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ABSTRACT

A
The countgrtdiffuéion of a‘series‘bf low molecular wgightf permanent’
_gas sorbate pairs on syntﬁeﬁic zeolites of various pore—geomgtrfes anB |
-dimensions, ;as investigated in 2 semi-automatic flow system. Results o#
the-biﬁa{y diffusion studies weie5compared to the single compoheqt kinetics
of the same species to determine the effect of the adsorbate/desorbate

b -
interactioﬁs és wéli as the relationship between the zeolitic pore dimension
and’moleEUIar size and the respective éontributfons tg the binary

.

diffusionyrates. +

s -

- '
Equilibrium studies of the individual sorbate molecules were carried
out in a conventional BET volumetric apparatus. The experimental isotherms
were correlated to a two-dimensional analog of a three-dimensional virial

1

equation with good results.

T

Existing diFFusion models applicable to the binary sorption system were
investigated. A{so.ha novil kinetic model for difFusion in zeolites based on
the principle of random walk has been developed. Qualitatively, the model
produces many of the pertinent features observed in the experimental

studies. -
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— * CHAPTER |

MOLECULAR SIEVES ol

1.1 INTRODUCTION

o

Zeolites are crystal{fﬁe aluminosfrfcates with a framework structure
enclosing cavities occupied by large catféns and water molecules. Both have
considerable freedom of movement, thuse permitting cation exchange and
reversible déhydration.r

Natu?él occurring zeolite minerals are found in basaltic rocks of
volcanié‘*&rigin as well as in ocean and lake Sedimenfs. The earliest

e

e as a distinct new class of mineral was in 1756-"with the

mention of zeofli

discovery of stilbite. Since then, about 37 different natural species have

been found, the most recent one being meriinoite, discovered in3l1976. Table

1.1 Tlists the names of all natdral zeolite mindrals in a chronological

order.

In 1840, Damour [1&] observed that zeolite gninerals can undergo
S,

reversible dehydration without - causing any apparent structural change. The

sorption property of the dehydrated zeolites™ was further investigated by

e

Grandjean fn 1909 _[23]{ air, ammonia, hydrogen, carbon disulfide were
rapidly adsorbed. Additional sorption experiments involving chabazite were
conducted by Heigell and Steinhoff In 1925 [55]; water vapour, methanol ,

4& ethanol and formic acid wére sorbeq but acetone, ether.and benzene were -

excluded. Based on these observations, McBain deduced the pore opening of
chabazite tovbe about S.A.' This is a first description of the phenomenon of

selective sorption at a molecular scale by these zeolfte minerals and he
- O
introduced the name "molecular sieve”. The molecular sieving properties of

1

+

~



TABLE 1.1 Dates of discovery of Natural Zeolites [4]

o,

Zeolite Date Zeolite Date
Stilbite 1756 Mordenite 1864
Natrolite 1758 Clinoptilolite 1890
Chabazite 1772 Offretite 1890
Harmotome 1775 Erionite 1890
Analcime 1784 Kihoeite 1893
Laumontite 1785 Gonnardite 1896
Thomsonite. 1801 Dachiardite 1805
Scolecite 1801 Stellerite 1909
Heulandite 1801 Ferrierite 1918
Gmelinite 1807 Viseite 1942
Mesolite 1813 Yugawaralite 1952
Gismondine 1816 Wairakite 1955
Brewsterite 1822 Bikitaite 1957
Epistilbite 1823 Paulingite 1960
Phillipsite 1824 Garronite 1962
Levynite 1825 Mazzite 1972
Herschelite 1825 Barrerite 1574
Edingtonite 1825 Merlinoite 1976
Faujasite 1842



zeolites were rigorously inQestIgated by Barrer and co-workers in the 40s;
among his many contributions fis a first deFinltfye experiment 6n separafién
of hydrocarbon mixtures finvolving zeolite mineral chabazite, normal
para?Fins such as propane, n-butane, n-pentane and n-heptane were separated
from branched chain molecules of iscbutane and isooctane. The increased
size of branched paraffins prevented them from entering the ﬁores and thus
effecting the separation.[3]

.P;ior to 1950, zeolites were mostly used as dessicants. [n 1956, Reed
and Breck [11] of Unfon Carbide corporation successfully manufactured the
syntﬁetic zeollte A, other synthetic zeolites soon followed, some of them do
not appear to have céunterparts in nature., These new synthetic zeolites,
with precisely known crystal structure, uniform chemical compositions and
high.purity. exhibit high thermal stabllity as well as activity/selectivity:
for gertafn reactions, werg:soon employed as catalysts. One example that
fllustrates the exploitation of both selective -sorption and catalytic
proﬁértles is the preferential hydrogenation of nfolefins in mixtureﬁ
containing branched chain olefins. Synthetfc zeol iteh containing transition
metal 19n5 have also been found to be active Fbr oxidation of H,, CO, C

—~ 2 2

and NHy. [37] | .

