry’s law constant -

Kx K parameter for the k™ kinetic species

Kr Constant multiplier (Kg > 1); see equation (5.5) -



Nomenclature

Ko

Ly
Lz

Na
Narc
(Na)p

Equilibrium constant of the concentration in the storage
pores (relative to the concentration in the transport pores)
in the diffusion rearrangement model (frequency
response method)

Infinite summation term in a parallelepiped model
(frequency response method); see equations (2.23)-(2.26)
Half-thickness of a planar sheet

Set length of bellows; see section 4.4.4

Parameter in ZLC measurements; defined in equation
(1.14)

Infinite summation term in a parallelepiped model
(frequency response method); see equations (2.23)-(2.26)
Mass of a sorbent sample; see equation (2.37)

Mass of an object in motion; e.g., in the new apparatus,
the mass of the moving parts; see section 4.4.3
Sequential number of file (m = 1...M) in a frequency
response experiment; see section B.3

Adsorbed mass at time zero

Adsorbed mass at time ¢

Adsorbed mass at equilibrium

Total number of files in a frequency response experiment
Counter (i.e. 0, 1, 2, etc.); see section 3.1.2

Infinite summation term in a parallelepiped model
(frequency response method); see equations (2.23)-(2.26)
Harmonic of a periodic function; see section 2.3.3
Constant in the Freundlich isotherm (0 <n < 1); see
equation (5.1)

Infinite summation term; see equation (2.54)

Infinite summation term; see equation (A.43)

Total number of IR scan coadditions required

Number of IR scans coadded per cycle

Required number of coadditions predicted for a proposed

single-step difference FTIR experiment



Nomenclature xxi

(Na)r Required number of coadditions determined from a -
reference single-step difference FTIR experiment

Nc Number of volume modulation cycles required -

Ne An even number to set the frequency of spectral -
collection (= f Ng); see section 4.7.3

M Number of mirror positions (i.e. number of points in an -
mterferogram) required in a step scan experiment

14 Relative amplitude of the pressure variation (frequency -
response method)

PB Relative amplitude of the pressure response in a blank -
(i.e. no sorbent) experiment (frequency response method)

rz Relative amplitude of the pressure response in the -
presence of a zeolite (frequency response method)

P Gas-phase partial pressure of a diffusing component Pa

P, Equilibrium gas-phase pressure Pa

Py x™ pressure reading taken in a frequency response Pa
experiment

(AP)s Pressure differential across the armature; see section Pa
4.4.3

q Intracrystalline concentration mol.kg™

(0g/0P)r  Slope of the equilibrium isotherm mol kg™ .Pa’

(6g/0T), Slope of the equilibrium isobar mol.kg”’ K’

¥ Radius of a crystal m

r Radial variable in frequency response derivation; see m
section A.2

™M Mean radius of the circular ring magnets m

a0) Mean square displacement of molecules as a function of m’
time for three-dimensional space

R Universal Gas Constant Jmol K

Sy Length of the inner set of spacers on the magnet-bellows mm
support; see section 4.4.4

S, Length of the outer set of spacers on the magnet-bellows mm

support; see section 4.4.4



Nomenclature

Xxii

Sa
{
153

t

IR

Ty

Surface area of a planar sheet

Time variable

Duration of a rapid- or step-scan experiment

Time constant for the heat exchange between a sorbent
and its surroundings; defined in equation (2.29)

Time constant of mass exchange between the transport
and storage pores in the diffusion rearrangement model
(frequency response method); defined in equation (2.33)
Temperature of a sample or system

Isothermal temperature

Transient dimensionless concentration term (in frequency
response derivation) which becomes insignificant as ¢
increases; see equation (A.10)

Substitution variable; see equation (A.41)

Relative amplitude of a volume variation (frequency
response method)

Substitution variable; see equation (E.7)

Volume of a system

Volume of a crystal

Equilibrium volume (frequency response method)
Volume change in a proposed single-step difference
FTIR experiment

Volume change in a reference single-step difference
FTIR experiment

Interim term (in frequency response derivation); defined
in equation (A.13)

Depth coordinate within a planar sheet (frequency
response method)

Linear displacement of an object; e.g., in the new
apparatus, the displacement of the armature from its half-
way position; see section 4.4.3

Substitution variable; see equation (A.64)

7~



(one-dimensional case); defined in equation (2.14)

Nomenclature xxiii

x Counting variable in a summation series; see equations -
(B.9) and (B.10)

X Half-distance between magnets; see section 4.4.3 m

X Substitution variable; see equations (A.56) and (A.57) -

E20) Mean square displacement of molecules as a function of m?
time for one-dimensional space

Z Fixed length of the bellows in equilibrium position; see m
section E.1

ZPD Zero path difference (see “A” below) -

Greek letters

Variable  Description SI Units

a Summation counter in Fourier transformation algorithm; -
see section B.3

a Heat transfer parameter in sorption rate method; defined -
in equation (1.11)

iy Frequency response parameter for a parallelepiped case; st
defined in equations (2.25) and (2.26)

o Amplitude of the nth harmonic of G(¥) same as G(t)

Yij Summation counter in Fourier transformation algorithm; -
see section B.3

yis Heat transfer parameter in sorption rate method; defined -
in equation (1.12)

¥ Phase difference in the sorbate concentration variation radians
within the zeolite pores (frequency response method)

) Frequency response characteristic function (for a range -
of particle sizes)

Sic Frequency response in-phase characteristic function -
(one-dimensional case); defined in equation (2.13)

O1s Frequency response out-of-phase characteristic function -



Nomenclature

xxiv

Sse

s

‘%C(k)
és(k)
&r)

&%

8.

N3 E S S

Frequency response in-phase characteristic function
(three-dimensional case); defined in equations (2.18) and
(2.23) for different geometries

Frequency response out-of-phase characteristic function
(three-dimensional case); defined in equations (2.19) and
(2.24) for different geometries

Overall frequency response in-phase characteristic
function (different for different models)

Frequency response in-phase characteristic function (j-
dimensional case) for the k™ kinetic species

Frequency response out-of-phase characteristic function
(j-dimensional case) for the k™ kinetic species
Frequency response characteristic function (for a certain
particle size)

Overall frequency response out-of-phase characteristic
function (different for different models)

Path difference: the difference between the distances a
beam travels to (and from) a fixed and a moving mirror
in FTIR spectroscopy

Squareness factor used to evaluate a square wave-form;
e.g., in the new apparatus, the ratio between the time the
armature spends in contact with the magnet face in the
actual case and the time it would spend in the ideal case;
see equation (4.1)

Phase difference in pressure variation (frequency
response method)

Phase lag in a blank (i.e. no sorbent) experiment

Phase lag of the nth harmonic of G(¥)

Phase lag in the presence of a zeolite

Corrected phase-lag (¢z — ¢g)

Relative amplitude of the sorbate concentration variation

within the zeolite pores (frequency response method)

nm

radians

radians
radians
radians

radians



Nomenclature XXV

4 Parameter in non-isothermal model (frequency response -
method); defined in equation (2.30)

m Frequency response parameter for planar sheet (i.e. one- -
dimensional) case; defined in equation (2.9)

7 Frequency response parameter for isotropic sphere (i.e. -
three-dimensional) case; defined in equation (2.20)

@ Interim term in frequency response derivation; defined in radians
equation (A.12)
Composite term; defined in equation (2.55) s

A Wavelength of light nm

Ao Integrated IR absorbance at time zero -

A Integrated IR absorbance at time ¢ -

Ao Integrated IR absorbance at equilibrium -

o Magnetic permeability constant (= 47x107) T.mA"

v Wavenumber of light em’

Oc Density of a crystal kg.m?

T The time taken for a step-change to occur (i.e. 7=0in S
the ideal case)

® Angular frequency of the volume modulation (i.e. @= radians.s™
2nf)

0 Sorbate concentration in the “storage” pores mol kg

2 Sorbate concentration in the “storage” pores at the initial mol.kg”
equilibrium.

£ Dimensionless concentration; defined in equation (A.7) -

W Parameter in frequency response method derivation; -
defined in equation (2.8)

¢ Number of pressure readings taken per cycle during a -

constant frequency volume modulation experiment



Nomenclature XXvi

Subscripts (Appendix B only)

Subscript Description

B Parameter obtained during a blank (i.e. no sorbent) experiment

f Parameter obtained at the £ frequency

] Parameter obtained in the j™ cycle (at a certain frequency)

m Parameter associated with the m™ file in a series of experiments
(with m = 1..M)

Z Parameter obtained during a run in the presence of a zeolite
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1. Introduction and literature review

1.1  Porous solid catalysts

Many fluid-phase chemical reactions require a solid catalyst. The activity of such
catalysts depends, in part, on the extent of the surface area available for reaction.
Even for extremely small non-porous materials, it is difficult to obtain surface areas of
more than 1 m%g while, to be effective, most solid catalysts require surface areas
between 5 and 1000 m*g (Smith, 1981). Therefore, it is necessary for most solid

catalysts to be porous.
1.1.1 Kinetics and transport processes

The inherent phase boundaries between fluid and solid make it necessary to consider
transport processes (i.e. mass and energy transfer) as well as intrinsic reaction rates
when investigating the reaction rates of fluids over solid catalysts (Smith, 1981). The
various microkinetic steps which determine the overall rate thus include: diffusion
from/to the bulk fluid to/from the solid surface; diffusion into/out of the pores;
adsorption/desorption onto/from the solid surface; and the intrinsic chemical steps on
the surface. The slowest of these steps is the rate-determining (or rate-limiting) step.
In porous catalysts, this step is often the rate of diffusion of the reactants into the

pores or of the products out of the pores.
1.1.2 Classification of pores

TUPAC classification divides pores into three categories based on their size (Kérger

and Ruthven, 1992):

micropores d<20A
mesopores 20A <d<500A
macropores 500 A <d

where d is the pore diameter.

These categories are loosely based on the difference in the types of forces which

control adsorption behaviour, for small gaseous sorbates, in the different pore-size
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ranges. In micropores, the size of molecules is similar to the size of the pores.
Surface forces dominate and, regardless of the molecule’s location in the pore, it
never escapes from the force-field of the surface. In mesopores, capillary forces
become important while, in macropores, the surface contributes little to the sorption

capacity.

Likewise, the diffusion mechanisms are different in the different regions. In
micropores, diffusion is dominated by interactions between the molecules and the
pore wall. In this regime, steric effects are important. Diffusion is an activated
process and is known as “configurational”, “intracrystalline” or “micropore”
diffusion. In mesopores, the mean free path of molecules is greater than the pore size
but diffusion still occurs by free flight interrupted by momentary adsorption on the
wall (i.e. Knudsen diffusion). In macropores, diffusion generally occurs by a bulk
mechanism. The effect of pore size on diffusivity for small gaseous sorbates, is
illustrated in Figure 1.1 (Satterfield, 1991) with reference to section 1.2 for the
definition of diffusivity.

1072}
1074 -
E 1076
E."
=
g
g 1078 %
a / Restricted
b / , or
/ configurational
/ diffusion

10-10 %

10~32 e
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Pore size, nm

Figure 1.1 - Effect of pore size on the diffusivity of small gaseous sorbates
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1.2 Diffusion phenomena

Unless otherwise noted, this overview of diffusion phenomena is based on the review

of Kérger and Ruthven (1992).

The diffusivity or diffusion coefficient [D(C) or D] of one component in another (or a

mixtures of others) is defined by Fick’s First Law of Diffusion as

J=-D(C) grad C (1.1)

where J is the diffusive flux and C the concentration of the diffusing component. By
considering the conservation of mass, the following relation, known as Fick’s Second

Law of Diffusion, can be derived.

8C/8t = div[D(C) grad C] (1.2)

Another definition of diffusivity can be obtained by applying Fick’s Second Law to a
system of labelled molecules, initially located within a certain spatial element,
undergoing Brownian motion (or a “random walk”). In this case, since the molecules
are all of the same type (i.e. distinguished only by labelling), there is no concentration

gradient and diffusivity is a constant (&), independent of concentration. Equation

(1.2) can then be simplified to

8C/at = P divgrad C| (1.3)

which can then be solved to give the following equations, known as the Einstein

relations:

F(0)y=2 Pt (1.4a)
and ) = 67t (1.4b)

where (z*(7)) and (#*(#)) are mean square displacements, as a function of time z, for

one- and three-dimensional space respectively.
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Because this diffusivity assumes a changing concentration of labelled molecules
within a constant total concentration of molecules, an alternative definition can also

be written
J =—@ grad C" (1.5)

Where J and C are the diffusive flux and concentration of labelled molecules at a

constant total concentration.

Thus, one can distinguish between two separate ditfusion phenomena. The first is a
concentration-independent Brownian molecular motion known as self-diffusion. This
can be observed either by labelling a certain fraction of diffusing molecules or by
determining the mean square displacements of a large number of diffusing molecules.
The second diffusion phenomenon is mass transfer resulting from a concentration

gradient and ts known as transport diffusion.

As a first approximation, the relationship between self-diffusivity and transport-
diffusivity can be ascertained by considering that the driving force for diffusion is not
the concentration gradient, as is implicit in equation (1.1), but rather the gradient of
chemical potential. Assuming that the resistance to the diffusional flow is in the form

of a frictional force, one obtains
D= (RT/fp)(dIn P/d1In C)=Do(d In P/d In C) (1.6)

where R is the Universal Gas Constant, T is the temperature, fr is a friction coefficient
and P is the partial pressure of the diffusing component. Dy is known as the
“corrected diffusivity”. In a mixture of two identical species, distinguishable only by
their labelling, the relation between P and C is linear. Therefore, the self-diffusivity

is given by

= RT/fy = Dy (1.7)
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And equation (1.6) can be re-written

D=24(dnP/d1n C) (1.8)

Implicit in this formulation is the assumption that the friction coefficient fr is the same
for both self- and transport-diffusion, which is not true in all cases, but is valid for
most adsorption systems. It should also be noted that, for the diffusion of a single
component within the pores of a microporous sorbent, there is no clear distinction
between molecules on the surface and those in the “gas” phase. Thus, one usually
considers only the “intracrystalline” concentration {(g) and equations (1.6) and (1.8)

are expressed as

D =Do(d1n P/dIn g)=27(d In P/d In q) (1.9)

Equation (1.9) is known as the Darken equation.

1.3 Introduction to zeolites

Zeolites are crystalline aluminosilicates formed by the connection of tetrahedrally
coordinated Si and Al atoms (known as the T-atoms) via oxygen atom bridges. Due
to the different formal charges of Si (4+) and Al (3+) in the zeolite framework, the Si-
tetrahedron is neutral whereas the Al-tetrahedron has a charge of (—1). The negative
charge generated by the presence of an Al-tetrahedron is balanced by protons or metal
cations to achieve electroneutrality. The ideal generalized chemical composition of
zeolites is MynAlLSiy.<O2y where M is a cation with valence n. The tetrahedral Si/Al

structure, together with the charge-balancing cation is shown in Figure 1.2.
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Figure 1.2 - S8i/Al tetrahedral structure in zeolites
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The Si- or Al-tetrahedra can combine into simple polyhedra and, from these, three-
dimensional crystal structures are assembled. These crystals have one-, two- or three-
dimensional channel systems with well-defined pore sizes. The diameter of the pores
depends on the number of tetrahedra in a ring (Csicsery, 1984) and is typically less
than 10 A (i.e. micropores). The ZSM-5 (MFI) structure type, for example, has a
system consisting of two intersecting channel-types: straight channels with pore
dimensions of 5.3 x 5.6 A and sinusoidal channels with pore dimensions of 5.1 x 5.5
A (Meier et al, 1996). Both channel-types are made up of ten-membered rings. The
MEFT structure type, as well as a schematic representation of the channel system, is

shown in Figure 1.3 (Eder, 1996).
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Figure 1.3 - (a) Framework of MFI viewed along the straight channels; and schematic
representation of the channel system viewed (b) along and (c) perpendicular to the straight
channels

1.3.1 Acid-catalysis and shape selectivity in zeolites

The cationic sites can usually be exchanged to H', which gives the zeolites a strong
Bronsted acid character and thus makes them interesting for use as heterogeneous

catalysts in acid-catalysed reactions. In addition, the fact that they have well-defined
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pore-sizes, which are similar to the sizes of many molecules, makes them useful as

molecular sieves or shape-selective catalysts.

The latter characteristic is a result of the fact that, in zeolites, most catalytically active
sites are within the pores and, therefore, any potential reactant, product or transition
state has to be able to fit into the pores. Thus, three different classes of shape-
selectivity are defined for zeolites (Csicsery, 1984). Reactant selectivity occurs when
only certain reactant molecules are small enough to diffuse through the zeolite pores.
Product selectivity occurs when, among all the product molecules formed in the pores,
only those with certain dimensions can diffuse out of the pores. Restricted transition-
state selectivity occurs when certain reactions are prevented because the transition-
state associated with the reaction mechanism is too large to be formed in the pores.
Reactant and product selectivity can also occur to a partial extent if some types of

reactant or product molecules diffuse more slowly through the pores than others.

1.3.2 Diffusion in zeolites

From section 1.3.1 it is clear that, except in the case of restricted transition-state,
knowledge of the diffusion rates and of the diffusional behaviour of molecules in
zeolites is of primary importance in the understanding of reactant and product shape-

selectivity.

Another important issue in zeolite catalysis is that the reaction rate can be strongly
reduced by diffusion limitations on the reactant. Thus, knowledge of diffusion is also

important to understand and improve reaction kinetics.

1.4 Measurement of diffusion in zeolites

As mentioned in section 1.2, there are two diffusion phenomena, self- and transport-
diffusion, each of which can be measured using more than one method. In sections
1.4.1 and 1.4.2 (and their subsections), a brief overview of the various methods is
given. Unless otherwise noted, this overview is based on the review of Kirger and
Ruthven (1992).
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1.4.1 Measurement of self-diffusion

In accordance with the two definitions given in section 1.2, there are two approaches
to measuring self-diffusion. The first, corresponding to equation (1.5), is to measure
the Fickian diffusion of labelled molecules within a mixture in which the total
concentration of the molecules remains constant.  The second approach,
corresponding to equation (1.4), is to measure the mean square displacement of a

large number of molecules.
1.4.1.1 Tracer exchange

If one makes the reasonable approximation that the different isotopic forms of a
molecule have identical thermodynamic and transport properties and if one isotope
can be distinguished from the others, then the diffusion of that isotope within the
mixture can be used to measure self-diffusion. This is known as the tracer exchange
method and is particularly convenient when one of the isotopes is radioactive, since

this provides a simple measure of the concentration of the labelled species.

There are two main methods to detect radioactivity. The Geiger-Miiller counter is
useful for strong B emitters but has range limitations for weak B emitters such as *H

and '*C which are commonly used to label adsorbents.