Today, cne finds zeolites an -~integral componeng,:n many industrial

Hy

processes. Among them; as a caté!ysts fn many hydrocarbon conversion
processes includlné‘ the famous Mobil methanol to gasoline process using a
shape selective zeolite ZSM5. (53, 2,38] Other industrial applications
fnclude the drying of reFfidbrant, afr, industrial and natural égses. and

the separations of air components, hydrogen {sotopes, as well as the

. %)
separations of 2,6- and 2,7-dimethynaphthalenes with NaY,[25] and p—xﬁﬁene



in mixtures containing.xyleries and ethybenzenes on FauJasi@e.[32] Further
fmportant examples are the recoveries of radfoactive fons from radioactive

waste solution, of carbon dioxide and sulfur compounds from natural gas.

1.2 STRUCTURE OF TYPE A ZEQLITE

The structure of all zeolites cdnsist of a three dimensional framework
of SIO4 and A!O4 tetrahedra, usually in simple arrangement of a8 polyhedron.
Each polyhedron .itseIF is a three-dimensional array of silTca-alumina
tetrahedra in a definite geometric form. For type A zeolite,[12] the basic
sodaliee group has fhe tetrahedra arranged at corners of a truncated
octehedron and these octahedra are linked in a cublic array by Jjoining them
fn cubes on the square face, Fig. l.la. The pocket or cavity thus formed Is
called the O0{-cage with a free diameter of 11.4 A that is entered through six

clrcular apertures formed by a nearly circular ring of eight oxygen atoms

E-

_with a free diameter of 4.2 A. These“pockets and the connecting passageways

give rise to a system of unduloid-like channels with a maximum and minimum
diemeters of 11.4 and 4.2 A, respectively., The truncated octahedra
themselves enclose a second set of pockets, each having a free diameter of
6.6 A (P—cages). The smaller cevfties are connected to the larger o{~cages
through a distorted six-membered oxygen ring of 2.2 A free diameter. The
narrow- aperture size of the ﬂ—cages rendered it Inaccessible to most
molecules with the possible exception of He and Hz.
The unit cell of zeolite A contains 24 tetrahedra. Its ideai chemical
formula Is‘ -
Nalz[(AIOZ)12'(Sf02)12}'27H20

Since the oxidation number of Al 1{s +3 and that of the Si Is +4.<9ne



FIG 1.1 (a) FRAMEWORK OF ZEOLITE A

FIG 1.1 (b) CATIONIC SITES -
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monovalent cation per Al atom must be included in the unit cell to maintain
. electrical neutrality. Normally, zeolite A is synthesized in sodium form.
However, since the cations in zeolite are quite mobile and can easily be
ion-exchanged, other cationic forms are prepared in tHis way. The
ion-exchangg property provides another way in regulating the aperture size
through controls of thé size and number of cations involved.

In zeolite A, there are three kinds of cationic sites available to the
twelve“‘sodium cations, Fig. l.lb. The Firsf. is near’the center of the

six-membered oxygen ring (type | site). The second is near the center of

the eight-membered oxygen ring (type ] site). The third is in the central

cavity, near the center of the four-membered oxygen ring (type [1] site).
The distribution of sodium ions per unit cell is eight, three and cne in
type I, I, and 1Il sites, respectively, The cations of type Il in

particular reduce the free diameter of the window aperture so that only
molecules with critical diameter less than 4.0 A can pass through, thus, the
sodium form of zeolite Afis designated as 4A. If the sodium cations are
exchanged with calcium atiéns, since one calcium jon replaces two sodium
- ion;, the number of cptions present is reduced and if two-thirds of the

sodium cations are xchanged, the wunit cell then contains only eight

cations, all of which can be accomedated into the Eype I sites, thus,
removing the cationic obstruction at the window aperture, making the
effective size to about 5.0 A, This caléium form zeolite A is designated as

molecular sieve type 5A.

1.3 STRUCTURE OF MORDENITE

t "
The chemical formula for an ideal unit cell of mordenite is
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-— he20-494

;.