This difficulty can be overcome using a liquid scintillation counter (LSC) detector
which requires a solution containing molecules which emit a light flash when they
interact with radiation. This method is very accurate, with errors of less than 1%.

However, it is applicable only to diffusion in liquids and thus not to zeolites.

In addition to using radioactive isotopes, it is also possible to use NMR to follow
isotopically labelled molecules (e.g. a deuterated hydrocarbon in a mixture of the non-
deuterated molecules) (Forste et al, 1990). This method provides a convenient way to
evaluate the consistency of the tracer exchange approach with the mean square

displacement approaches described in the sections 1.4.1.2 and 1.4.1.3.
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1.4.1.2 NMR gradient methods

NMR measurements make use of an appropriate radio frequency (r.f.) magnetic pulse
{known as a n/2 pulse) to shift the total magnetization of nuclear spins into the plane
perpendicular to the direction of a constant magnetic field. This transverse
component of total magnetization is the measured variable in NMR self-diffusion

experiments.

In NMR gradient methods, inhomogeneities are created in the magnetic field by
superimposing a position-dependent field on a constant field. A phase angle is
accumulated by the nuclear spins as a result of their precessional motion in the
combined field. This phase angle can be evaluated by measuring the spin echo after
an appropriate sequence of r.f. pulses (usually a n/2 pulse followed by a m pulse).
Because of the field gradient, the phase angle is position dependent. Thus, by
measuring the attenuation of the spin echo, it can be ascertained whether the spins
have retained their positions or whether (and how far) they have migrated. From this,
the mean square displacement of the molecules and, from equation (1.4), their self-

diffusivity can be determined.

A constant field gradient technique produces accurate results but the measurement
range is limited because the magnitude of the constant gradient cannot be too high and
the measurement time has to be shorter than the relaxation time of the transverse
magnetization. Thus, only high self-diffusivities can be measured. In addition, the
method is mainly applicable to diffusion in liquids where the relaxation time of the

transverse magnetization is sufficiently large (and hence not to zeolites).

These limitations can be circumvented using the Pulsed Field Gradient (PFG) NMR
method.

1.4.1.3 Pulsed field gradient (PFG) NMR

In this method, two identical pulsed field gradients are applied: one between the m/2

and m pulses, and one between the n pulse and the spin echo. Thus the field gradient
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does not interfere with the r.f. pulses or the spin echo. Therefore, more intense field
gradients can be applied, making the method useful for self-diffusion in
heterogeneous systems such as zeolites. In addition, improvements have been made
to the method such as: the stimulated echo method (Kirger et al, 1988), which allows
longer observation times and thus permits a larger range of diffusivities to be probed,
the method of alternating gradients which makes the technique sensitive to very small
molecular displacements; the development of more complex pulse sequences to
mintmize the effect of internal field gradients (Williams et al, 1978; Karlicek and
Lowe, 1980); and the combination of the PFG method with a multiple r.f. pulse
sequence to overcome relaxation time limitations (Silva-Crawford et al, 1980). Self-
diffusion in multi-component systems can also be probed by combining the PFG

method with Fourier transform NMR.

For typical experimental conditions in sorbate-sorbent systems, it has been found that
the minimum displacement that can be detected by spin echo attenuation is
approximately 1 um. Thus, the minimum self-diffusivities that can be probed by

NMR are of the order 107! m%/s.

Another factor that is very important to consider, especially in the case of zeolites, is
that equation (1.4) is only valid when the observed molecular displacements are not
restricted by geometric effects. Since the crystal size range of zeolites is often less
than 100 pm, care has to be taken that the root mean square displacement of the
diffusing molecules does not approach the crystal size, in which case the surface and

the intercrystalline space play a significant role in the observed results.

1.4.1.4 NMR tracer desorption

An important extension to the PFG NMR technique is the NMR tracer desorption (or
fast tracer desorption) technique (Kérger, 1982). In this method, the observation time
is deliberately extended so that a sufficiently large fraction of molecules leave the
crystal for intercrystalline (or long range) diffusion to become significant. By
appropriate mathematical manipulation of the observed results, an intracrystalline

mean lifetime can be ascertained and, from this, a desorption diffusion coefficient.
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This method allows measurements of smaller diffusivities (> 107 mz/s) in smaller

crystal sizes (> 0.1 um) than the standard PFG NMR method.

If molecular desorption is limited by intracrystalline diffusion, this coefficient
coincides with the intracrystalline self-diffusivity. However, if there is any resistance
to mass transfer at the crystal surface these two quantities will not be equal and thus a
surface barrier can be detected by this method. A parameter known as surface
permeability has been defined by which the extent of the surface barrier can be

quantified.
1.4.1.5 Quasi-elastic neutron scattering (QENS)

In QENS experiments, motions occurring over a time-scale of 10 to 107 seconds
broaden the elastic scattering peak of neutrons (Rees, 1994). The long-range
translational motion is derived from the broadening of the elastic peak as a function of
the momentum transfer and thus the diffusivity can be found using equation (1.4)

(Jobic et al, 1991).

An advantage of this method is that the motion of a single nucleus with respect to the
centre of mass of the sample is measured and thus data can be interpreted without
considering sorbate-sorbate interactions or paramagnetic impurities (Wright and
Riekel, 1978). In addition, for hydrocarbons in zeolites, only incoherent scattering
has to be considered because of the large incoherent cross-section of hydrogen (Jobic
et al, 1991). Coinciding results have been found in the investigation of similar
systems using PFG NMR and QENS (Jobic et al, 1991). A disadvantage of the

method is the need for a neutron source.
1.4.2 Measurement of transport diffusion

The measurement of transport diffusion requires a concentration gradient and a
determination of the resulting molecular flux. Methods to achieve this can be divided
into two groups: direct methods, in which the flux and the concentration gradient are

measured simultaneously under either transient or steady state conditions; and indirect
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methods. The latter can be sub-divided into two groups: uptake rate measurements, in
which the internal concentration gradient is deduced from measurements of
concentration at the external surface and the flux is determined by measuring the
amount of sorbate passing through the surface; and chromatographic methods, in
which the dynamic response of a packed column to a perturbation in flow rate or

sorbate concentration is measured and used to deduce the mass transfer rate.

In general, while direct methods are more rigorous since they avoid the need for
assumptions inherent in indirect methods, the latter are usually experimentally more
convenient and hence more widely used. The most important methods in each of

these categories are briefly described below.

1.4.2.1 Direct macroscopic methods

Optical double refraction

The first method used to measure diffusion in zeolite crystals was the double
refraction method (Tiselius, 1934; Tiselius, 1935), in which polarized light was used
to follow the concentration front during the adsorption of water. This method is
difficult to apply to micron-sized particles and is also inappropriate for fast diffusion

processes. In addition, heat effects are ignored.

Refractive index

Another method similar to double refraction is the measurement of the refractive
index to follow the concentration of the sorbate within the sorbent. A light beam
passing through a crystal in the direction perpendicular to the diffusive flux is
deflected by an angle which depends on the gradient of the local adsorbed-phase
concentration (Jost, 1952). The sensitivity of such measurements can be enhanced by
using interference techniques (Tyrrell and Harris, 1984) but, as with the double
refraction method, its application to zeolites is limited because there are substantial

practical difficulties in the case of small crystals.

Interference microscopy
An alternative method using an interference technique is interference microscopy. In

this method, an absolute difference in the optical path length, relative to a standard
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beam, is determined by analysis of the interference pattern which results when these
two beams are superposed on each other. The path length at different points within
the crystal can then be ascertained. Because the change in optical path length is
related to the refractive index which is, in turn, related to the concentration gradient,
the diffusivity can thus be determined. The main drawback of this method is that,
within the spatial constraints of an optical microscope of the required magnification
(for zeolites), it is difficult to impose a well-defined boundary condition at the crystal

surface.

X-ray absorption

Another direct method is the use of X-ray absorption (Dubinin et al, 1975). However,
this can only be used if the sorbate nuclei have a cross-section (for absorption of X-
rays) of a similar order of magnitude to that of the sorbent. In addition to the need for
sufficiently heavy nuclei, this method also has limited spatial resolution (> 0.5 mm)

and Is thus also unsuitable for zeolites.

Spin mapping by NMR

Spin mapping NMR spectroscopy (Heink et al, 1978) can also be used to follow the
distribution of resonant spins (of a sorbate) over the sorbent sample. This has the
advantage over the X-Ray method that it does not require heavy nuclei but only a
sorbate that contains protons. However, because of the low sensitivity of NMR, the
signal-to-noise ratio has to be enhanced by signal accumulation (i.e. coadditions) and
this gives rise to a trade-off between spatial and time resolution. As a result, a spatial
resolution of less than 1 mm is generally not possible, thus making the method also

unsuitable for zeolites.

Spin mapping by ESR

Another spin mapping technique is that using electron spin resonance (ESR). This is
much more sensitive than NMR and thus allows a reduction in spatial resolution to
about 50 um. However, the method requires a sorbate with an unpaired electron

which limits the range of sorbates that can be used.
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Steady-state permeability and Wicke-Kallenbach

All the abovementioned direct methods are applied during transient adsorption.
Steady state measurements are also possible using permeable, parallel-sided slabs or
membranes of the sorbent with a fixed concentration of sorbate at each face. This can
be done by operating either with a pressure gradient across the membrane or at a
constant pressure with a concentration difference between the faces (Wicke and

Kallenbach, 1941).

The former method has the disadvantage that it measures forced-flow permeability
and, depending on the pore-size distribution, there is not always a clear relationship
between the permeability and a well-defined diffusivity. The latter method, also
known as the Wicke-Kallenbach method, eliminates some of the problems of the
permeability method but difficulties are still encountered with the interpretation of

data when there is a broad pore-size distribution.

Both of these types of measurement can also be conducted under transient conditions
and, when performed in conjunction with the steady state experiment, can yield
additional kinetic information and provide an indication of whether there are blind or

blocked pores in the material.

There are two ways of measuring diffusion in zeolites using these methods. The first
is to use single crystals (to measure the true transport diffusivity) but this requires
large crystals, 100 um being the lower practicable limit. Even then, the difficulties in
mounting a single crystal are significant. The second possibility is to compress
powder into a pellet but this introduces intercrystalline pores and may block some

zeolite pores, leading to data that is unreliable.

From the above discussion it is clear that, while direct methods do not require
additional steps to relate the measurement to the diffusivity, the experimental
limitations in the use of these methods with zeolites, mainly related to the crystal size
requirements, render the methods impracticable in most cases. Thus, it is necessary to

consider experimentally more simple indirect methods.
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1.4.2.2 Sorption rate methods

In sorption rate methods, the rate of uptake of sorbate, in response to a change in the
pressure or concentration of the sorbate, is measured. Different techniques employ
different boundary conditions and different means by which the uptake is measured.
The choice of model to interpret the data depends on: the assumption of which
mechanism controls mass transfer; the assumptions about the rate of heat transfer; the
linearity of the equilibrium relation; and the boundary conditions at the particle

surface. Naturally, if a certain model is used, the assumptions have to be verified.

Boundary conditions and resistance to mass transfer

For zeolites, as long as intercrystalline resistances (e.g. in the macropores of a pellet)
are circumvented by using small particles and avoiding bed-depth effects,
intracrystalline diffusion is almost always the controlling resistance to mass transfer.
The most common boundary condition is a step change in surface concentration at
time zero, followed either by the maintenance of a constant surface concentration or

by a surface concentration which falls as the sorbate is adsorbed by the sorbent.

It should be noted that, in the case of constant surface concentration, the solution for

transient sorption in the initial region of the uptake curve is the “square root law™:
(my — mo)(me — mo) = QA V)(Di/m)” (1.10)

where my, my, M. are the adsorbed masses at time ¢, at time zero and at equilibrium,
respectively, 4. is the outer surface area of the crystal and V. is the volume of the
crystal. Note that 24./V, = 6/r for a spherical crystal, where r is the crystal radius.
The use of equation (1.10) to interpret sorption rate data is discussed further in section

1.5.4.

In cases where intercrystalline or macropore diffusion becomes significant, models
for either macropore diffusion or diffusion in bi-porous particles can be used (Lee,
1978).  These are similar to intracrystalline diffusion models except that

intercrystalline porosity has to be considered.
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Models which take into account a variety of geometries have also been developed for

all of these cases.

Non-linearity

For simplicity, almost all models assume a constant diffusivity when solving equation
(1.2). If the step change in concentration is sufficiently large, the effect of a non-
linear isotherm is to invalidate this assumption. Thus, either the step-change has to be
kept small enough to ensure that the isotherm is linear within the range under
investigation or more complex models have to be developed which take the
concentration dependence into account. The concentration dependence of the
diffusivity is usually derived from equation (1.9) in combination with an equation for

the isotherm.

Resistance to heat transfer

All the models mentioned above assume that the system is isothermal. While heat
transfer resistance within particles or pellets is usually negligible, external film
resistance 1s often significant (Lee and Ruthven, 1979) and cannot be ignored. For
zeolites, assuming that intercrystalline resistances are avoided, the situation of
greatest practical importance is thus external heat transfer resistance with

intracrystalline diffusion resistance.

Two distinct effects must be considered in a non-isothermal system: the temperature
dependence of the adsorbed phase concentration at equilibrium (i.e. of the isobar); and
the temperature dependence of the diffusivity. The latter can be made negligible by
keeping the concentration step sufficiently low but the former effect is independent of
the step size (Chihara et al, 1976). Upon analysis of the relevant heat transfer, mass
transfer and diffusion equations, the uptake rate is found to be dependent on two

variables,
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o = (halc) (/D) (1.11)
and B = (AHlc)pdq/3T), (1.12)

where 4 is the heat transfer coefficient between the bulk fluid phase and the external
surface of the particle, a is the external area per unit particle volume, ¢ is the
volumetric heat capacity of the particle, AH is the heat of adsorption per mol of
sorbate, p. is the density of the crystal and (6¢9/0T), is the slope of the equilibrium

isobar (assumed to be constant over the range of measurement).

The limiting case of isothermal behaviour occurs when either ¢ — o (infinitely fast
heat transfer) or £~ — 0 (infinite heat capacity). It can be shown that, when the ratio
o'/ fF'1s greater than 60, and as long as the uptake curves are evaluated in the region
where the fractional uptake [(m; — mo)/(me — mg)] is less than 85%, the error in

estimating diffusivity using isothermal models is less than 15% (Ruthven et al, 1980).

The limiting case of heat transfer controlling the rate occurs when &’ — 0 and results

in the solution
(my — mo) (M — mg) =1 — (F/[1+5 Dexpl— (ha/c)t/(1+57)]  (1.13)

In cases where none of the above simplifying assumptions can be made, a more
complicated model, which combines both resistances, must be used to analyse the

uptake curves (Lee and Ruthven, 1979).

It should be noted that, since the relative intrusion of a sorbate into a large crystal is
slower than into a small one, the effects of non-isothermality are greater when using a
smaller crystal size. This can also be deduced from the above discussion of the '/5

ratio.

In cases where intercrystalline diffusion and heat transfer are the most significant
resistances, similar models are available as the ones for intracrystalline diffusion in
combination with heat transfer except that, as in the isothermal case, intercrystalline

porosity has to be taken into account (Ruthven and Lee, 1981).
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Measurement of sorption rates

There are two main methods for measuring uptake rates. In constant pressure
techniques, progress towards the new equilibrium can be measured volumetrically,
gravimetrically, by NMR or by infra-red spectroscopy (i.e. using the intensity of
absorbance bands in infra-red spectra) (Ballinger et al, 1989; Karge and Niessen,
1991). If the first is used, the volume is simply altered to keep the pressure constant
while, in the other systems, as long as a large volume and small sample mass is used,
the pressure change is, in most cases, insignificant. While gravimetric techniques are
the most direct, the response of a microbalance is usually too slow to measure rapid
processes. In conventional single-step experiments, NMR and IR techniques also
have time- and signal-to-noise-constraints. However, these methods have the
advantage of being able to distinguish between different sorbates, thus allowing the
measurement of counter- or co-diffusion in multicomponent systems (Karge and
Niessen, 1991). The use of infra-red spectroscopy to investigate diffusion is

discussed further in section 1.5.4 and Chapter 3.

In piezometric methods, which are carried out in a fixed volume, the progress towards
equilibrium is measured by monitoring the pressure. The response of a pressure
transducer is significantly faster than the previously mentioned instruments, allowing
more rapid diffusion processes to be probed. In practice, the time required to
introduce (or remove) the sorbate (i.e. the valve effect) is usually the limiting factor.
To avoid this, another method can be used, in which the sorbate is introduced and
allowed to reach equilibrium. The volume is then changed, in a single step, by a very
small amount, after which the pressure response is monitored (Van-Den-Begin et al,
1989). This experiment can be performed on the identical apparatus as that discussed

for the frequency response method in Chapter 2.

Experimental conditions and data analysis

Diffusivity can be determined from the uptake curve simply by fitting the
experimental data using the appropriate model. However, as was pointed out
previously, it is important to verify that the assumptions used in developing the model
are valid. As a corollary to this, if possible, the experimental conditions should be
selected to minimize complications.  Thus, when measuring intracrystalline

diffusivity in zeolites: composite particles (or bed-depth) should be made as small as
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possible to avoid intercrystalline resistances; the concentration step should be kept as
small as possible to maintain linearity and eliminate significant variances in
diffusivity; and large primary crystals should be used in preference to smaller ones to
reduce the effects of non-isothermality. In addition, assumptions should be verified
experimentally when possible (e.g. varying the size of the concentration step to check

for non-linearity).

A method in which many of the above conditions can be met conveniently, and which
also allows for a wide range of diffusivities to be measured, is the frequency response
method, which is discussed in detail in section 1.4.3 and in Chapter 2. First, however,
it is necessary to discuss the other main branch of indirect methods, column

chromatography.

1.4.2.3 Finite column-length chromatography

One of the weaknesses of sorption rate methods is that, in most cases, the fluid phase
is static. Hence, as has been discussed, resistance o heat transfer in the external film
is often significant. In a flow system, this resistance can be reduced by using a
sufficiently high fluid velocity. Methods have therefore been developed in which the
diffusivity is determined by perturbing the concentration at the inlet to a column and
measuring the dynamic response at the column outlet. In a typical system, a small
pulse (or step change or periodic variation) of sorbate is injected into a steady flow of
an inert carrier passing through a packed column. The effluent concentration is
monitored continuously, usually by means of a flame ionisation detector (for

hydrocarbons) or a thermal conductivity detector.