FIG 1.2 FRAMEWORK STRUCTURE OF MORDENITE in cross-section normal to the

wide channels, Al or Si atoms are at each corner and Oxygen near
the midpoint of each edge, the cations are not shown



2
Mordenfte with ratfo of Si:Al1=5:1 Is one of the most siliceous zeolite. Its

crystal structure [36] consists of flve membered rings. Each Si and A

Naat(Aloz’a‘(Si02’40}'24“ 0

tetrahedron 1is associated with at least one such ring. These rings are

~ .

interconnected to form a ch?fn and each chain in turn is cross-linked to
other identical chains té form the basic crystal structure of mordenite.

The high silicon cohtent oé mordenite together with the presence of the
five-membered rings resulted Iin a high thermal and acid stability as
compared £0 other zeofites. The pore structure consists of elliptical
non-interconnected -channels parallel to the c-axis, Fig 1.2. In fact,
mordenites are made up of two-channel systems; the ma jor chaqnels are
circuﬁscribed by twelve-membered oxygen rings with the dimensions of 7.0x6.7
A. There are side pocketg open off to the major channels with a free
diameter of 3.9 A, but these pock;ts are inaccessible yo pr;ctically all
molecules because they are connected to the distorted 8-membered oxygen
rings which with a free diameter of 2.8 A provide a severe steric
1imitation. Furthermore, in th; sodlum form of mordenite, fhe smal} pore
channel is #urther-plocked by the sodium cation located near the 8-membered
ring. Thus, they effectively isolate the main channe) system and close off
%he minor pores to even the smallest molecules, e.g. He, There aée four
'sodium cations located in this posftl%n per unit celtl. The positions of the
remaining four sodl&m “catlons are less certain but they are most probably
located in the main channel system.

The sodium mordenite can be t&eated with aqueous ammonium sofution and

the  subsequent removal of ammonia resulted in the formation of

hydrogen~mordenite. Although H-mordenite does not have sodium cat?%ns



blocking the minor channels, but the small pores remain i{naccessible to‘most
molecules perhaps with the exception of He and H, because of the narrow
opening of the distorted 8-membered rings. Therefore, even in H-mordenite,
fhe main pore system remains isolated aﬁd mordenfté; are regarded aS having
an  one-dimensional channel system as compared to the three-dimensional

zeol ite A.

After extensive study of the sorétlon behavior of both natural and
synthetic mordenjte, Barrer [ 5] estimated the effective free pore diameter
to be only 4.0 A. Meier {36], however, calculated a minimum free diameter oF?
6.6 A for the maln channel based on the crystal structure. He proposed the
existence of stacking faults which could effectively reduce the pore size to
Barrer’s dimension. Sand [46] has shown that stacking ?aults in mordenite
do not exist, he attributed the small pore characteristics to the presence
of amorphous material in the pores and In some cases, to the locations of
the exchanééable cations.

[t Is generally regarded that diffusion In mordenite Is one-dimensional
in the nor’u—int‘.erconnecting‘l main channel. Diffusion {n Na-mordenite is

probably inhibited to some degree by the presence.of large cations but in

H-mordenite, such cationic hindrance effect should be reduced significantly.

~

1.4 SORPTION PROPERTIES OF ZEOLITES

Industrial applications of zeolites in both sorption and catalysis rely
heaviiy on the nature of their crystallographic structure. Unlike other
microporous sorbents such as activated carbon, ‘zeolites do not have pore
size distribution. Its pore system is very well defined and the pore size

depends on the structure of a particular anfonic framework involved as‘well
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as the nature ,oF exchangeable cation. The average diameter of the common
zeolites varies from 3 to ;0 A. When dehydrated, the high internal surface

area and vold spaces left will sorb gas, vépour and liquid. However,

molecules that are significantly larger Fhan the pore diameter ére.
completely excluded and depending on the relative sizes of ‘pores and sorbate

molecules, _smaller molecules will either be sorbed rapidly or slowly.

Moreover, since the zeclite framework is capable of sllght deformation,

molecules that are margfnally larger than the pore diameter can be admitted

under moderate operating conditions, e.g. at an elevated pressure. Thus, the

zeolitic Ffamework structures provide the fundamental basis for their

sorption and molecular sieving properties, and are responsible for processes

such as '%he ‘separation of normal- #muj iso-paraffins as well as shape

selective catalytic cracking.