The two most important characteristics of the data are the mean retention time, which
is a function of the adsorption equilibrium, and the broadening of the response peak,
which is a function of both mass transfer resistances and axial dispersion. By making
measurements over a range of conditions, or by performing reference experiments, it
is possible to separate the effects of mass transfer resistance and axial dispersion and

hence to ascertain the diffusivity.
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As in sorption rate experiments, the data has to be fitted to a mathematical model.
Since a primary purpose of using chromatographic methods is to eliminate heat
transfer resistance, this effect is usually ignored when deriving the models. One of

two models is usually employed: a linear rate model or a diffusion model.

In the former, the rate of change in adsorbed phase concentration is assumed to be
directly proportional to the variation from the equilibrium concentration (Gluekauf
and Coates, 1947; Gluekauf, 1955). The proportionality constant is a function of the
intracrystalline diffusivity, the intercrystalline diffusivity and the external film mass
transfer coefficient. Thus, once this proportionality constant has been determined by
fitting the model to the data, the relevant diffusion parameter can be ascertained by
making an assumption regarding the dominant mass transfer resistance (Raghavan and

Ruthven, 1985).

In the diffusion model, all resistances are initially taken into consideration, leading to
a complex model (Rasmuson, 1982). Assumptions regarding the dominant effects can
then be used to simplify the model. Although analytical solutions are possible, it is
more common, when fitting the models to data, to obtain solutions numerically

(Raghavan and Ruthven, 1985).

The use of these numerical methods is time-consuming but the calculation time can be
significantly reduced if good initial estimates are used. Thus, to obtain these initial
parameters, the easier but less accurate method of using moments analysis to match
the data in the Laplace domain (rather than the time domain as above) is used (Haynes
and Sarma, 1973; Hashimoto and Smith, 1973). These values are then refined in the

time domain.

Certain deviations from the ideal behaviour assumed in the models have to be taken
into account. The most important are as follows: (a) Most models assume a “long”
column. When resistance to mass transfer is extremely large, this assumption
becomes invalid. Methods have been formulated to check when the model is no
longer valid and other models can be used for this “limited penetration regime”. (b) If
there is a pressure drop through the column, the equilibrium relationship changes and

correction factors have to be applied (Pazdernik and Schneider, 1981). (c) A non-
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linear isotherm over the range of application changes the concentration profile
independently of any mass transfer resistances. Non-linearity can easily be discerned
by varying the pulse (or step) size and checking if the response changes. While
correction of models is possible if the form of the isotherm is known, it is generally
preferable to operate in the Henry’s Law regime. (d) The finite pulse width (or
imperfect step) of the initial perturbation is transmitted to the measured response at
the column outlet. However, this can be dealt with simply by recording the response
with the column bypassed and subtracting it from the experimental response. (¢) The
dead volume of the system, which results in a time delay and peak broadening, can

also be taken account using a reference experiment in which the column is bypassed.

The most serious problem limiting the measurement of diffusion by chromatographic
methods is the intrusion of axial dispersion. There are analytical methods to
determine whether axial dispersion is significant (Haq and Ruthven, 1986). If it is,
there are several methods which can be used to try to account for the axial dispersion
experimentally. One possibility is to perform a reference experiment using a
molecule with a similar molecular weight and diffusivity to the test sorbate but which
is too large to enter the micropores (Kumar et al, 1982). If this is not possible, a
reference column can be used, packed with non-porous particles of similar dimensions
to the sorbent. This, however, ignores the possible differences in packing and the
influence of micropore diffusion on axial dispersion. Another approach is to use a
column with a similar internal diameter to the particle size, which avoids wall effects

(Hsiang and Haynes, 1977). However, this is only practicable for large particles.

1.4.2.4 Zero length column (ZLC)

Because of the problem of axial dispersion, standard chromatographic methods cannot
be used to measure rapid intracrystalline diffusion. The zero length column (ZLC)
method (Eic and Ruthven, 1988) was developed to try to eliminate this restriction
while maintaining the primary advantage of chromatography (i.e. negligible resistance

to heat transfer).

In this method, the sorbent, usually in the form of a very thin layer between two

sintered discs, is first brought to equilibrium with the sorbate (preferably in the
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Henry’s Law range to preserve linearity). The system is then purged with an inert gas
at a high flow rate, so that the sorbate concentration at the external surface of the
particles is approximately zero. The desorption rate is measured by following the
composition of the effluent gas. Because the effluent concentration is extremely low,
a very sensitive detector is required and the method is thus most suitable to

hydrocarbon systems where a flame 1onisation detector (FID) can be used.

Among the most significant challenges in this method are those involving the
hardware. The small quantity of sorbent means that adsorption on any other surfaces
can be significant and therefore unnecessary area and dead volume have to be
avoided, lines heated and separate lines installed for saturation and purge streams. In
addition, it is advisable to perform blank experiments (i.e. without sorbent) to ensure

that extraneous adsorption has been eliminated.
Analysis of the diffusion and mass balance equations reveals a critical parameter,

Lz = (1/3) (Purge flow rate/Crystal volume)(?/KuD)  (1.14)

where Ky is the Henry’s law constant. When Lz — 0, no kinetic data is obtained and
thus this parameter should be kept as large as possible (i.e. operation at the highest
flow rate possible is desirable). A large enough Lz value also simplifies the analysis
of the data, though more complicated methods can used for intermediate L, values

(i.e. very high diffusivities).

A classic “long-time™ model has been developed which has the disadvantage that data
is obtained at very low concentrations and is thus more susceptible to errors in the
measuring device. Thus, “short-time” models have been proposed but, because errors
of non-linearity often occur in the initial part of the experiment, the “long-time”
solutions are still deemed more robust (Hufton and Ruthven, 1993; Brandani, 1998;
Duncan and Maller, 2000). A new “full range” method, claimed to be superior to

previous methods, has recently been proposed (Han et al, 1999).
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1.4.3 Frequency response method

When a periodic volume modulation is applied to an ideal gas in a closed system, the
pressure of the gas varies at the same frequency as the volume and with the same
function (e.g. sine wave, square wave) but 180° out of phase. When the same
modulation is applied to a gas-zeolite system initially at equilibrium, the pressure
response differs from that of the gas-only system because of two factors (Yasuda,

1982).

Firstly, as the pressure increases or decreases, the zeolite adsorbs or desorbs gas
molecules respectively to reach a new equilibrium, thus changing the number of
molecules in the gas phase and partially counteracting the initial pressure variation.
This leads to a lower amplitude in the pressure response compared to the empty cell

case.

Secondly, the diffusion of the sorbate molecules in or out of the zeolite micropores
delays the attainment of the new equilibrium. This leads to a phase difference
between the pressure responses of the gas-zeolite and gas-only cases. By considering
a sinusoidal volume modulation, it can be shown (as described below) that the phase

of the pressure response in the gas-zeolite case leads that of the blank case.

The following description is with reference to Figure 1.4. Starting with the initial
equilibrium at time zero, as the volume is decreased sinusoidally, the pressure rises.
If the system is not in the horizontal part of the isotherm, this leads to molecules
adsorbing on the zeolite so that there are fewer molecules in the gas phase than at the
original equilibrium. Then, as the volume starts to increase again (expansion cycle),
the molecules begin to desorb from the zeolite but they are inhibited by diffusion
limitations. Thus, when the original equilibrium volume is attained, there are still
fewer molecules in the gas phase than at the initial equilibrium. Therefore, due to the
ideal gas law, the pressure is lower than at the original equilibrium. The opposite
applies to the compression cycle and hence the phase of the pressure response leads
that of the gas-only case. As will be shown in Chapter 2, after an initial stabilization
period, the pressure response attains a periodic steady-state with a constant amplitude

and phase angle.
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Figure 1.4 - Pressure response of a closed system to a sinusoidal volume modulation in (i) a
cell containing enly sorbate and (ii) a cell containing both serbate and zeolite

It should be noted that, if diffusion is slow relative to the frequency of the volume
modulation, the presence of the zeolite has a negligible effect and the pressure
response curve is similar to that of the gas-only case (i.e. no phase lag and the
maximum amplitude). On the other hand, if diffusion is very rapid compared to the
modulation frequency, then the pressure response curve exhibits equilibrium
behaviour (1.e. there is no phase lag but the amplitude of the response is at a minimum
for the system). At intermediate volume modulation frequencies, the phase lag goes
through a maximum and the amplitude decreases with frequency from the maximum
to the minimum. It is this range that is of interest in the analysis of the frequency

response.

By making certain assumptions, it is possible to formulate a quantitative expression
for the pressure response to volume modulation in a closed gas-zeolite system. If this
expression is analysed over a range of frequencies, the diffusion coefficient of the gas
in the zeolite pores can be ascertained. This method is known as the frequency
response method and the quantitative analysis is discussed in Chapter 2. Even before
this, however, it is possible to enumerate the advantages of the frequency response

method over other diffusion measurement methods.

Advantages of the frequency response method
In comparison to the methods of diffusion measurement discussed in sections 1.4.1

and 1.4.2, the frequency response method has the following advantages.



1. Introduction and literature review 25

- The starting point of the experiment is an equilibrium system and only a small
perturbation is applied to this system. Therefore, the concentration of the sorbed
phase remains almost constant (i.e. the condition of isotherm linearity is met) and
the measured diffusion coefficient can be assumed to be the differential diffusion

coefficient at the equilibrium concentration of the sorbate on the zeolite.

- By varying the starting pressure, the diffusion coefficient can be determined as a

function of equilibrium concentration (i.e. coverage).

- The compression and expansion cycles in the frequency response method give rise
to both adsorption and desorption pressure responses in a single experiment.
Thus, if any peculiarity causes a difference in the diffusion mechanisms for the

two processes, it can be detected by this method.