In addition to the steric considerations of pbfe gecmetry and molecular
sfzé,.other factors can inFluence'sorptive and diffusional properties; the
size and location of éations in the zeolites may place additional diffusion
limitations by partly blocking the conducting channels. In Zeolite A, the
free diameter of the anionic openings is about 5 A, the presence of sodium
catioq reduces it to 4 ‘A as mentfoned earlier. If the sodium ions are
exchanged with potaséium. tﬁe tncreased fonfc size further restricts the
openings to about 3 A. Moreover, the presence of catfon also enhances the
zeolitic electrostatic field and the adsorption of molecules capable of
strong interaction .with it is favored, e.g. for molecules with v{-bonds
and/or unbonded electrons, and those with permanent dipole moments such as'
carbon monoxide and ammonia, the strongest f(nteraction (s for molecules

wlth gquadrupole moments 1lke nitrogen and carbon dioxide. d



11

The interaction between the cation and the sorbate also are intimately
related to the polarizing power of the catjons {charge/size ratio) which
determines the strength of local electrostatic.Field. The polarizing ability
fncreases as the cation size decreases because of the higher concéntration
of positive charge. Hence, zeolite 4A with-thé cation radius of sodfum of
0.95 A has a stronger polarizing power than 3A with the radius of potassium
ion of 1.33 A. This property tends- to decrease molecular diffusivity
through enhanced electronic interaction with ' the catfons; potar molecules
and those with 7(-bonds or unbonded ‘elecfrons although having a higher
affinity have lower diffusivities thén molecules of comparable size not

having these electronic properties.

O
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CHAPTER 11 . -
THE THEORY AND METHODS OF MEASUREMENT OF MASS TRANSPORT

IN ZEOLITES, PREVIOUS WORK AND SCOPE OF PRESENT STUDY

b Y

2.1 INTRODUCTION

Mass transport mechanisms 1in porous solid medium are generally
categorized into thiree groups; bulk gas phase, Knudsen,.and surface or
activated diffusion. The criterion that distinguishes bulk phase and Knudsen
diffusion depends iargely on the mean free path of the diffusing molecules;
iF. the' mean free path s much. smaller than the pore size, molecular
collision predominates and bulk gas mechanism prevalls; for molecule A
'diFFusing into molecule B, the diffusion coeFchient\Is given as [21]

"3 . T1.75,
O (1M, + /M) . |
2 (2.1)

RO T+ (Igvp® )
. where T }s temperature in K, HA and HB are molecular weights, P is pressure
in atmosphere, and ?iy special leFusJon volumes for each element which can
be summed to give the diffusion ‘volume for the molecuie, I'A pi orzBQi.
Knudsen diffusion occurs when the mean free path becomes larger than the
conducting channet size and molecules thus collide with pore wall more

frequently than with each other. The Knudsen diffusivity is characterized by

‘0, =970/ T/H (2.2)
where f is the radius of pore fn cm. Eans 2.1 and 2.2 are the Fe;ults of
rigorous deve}opqent of the kinetic theory.

| Zeolitic dfPFusion 'Is untque in that the intraparticle diffusicn takes
place in an extremely well defined regular 'pore system that ha; the

dimensions of pore diameter on a molecular scale. From equilibrium fsothdrm
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studies, the state of molecules in a zeolite has been found to resemble
closely those of liquld state. However, the diffusion coefficients are often,

several orders of magnitude lower. Thus, Interpretations of Intraparticle

Zeolitic diffusion based on bulk phase or Knudgen diffusion theory are

-

fnvalid. Industrial uses of zeolites are often in a pelleted form, which
has, in addition to intraparticlg pore system, vofd spaces beEﬁeen thé

adjacent«méonsfituent crystals forming macropores; diffusfon f{n these

— -

interparticle voids has been’fntérpreted as Knudsen diffusion and fin certain
cases as bulk phase dyffusion depending on the method of sample preparation.

The low intraparticle diffusivity in zeolites coupled with its high
activation energy are more in liqe with the surface diffusion mechanisms
which also exhiblts Jow diffusivity and an activation energy in the range of
half to two-thirds of heat of sorption. In addition, the nature and size of
the diffusing molecules can have 3 strong Ithuence on the diFFusivity;‘oF
two similgr. sized molecules, the one that Interacts Iesé strongly witq
cations and/or locaniiflfftrqstatic field has the higher mobility. Oﬁ a
purely steric consideration. incfeésing molecular size in;reases the
interacflon with the anionic framework. Thié lowers the diffusivity as well
a5 increases the $activation energy. As ‘the mo]ecﬁlar size approaches pore
dimensions, such effect can become increasingly pronounced and the
acflvatfon energy may exceeds heat of sorption. ‘