- As will be shown in Chapter 2, the method is capable of separating two

simultaneous diffusion processes, provided they differ by a large enough factor.

- As will be shown in Chapter 2, the pressure response that is obtained over a range
of frequencies is sensitive to the shape of the zeolite crystal. Thus, analysis of the

data can provide information on the crystal morphology.

1.5  Infra-red spectroscopy to investigate the behaviour of molecules in

zeolites

1.5.1 Hydroxide groups

When a zeolite is exchanged to its H'-form (see section 1.3), a bridging acidic
hydroxide (Si-OH-Al) group is formed. In addition, the defects caused by the
termination of the framework of tetrahedra at the outer surface of the crystal give rise
to another type of hydroxyl group, known as a silanol (Si-OH) group. This group also
has acidic properties but of a much lower strength than the bridging hydroxide group.

Using infra-red (IR) spectroscopy, two separate O-H stretching bands can be detected
for these two groups (Jentys et al, 1989), confirming the different bond strengths. On
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HZSM-S, for example, the very weakly acidic silanol (Si-OH) groups show an IR
band at wavenumber 3745 cm™ while the strongly acidic bridging hydroxide (Si-OH-
Al) groups, usually designated as Bronsted sites, show a band at 3610 em™ (Jentys et
al, 1989).

1.5.2 Lattice vibrations

To perform transmission-absorption IR spectroscopy on zeolites, samples initially in
the powder form must be pressed into self supporting wafers. The thickness of the
wafers cannot be controlled accurately. Thus, if quantitative data is to be extracted
from experiments, the spectra have to be normalised to the wafer thickness. For many
zeolites, this can be done using the intensity of the lattice vibration overtone bands.
In HZSM-5, for example, these bands occur between 2100 and 1740 cm™. A typical
IR spectrum of HZSM-5, showing both OH stretching vibrations bands, as well as the
lattice vibration bands, can be seen in Figure 1.5a (Mirth et al, 1993).

1.2
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Figure 1.5 - IR spectra of (a) an activated zeolite HZSM-5 and (b) p-xylene adsorbed on HZSM-5

1.5.3 Adsorbed molecules and interactions with hydroxide groups

When certain probe molecules adsorb on the outer surface or in the pores of zeolites,
their stretching and deformation vibrations can be detected in the middle IR range

(4000-1000 cm™). Examples of these are benzene, toluene and the xylene isomers,
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which exhibit bands at several wavenumbers, due to C-H stretching vibrations, C-H
deformation vibrations and ring vibrations. It should be noted that the surface
concentrations of adsorbed molecules is several times higher than in the gas phase
concentration and, in addition, the molar extinction coefficients are enhanced by
adsorption. Thus, at partial pressures of less than 1 mbar, the contribution of the gas-

phase to the bands is negligible.

In addition to the bands of the adsorbing molecules themselves, an effect of these
molecules on the zeolite hydroxide bands is observed. This is caused by hydrogen
bonding between the hydroxide groups and the aromatic rings. The subsequent
weakening of the OH bond causes a shift in the IR band to a lower wavenumber,
while the statistical increase in the range of OH stretching frequencies causes a
broadening of the IR band. The extent of the shift depends on the strength of the
hydrogen bond formed (and hence on the acid strength of the original groups).

As an example, Figure 1.5b shows an IR spectrum for p-xylene adsorbed on HZSM-5,
while the wavenumbers of the characteristic IR bands for xylene isomers adsorbed on

ZSM-5 can be found in Table 1.1 (Mirth et al, 1993).

Table 1.1

Wavenumbers of the Characteristic IR Bands of the Adsorbed Xylene Isomers
(at 373 K) at the Zeolite HZSM-3

T=33K CH-Stretching Ring CH-Deformation
p = | mbar vibrations vibrations vibrations
HZSM-3 ©m™h em™") em™"

p-Xylene 3050, 3025, 3007 1518 1379

2927, 2872
m-Xylene 3053, 3032 1810 1381

2926, 2868 1485
a-Xylene 3072, 3031 1604 (weak) 1350

2977, 2951, 2931 1496, 1466 °

2877

Nate. The bands used for the identification of the isomers are underlined.

As can be seen in Figure 1.5b, the interaction between p-xylene and the Si-OH-Al
group results in a shift of 425 cm™ (i.e. from 3610 to 3185 cm™), indicating a
hydrogen bond of substantial strength. On the other hand, the band of the OH
stretching vibration of the Si-OH groups is shifted by only 145 cm™ (i.e. from 3745 to

3600 cm™), suggesting a much weaker interaction with the p-xylene.
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1.5.4 Sorption rate measurements

When IR absorbance is linear with concentration, i.e. when the Beer-Lambert law is
obeyed (Atkins, 1990), the rate of uptake of any particular molecule on a sorbent can
be measured using IR spectroscopy. Thus is done by simply following the change in
intensity of the appropriate IR band over time (Karge and Niessen, 1991). To take
into account the statistical spread of vibrations at each band, it is preferable to use the

integrated area of the peak, rather than the peak height.

If the sorption uptake is the result of a defined step-change in the sorbate partial
pressure, and as long as the system reaches equilibrium, these measurements can also
be used to estimate the diffusion coefficient of the sorbate in the sorbent, using a

modified form of equation (1.10) (Mirth et al, 1993):

(A= AN Aw— Ag) = QASV(DHT)” (1.15)

where A, Ao, A. are the integrated absorbances at time ¢, at time zero and at
equilibrium, respectively. As noted in section 1.4.2.2, Equations (1.10) and (1.13)
apply only in the initial or linear part of the uptake curve. Figure 1.6 shows a typical
uptake curve for toluene on HZSM-5. Note also that the time delay before uptake

begins is an experimental artefact and has to be subtracted before equation (1.15) can

be applied.
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Figure 1.6 - (a) Time-resolved toluene uptake spectra on HZSM-5 and (b) time dependence of
integrated toluene peak (between 1508 and 1482 cm™) after subtraction of HZSM-5 spectrum
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An important feature of using IR spectroscopy to measure diffusion is that, as long as
the characteristic IR bands of the components are sufficiently separated, the method
can be used to measure the diffusion of one component in the presence of others

(Karge and Niessen, 1991). Thus, co- and counter-diffusion can be investigated.

From the above discussion, it is clear that it would be advantageous to integrate a
system used for the frequency response method with one used for IR spectroscopy
since it would allow: (a) a comparison of diffusivities obtained using frequency
response and sorption rate methods; (b) co- and counter-diffusivities to be measured
by sorption uptake; and (c¢) the behaviour of molecules on the zeolite surface to be
observed during a volume modulation experiment. In principal, if an appropriate
model could be derived using IR band intensity rather than pressure response, it
would also be possible to measure co- and counter-diffusivities using an IR-band

frequency response method.

It should be noted that, when measuring diffusion, the total duration of a sorption rate
experiment is usually in the order of a few minutes at most. Since a reasonable
number of data points is required, standard IR equipment is not sufficient and it is
necessary to use Fourier Transform Infra-Red (FTIR) spectroscopy to obtain the
requisite time-resolution. A more detailed description of the theory and hardware of

FTIR spectroscopy is given in Chapter 3.

For the observation of molecules during a volume modulation experiment, even
standard FTIR does not have a high enough time-resolution. Thus, it is necessary to
employ rapid-scan or step-scan techniques, both of which lend themselves to use in a
system where a single experiment is identically repeated several times (e.g. a constant
frequency volume modulation system). A detailed description of the implementation
of rapid-scan and step scan techniques is given in Chapter 3. An additional
application of these techniques to investigate the “surface barrier” is described in

section 1.5.5.
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1.5.5 High time-resolution FTIR to probe surface resistances

As discussed in section 1.4.1.3, intracrystalline self-diffusion coefficients can be
measured using pulsed field gradient (PFG) NMR. In principal, self-diffusivities can
also be obtained by applying the Darken equation [i.e. equation (1.9)] to the transport
diffusivities measured using sorption rate methods. The values measured using the
two different methods are often in agreement. However, in certain cases, the self-
diffusivities measured using PFG NMR have been found to be higher (Kérger and
Caro, 1977; Biilow et al, 1980).

In some of these cases, when diffusion coefficients have been measured using uptake
methods over a range of crystal sizes, they have been found to be dependent on the
crystal size. In these cases, at large enough crystal sizes, the measured diffusion

coefficient approaches the value measured by PFG NMR (Kérger and Caro, 1977).

This implies that the coefficients measured in the uptake experiments are only
apparent (i.e. not actual) diffusion coefficients and that another transport process is
retarding the rate. The fact that the apparent coefficient decreases with particle size
suggests that the rate-limiting step is in some way related to the external surface

(since the surface area to volume ratio increases with decreasing particle size).

Conventional experimental effects related to the external surface (e.g. external film
diffusion) have been eliminated and it has thus been proposed that the rate-limiting

step is a “surface barrier” (Kérger and Caro, 1977).

Several theories have been proposed to explain this surface barrier. One is that it is
caused by structural changes in the zeolite surface as the result of hydrothermal pre-
treatment (Biilow et al, 1982; Kirger et al, 1982). This is accompanied by a decrease
in the cationv content in the surface layer (Kirger et al, 1987) which may give rise to
“electronic” resistances. Another theory is that it is the result of the limited rate of
sorption heat-release (non-equilibrium effect) (Kocirik et al, 1990). The possibility
that 1t is caused by the blocking of a certain percentage of the pores has, however,

been discounted (Kirger et al, 1986).
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Starting with Kirger and Caro (1977) and Biilow et al (1980), several parameters and
models have been applied to quantify the barrier. These have included structural
models (Biilow, 1985), taking into account both linear and non-linear isotherms
(Kocirik et al, 1986), as well as “electronic” (Kocirik et al, 1988) and non-equilibrium
(Micke et al, 1994) models. Molecular dynamics simulation techniques have also
been employed to describe transport processes to and through the outer surface (Ford

and Glandt, 1995).