In  general,. zeolitic  diffusion «rate’ increases wftﬁ increasln;
temperapure réFIecéfqg the 'nafure of an activated -mechanism. The rate,
limiting step often occurs - at the narrow connecting passageyay between two .
adjacent cavities where a suFFicIEnt energy fis _réqqired before é_molecule

can diffdse through. The diffusivity follows a typical Arrhenlus temperatire

(9%
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Q = D0 EXP(-E/RT%a (2.3)

The increased diffusion rate at higher temperatures is the result of more

and more molecules (following Bolzmann distribution) gaining sufficient

kinetic energy for overcomihg the activation barrier.

("‘“

2.2 METHODS *OF STUDYING THE MOBILITY OF SORBED HMOLECULES

Information regarding mass transport in zeolites can be obtained by

\

\
several technigues. We can classify them into two groups;

(i} Diffusion coefficients inferred by examinind properties related to

sorbate to sorbate content or mobility. These fnclude

(a)

(b)

(c)

sorbate 'mobility inferred from jump time by nuclear magnetic

resonance method (NMR},

L4

change with time, as the‘iﬁﬁbtent of sorbate changes, In the

intensity of specific absorption characteristics oF_sorbate-solid
’ h\!

A

interaction, and

moment analysis of the spread of chromatographic résponse peak.
. S

‘(ii) Direct measurement of mass transport inte and out oF'porous solid and

the analysis of transient uptake curves. These include

(d)

{e)

(f)

the change with time. of volume of gas or vapour around sorbent,

keeping pressure constant,

the change with time of pressure of gas or vapour around sorbent,

keeping volume constant,

®
the change with time in the weight of sorbent bathed in a constant

pressure of sorbate vapour.

In addition, f{ntracrystalline diffusion coefficients can be evaluated

'

\\

~

ps
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through sorption studies &3430w system; sorbate can elither be introduced
via pulse injection into a carrier gas or with a step change in
" concentration.

The NMR technique invoilves the determination of correlation time for
molecular motion and the diFFzg’vity is then calculated using an assumed‘
jump distance. Thompson and Resing [54 ] measured thé relaxation time of SF

6
on 13X =zeolites and iﬁterpreted it in terms of molecular diffusivities.

Hoﬁever; such values depend on the assumption that an average distance a
molecules ﬁravgls in one diffusion step is one ipolecular diameter, 6A. Kargé
and Kilose [27] studied the desorption - of hyrﬁdine by following its
characteristic {nfrared absorptiqn bands. fhe di?fusfvlty was evaluated
through monitoring the changes in the intensity of the‘absorption bands with
the content of pyridines. ‘

In the chromatogiaphic method, moment analysis [n the spread of
chromatographic response peaks g[ves inFormation on micropore iig;zsivlty.

However, results sometimes o} Ffrer from other technlquégﬁvbecause‘ of

complications from effects such as external mass transfer resistance and
(4

axial dispersion. [51,43,31]

Methods (d), (e) and (f) fnvolve equipment and procedurea typical of
the conventional volumetric and gravimetric equilibrium sorption studies.
Limitations are set by the rates at which pressure, volume and weight
changes can be accurately recorded. Diffusivities - are invarfably calculated
by matching sorétion réte curves to simple Fick’s law models. Extensive
kinetics studies havg been obtained through equipment of these types.
LIETEB] One d;awback of these methods fs that owing te‘the closed system

nature, heat transfer can become a serious problem causing kinetic data
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to be collected under non-isothermal condition, Large temperature rise in
sample beds and sﬁbstantial thermal effect on rate ocurves have been
reported. [29,18] Under these conditions, the experimentalist would have to
resort to the much complex non-isothermal kinetic models. [44)]

The flow method s essentially a constant pressure techniéue. At zero
time, activated zeolite crystals a:ﬁFEXPOSEd to a constant stream of gas
mixture; sorbate plus‘ carrfer gas at a pre-set concentration. The rate data
.are collected by monitoring the changes in the effluent concentrafion w{th
time at a Fixed‘.position usually wusing a thermal conductivity cell, An
apparent advantage of this technique 1is that owling to the high thermal
conductive carrier ga; {helium}, hea: 'transFer is less of a problem and
sorption occurs at a mo;e isothermal condition than the static han
and Anderson [14] successfully predicted the enticg sorption spectra in/a
study of temperature-programmed desorption of encapsulated N,, Ar and CO

2 2
JA zeolites. Another salient Featurp is fts adaptability to multicomponent

in
sorption studies; simply by replacing the thermal conductivity celh‘wfth a
gas chromatography, one can monitor multisorption rates by analyzing the

effluent gas composition change with time.