However, the observation of the behaviour of the adsorbing molecule at the surface
has not yet been attempted in detail. Using FTIR and microcalorimetry at equilibrium
conditions, it has been shown (Pieterse et al, 2000} that the adsorption and orientation
of molecules at the zeolite outer-surface may be influenced by entropic effects. More
detailed knowledge of these effects (and their possible connection to the surface
barrier) could be obtained by observing the interactions of the sorbed molecules (with

each other and with the hydroxide groups) under dynamic conditions.

In considering this objective, some possible problems emerge. Firstly, in a transient
step that involves a large instantaneous change (e.g. the usual step-change uptake
experiment), a subtle “barrier” process may not be observable. Secondly, if the
surface concentration is too high, the molecular processes involved in the barrier may
be masked by other processes. And, thirdly, as will be shown in Chapter 3, the time
resolution (between high quality spectra) for a standard FTIR spectrometer is at least
0.5 seconds. The molecular processes involved in a surface barrier may be several

orders of magnitude faster than this.

These problems can be partly resolved using rapid-scan or step-scan FTIR
spectroscopy in conjunction with the same apparatus that is used for the frequency
response method. A small volume change can be made rapidly to induce a repeatable
but small pressure step and, in addition, the equilibrium pressure can be set to give a
low surface concentration. Thus the obstacles to detecting subtle changes are
significantly reduced, with the only limitation being whether the spectrometer has
sufficient absorbance resolution and signal-to-noise ratio (SNR) to identify small
changes in peak height. More significantly, because an experiment can be exactly

repeated several times (by modulating the volume of the closed system at a constant
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frequency), rapid-scan or step-scan FTIR can be used to obtain spectra with a time
resolution of milli- or microseconds, with as many co-additions as are necessary to
give the required SNR. Rapid-scan and step scan FTIR is discussed in detail in
Chapter 3.

1.6  Objectives and overview

The two primary aims of this work were to construct and commission an apparatus to
measure diffusion coefficients using the frequency response method and to integrate it
with an FTIR spectrometer to allow the use of standard-mode, rapid-scan and step-

scan FTIR spectroscopy.

In Chapter 2, the theoretical background of the frequency response method is
discussed, including the models used to analyse data and the practicable ranges of
operation. Also included in Chapter 2 are discussions on the volume modulation
function and on methods to overcome general system uncertainties. In Chapter 3, the
theory and implementation of rapid- and step-scan FTIR spectroscopy is discussed,
preceded by an introduction to FTIR spectroscopy. In Chapter 4, a detailed
description of the design and construction of the apparatus is given, including the
integration of the spectrometer into the system. In Chapter 5, the commissioning of
the primary functions of the apparatus is described, including the presentation and
discussion of preliminary results. In Chapter 6, there is a summarizing discussion on
the reproducibility and validity of the results, and on the ranges of the apparatus.
Finally, in the concluding remarks in Chapter 7, recommendations are made as to how
the apparatus could be improved and some future experiments on the apparatus are
suggested. Calculation details, as well technical drawings of the apparatus can be

found in the appendices.

Since this assignment was part of a larger project whose aim was to investigate the
microkinetics of toluene disproportionation over HZSM-5 (HMFT), the diffusion of

toluene in HZSM-5 was investigated in the preliminary experiments.
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2. Frequencey response method

It was mentioned in section 1.4.3 that the diffusivity of a sorbate in a zeolite can be
ascertained from a quantitative analysis of the pressure response to volume
modulation at a range of frequencies (i.e. the frequency response method). In this
chapter, the theoretical models are presented and their application to determine the
diffusivity is described, including the ranges of operation. Data treatment and system

uncertainties are also discussed.

2.1 Theory of the frequency response method

2.1.1 Assumptions and initial equations

In the initial analysis of the frequency response method (Yasuda, 1982) the following

assumptions were made.

- The ideal gas law is applicable in the closed system. At pressures below
atmospheric and temperatures at or above ambient, this assumption is valid for

most systems.

- The concentration of adsorbed molecules on the sorbent surface is proportional to
the partial pressure of the sorbate, i.e. the isotherm is linear within the range of

operation.

- The diffusion coefficient is not a function of sorbate concentration. If the
variation in volume (and thus in pressure) of the system is small, the variation in

sorbate surface concentration is also small and thus the assumption is valid.

- Effects due to heating and cooling during adsorption and desorption respectively
are negligible. As long as changes in volume, pressure and concentration are
small, thermal effects are usually negligible. However, models have been

developed which take non-isothermal behaviour into account (see section 2.1.4).
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- Intracrystalline diffusion is the rate controlling step, i.e. adsorption-desorption and
intercrystalline diffusion are orders of magnitude faster and can be ignored. In the
case of medium and small pore zeolites, diffusion is invariably more significant
than adsorption-desorption. Intercrystalline diffusion is usually a function of bed-
depth or pellet size and should always be taken into account when evaluating

results.

In deriving equations for the frequency response method, Yasuda (1982) considered
the case of a closed gas-zeolite system, initially at equilibrium, which is subjected to a

sinusoidal volume modulation. Using complex notation, this can be expressed as:

V="Vl-ve™ .1

where V is the volume, V. is the equilibrium volume, v is the relative amplitude of the
volume variation and o is the angular frequency of the volume modulation (i.e. @ =
2nf). Assuming the gas-phase pressure (P) and the sorbate concentration (C) in the

zeolite pores also vary sinusoidally, these quantities can thus be expressed as follows:

P =P (1+pe"™ ?) (2.2)
and C = Co1+3" ™ #20) (2.3)

where P. and C. are the equilibrium gas-phase pressure and sorbate surface
concentration respectively, p and y are the relative amplitudes of the pressure and
concentration variations respectively and ¢ and y are phase differences. The last four
quantities all depend on @ and, since pore diffusion is assumed to be the limiting case,

yand y are additionally dependent on the position within the pores.
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2.1.2 Diffusion in a planar sheet

If diffusion occurs through a planar sheet of thickness 2L, Fick’s second law can be

expressed as
OCIot = 0/0x[D(C)OC/0x] 2.4
where x is the depth coordinate within the planar sheet.

If the volume variation is only a small percentage of the total volume, the
concentration gradient will also be small and, as mentioned in the assumptions, the
diffusion coefficient D(C) can be assumed to be constant D(C) or D. Thus, equation
(2.4) may be written

dC/ot = D& C/ox’) (2.5)

If one sets the boundary condition that concentration is proportional to a sinusoidally
varying pressure at the outer surface, equation (2.5) can be solved (see Appendix A)

to give the total amount of sorbate present in the sheet (B),

B = B.+ pB A V) (2.6)
where B, is the amount of sorbate present in the sheet at the initial equilibrium,

A = 2%(sin® n; +sinh’ ;)" 1 (cos 7 +coshm)] .7

i = arctan [(sin#—sinh7;)/(sinn, +sinhm)] (2.8)
and n = (wL*2D)"% 2.9)
The material balance of the total system can be written

d/d{PVIRTo)+dB/dt = 0 (2.10)

where T is the isothermal temperature.
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Substituting equations (2.1), (2.2) and (2.6) into equation (2.10), differentiating and

separating the real and complex parts (see Appendix A) gives the following equations:

(v/p)cosg— 1=K, (2.11)
and (vip)sing = K ;s (2.12)
where Sic = (1/my) [(sinhn +sinn)/(coshr+cosm)] (2.13)
O1s = (1/m) [(sinhn—sin;)/(coshm+cosmi)] (2.14)
and K = (RTo/Ve)(dBe/dP:) (2.15)

In frequency response terminology, Jic and &;s are known as the in-phase and out-of-
phase characteristic functions, respectively. The subscript “1” denotes a one-

dimensional (i.e. planar sheet) system.

2.1.3 Diffusion in an isotropic sphere

Yasuda (1982) formulated a similar set of equations for diffusion in an isotropic
sphere of radius » and, when these are solved (see Appendix A), the equations derived
are identical to the one-dimensional case except for the definitions of the

characteristic functions.

(vip)cosg— 1 = K& (2.16)

and (vip)sing = K& (2.17)
where e = (3/ms) [(sinh ms—sinri)/(cosh—cos )] (2.18)
s = (6/13) [(1/2)(sinhmps+sinms)/(coshrs—cosms) — (1/m:)]  (2.19)

and 5 = Qar*/D)"* (2.20)

where the subscript “3” denotes a three-dimensional system.

Plots of the characteristic functions for the planar sheet and isotropic sphere cases are

shown in Figure 2.1.
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Figure 2.1 - (2) In-phase and (b) out-of-phase frequency response characteristic functions for
planar sheet (5;., 5;,) and isotropic sphere (3, 035) models, with a particle diameter of 1 pm and a
diffusion coefficient of 1.5x10™™ m%/s

2.1.4 Other diffusion models

Models for the interpretation of frequency response data have also been derived which
account for: multiple diffusion processes; alternative crystal shapes; non-isothermal
behaviour; and finite-rate mass exchange between “storage” and “transport” channels

in zeolites. These are presented without derivation below.

Multiple diffusion processes
Multiple diffusion processes can occur in a system for several reasons, including the
presence of: multiple sorbents in the solid phase; multiple sorbates in the gas mixture;

and multiple states of mobility (e.g. in the straight and sinusoidal pores of MFI).

As long as the interaction between the respective diffusion processes is negligible, the

treatments in sections 2.1.2 and 2.1.3 can be extended (Yasuda, 1982) to give:

(vip)eosg— 1= KX 2.21)
Jk
and vip)sing=Y_ Kid (2.22)
ik

[1984)

where subscript “j” denotes the model dimension (i.e. 1 or 3) and subscript (and

superscript) “k” denotes kinetically different species.
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Diffusion in a parallelepiped

Spherical and especially plane sheet models are often not representative of true crystal
morphology. Thus, a model has been developed for parallelepipeds (Oprescu et al,
1992), which can be used to represent cubic, thombic and coffin-shaped crystals. In

this case, with the three side lengths 2a, 26 and 2¢, equations (2.16) and (2.17) apply

but with
Se=@m > [P n’ (G + )] (2.23)
1,m,n=13,5,...
G= @MY D ol [P (i + )] (2.24)
!m,n=13,5,..
where i = (DI Pld* + m?Ib* +11c?) (2.25)

for an isotropic parallelepiped

and  Qn = (WAIAN Pla*+mPlay+nllas®) = (n*/4)( PD/d*+m*Dy/b*+n*Dslc?)y  (2.26)

for an anisotropic parallelepiped.

Non-isothermal behaviour

In certain cases, thermal effects can influence frequency response analysis. This is
caused by temperature changes due to adsorption and desorption which, in turn, affect
the equilibrium amount adsorbed. The influence of this depends on factors such as
the heat of adsorption, the heat capacity of the sorbent, the heat transfer coefficient
between the sorbent and the surroundings and the temperature dependence of the

adsorbed amount.

Thus, a non-isothermal model has been developed (Sun and Bourdin, 1993; Sun et al,
1993), assuming that the equilibrium amount adsorbed has a linear dependence on
both pressure and temperature (with the justification that, since the perturbation is

small, any real dependence can be linearized in the region of operation).
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(vip)cosg—1 = K[S(1+ &'t 1+ {8+ 8D 't 1 [(1+ySswte) +H(1+y8) otn?]  (2.27)

(vip)sing = K[S(1+ &’ 62y + {87+ 8 ) [(1+ySs ot +{1+78) o'ty (2.28)
where th = clhay (2.29)
and y=1(0q/0T), | AH | J/c (2.30)

where a, is the external surface area of the sorbent per unit mass, ¢ is the heat capacity
of the sorbent per unit mass, 4 is the heat transfer coefficient between the sorbent and
its surroundings, AH is the heat of adsorption per mol of sorbate, and (8g/0T), is the

slope of the equilibrium isobar.

Diffusion-rearrangement behaviour

When diffusion takes place in one set of pores (e.g. straight channels) but sorbate
molecules are immobilised in a second set (e.g. sinusoidal channels), to which the first
set is interconnected, it is convenient to consider the first set as “transport” pores and
the second set as “storage” pores, with a reversible mass exchange between the two

pore-types.

This behaviour depends on both the rate of exchange and on the equilibrium
relationship between the two pore-types. The formulation is known as the diffusion-

rearrangement model (Jordi and Do, 1992; Sun and Bourdin, 1993).

(vip)eosp—1 = K[ 8¢ + Ka(Ge— Ssan)/(1 + ar'tx*)] (2.31)
(vip)sing = K[ 8 + Ko(Ss+ Seat)/(1 + 0'1x*)] (2.32)

where Kq is the equilibrium constant of the concentration in the “storage” pores
(relative to the concentration in the “transport™ pores) and f; is the time constant of

mass exchange between the “transport” and “storage” pores, defined by
0ot = (1/iR)(L2 — ) (2.33)

where (2 is the sorbate concentration in the “storage” pores and (2 is this

concentration at the initial equilibrium.
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Before presenting the technical implementation of the frequency response method, it
is necessary to discuss (a) the application of the models, with special reference to: the
ranges of applicability; the relevance of K; curve shape analysis; the separation of two
diffusion processes; and non-isothermal and diffusion rearrangement behaviour; and
(b) the acquisition and treatment of the experimental data, in particular: practicable
modulation functions; equipment-related variation from ideal behaviour (and

counteractive measures); and analytical techniques and related data requirements.

2.2 Application of the theoretical models

It should be noted that, in all the models, there are two equations (in-phase and out-of-

phase) which, for simplicity, can be written

(vip)cosg—1=K&; (2.34)
and (v/p)sing = K&, (2.35)

These equations are independent of each other and either of them could be used to
obtain the diffusivity. However, of the two, equation (2.35) is more useful since, as
shown for the simplest case in Figure 2.1, this equation exhibits a maximum which is
easier to distinguish than the point of inflection in equation (2.34). Thus, for the
remainder of this section, emphasis will be placed on the out-of-phase equation

though, in practice, it is common to try to fit both equations simultaneously.

From inspection of equations (2.34) and (2.35), it can be discerned that the left-hand
sides of the equations represent expressions of the experimental data, while the right-
hand sides represent the theorctical curves. Thus, to ascertain the diffusion
coefficient, one has to measure phase angles and amplitude ratios at a range of
frequencies and plot the terms on the left hand sides as a function of frequency. Then
the right hand side terms, also plotted as a function of frequency, are fitted to the data
by varying the diffusion coefficient, along with K (see section 2.2.2) and other

parameters in the more complex models.
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Since the coefficient measured using this method is a transport diffusivity, it must be
corrected using the Darken equation [i.e. equation (1.9)] to obtain a self-diffusivity or

corrected diffusivity (Kérger and Ruthven, 1992).
2.2.1 Frequency, crystal size and diffusion coefficients
Figure 2.2 shows, for the case of an isotropic sphere, plots of the out-of-phase

characteristic function (&) for (a) a single particle size and three different diffusion

coefficients and (b) a single diffusion coefficient and three different particle sizes.
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Figure 2.2 - Qut-of-phase characteristic function (3;,) for: (a) particle diameter 1pm and diffusion
coefficients (i) 1.5x10%, (ii) 1.5x10™" and (iii) 1.25x10"? m%s; and (b) diffusion coefficient 1.5x10*
m?/s and particle sizes (i) 10, (ii) 1 and (iii) 0.12 um

To obtain meaningful curve fits of experimental data, the maximum of & must be in
the frequency range used. At any particular particle size, the diffusion coefficient that
gives a maximum of &; at a particular frequency can be graphically determined. Thus
a set of constant frequency curves can be constructed, showing the relationship

between crystal size and diffusion coefficient. This is depicted in Figure 2.3.

Thus, for any given particle size, the diffusion coefficient determines the frequency
range that is required. Alternatively, if the frequency range is fixed by the limitations
of the apparatus and a certain diffusion coefficient is being measured, the maximum
of &; can be brought into the range of the apparatus by changing the particle size (e.g.

for very high diffusivities, a larger particle size is required, and vice-versa).
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Figure 2.3 - The relationship between diffusion coefficient, particle size and ranges of
applicability for the frequency response method (isotropic sphere model)

Finally, since the characteristic functions are dependent on the particle size, it is
obvious that, for a sample with a wide range of particle sizes, the margin for error is
greater and special care should be taken when calculating the diffusion coefficient. If
the particle size distribution, E(#) is known, the characteristic functions can be

corrected by integrating over the size range
5= j &r)E(r)dr (2.36)

2.2.2 Sensitivity of the system to volume variation

Apart from the characteristic functions, the other term in the right hand side of

equations (2.34) and (2.35) is K. From Equation (2.15), K = (RTo/V )(dB/dPe)
where dB./dP, = m(0q/OP)t (2.37)
where m is the mass of the sample and (8¢/0P)r is the slope of the equilibrium

isotherm. Thus, K is a function of the temperature, the equilibrium volume, the

sample mass and the position on the isotherm.
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Since K is a constant for any particular system, the only influence it has on the right
hand side term in the equations is to accentuate or flatten out the curves (see Figure
2.4). Clearly, the more drastically the curves are flattened out (i.e. the lower K is), the
less sensitive the system becomes and the more difficult it is to fit the experimental

data.
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Figure 2.4 - Theoretical curves for the isotropic sphere model with particle diameter 1pum,
diffusion coefficient 1.5x10™ m?%s and (i) K = 0.1, (ii) K = 0.8 and (iii) K= 1.5

On the other hand, if K is too large, the sorption capacity of the sorbent may be so
large that it tries to adsorb more gas than is available in the system. Naturally, this is
not possible but the equilibrium process that takes place in such circumstances can

interfere with the frequency response data and this situation is thus not desirable.

In work done by previous researchers, K values between 0.1 and 1.5 have been found
to be suitable to obtain meaningful data (Shen, 1999). This implies that: (a) the
experiment should not be carried out in a region where the equilibrium isotherm is too
flat; (b) the smaller the equilibrium volume of the system, the more sensitive the
experiment (and the less sample mass is required); and (c) for a given system volume
and set of experimental conditions, the approximate sample mass required can be

calculated in advance.

Clearly, if all the variables are known, K is known. However, the following factors
have to be considered. (a) The temperature of the system may not be known
accurately (since often only the sample temperature is measured). (b) The volume

may not be known accurately (since exact volumes of valves, bellows and oth