) . )
2.3 PAST WORK ) , | :

/Q
In the industrfal applications of zeolifes such as selective sorption,
diffusion of molecular species into and out of the fine microporous

struéture is often the rate determining step. In processes of catalytic

nature, simultaneous.migration of reactant and product in opposite directions

within the zeolite must take place. This type of diffusion is defined as '

: : _ &
counter-diffusion’ in contrast to the co-diffusfon case where two or mere

v
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distinct species_ are travelling In the same dlregtfon. Accordingly, the'
design of industrial units requires information on diffusion and/or ¢ounter
diFFqsion rates. Although single -component diffusion has been extensively
investigated, little information is available on the more Importantléase of
the counter diffusion In Zeolites, This _is partly due to the éomplex-nature
of the zeolitic diffusion itself and partly due to the difficulties in
adopting conventional single component sorption apparatus, for example,
volumetric and grévimetric equipments in studies of multicomponent system.

Satterfield and Katzer [50] Studied the liqutd-phase counter diffusion
of’cumene in NaY zeoljte.jnto benzene and |-methyl~-naphathlene into cumene.
They found the desorptive diffusivities decreased by three orders of
magnitude over the reported v;lues for the pure component sorption rates in
NaY. [n addition, the binary diffusivities depended heavily on cation size
and the rate varied in the order:

.NaY < CaY < SK~500 < CeY ¢ HY

Satterfield and Cheng [47] "fnvestigated a series of pairs‘ of liquid
hydrocarbons in counter diffusfion and found their rates toc be strongly.
affected by the critical moleéular diameter and were generally one to three
orders of magnitude .lower than that for unidirectional diffusion into the
Iﬁitially,‘evacuated zeoliée. In vyet anoIher study, Satterfield and Katzer
(48] found the desorptive counfer diffusion rate of cumene In H-mordenite
into benzene decreased by two orders of magnitude. They attributed the cause
to the slow formation in thg H-mordenite pores during the saturation step of
radical ions and di?ébﬁrOpylbenzene molecules causing blockages of the

pores. Riekert [41] tn a study with synthetic mordenite and type T zeoliites,

found the exchange rates of carbon diox!de against ethane and vice-versu to
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be an order of magnitude lower than the pure component rates in both cases.
" In another study of counter diffusion of carbon dioxide and sulfur dioxide

fn Na-mordenite, Ma and Roux [35] discovered the single component rates to be
two orders of magnitude higher. '

In a related study of co-diffusion of butane and Isobutane as well as
butene and Iisobutene on CaX zeolite, ‘Ma and Lee [34] found the binary
diffusion rates of bbth components to be an order of magnitude lower than
the pure component case. Habgood [24] also investigated the co-diffusion of
methane and nitrogen on 4A. He found the diffusion rate of nitrogen in the
bfnary mixture was slightly higher than the single component rate whereas
the methane diFFusfvth essentially remalned unchanged. He developed a model
which uses chemical potential gradient as the fundamental driving force of
diffusfon and with it successFﬁlly correlated the experimental data
Including the maxima in ths nitrogen uptake curve. T42)

Moore and Katzer [39] studied the counter diffusion of liquid
hydrocdrbons in type Y zeolites. They found that both the molecular type and
size had a strong effect upon the counter . diffusion rates. The correlation
in the binary case paralleled the single component case, but the binar}
diffusivities were in geﬁeral an order of magnitude lower. In the same
paﬁer. they also reported that the adsorptive counter diffusion rates were
hlgagr thah the desorptive counter diffusion rates. In a8 study of
temperature-programmed desorption of argon in 3A zeolite, Chan [14]) found by
injecting pulses of HZO into the carrier gas, the desorption rate of argon

doubled.

n
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2.4 SCOPE OF THE PRESENT THESIS

In the present study, the counter diffusion of & series of Tow
molecular weights, permanent gas sorbate pairs on synthetic zeolites of
various pore-geometries and -dimensfons, were fnvestigated. Results of the
binary diFfus}on studies were compared to the single component kinetics of
the same species to determine the effect 6F the adsorbate-desorbate
interaction, as well as the relationship between the zeolit!ic pore dimension
and, molecular size and their respective contribut ans to the binary
diffusion rates. Equilibrium studies of the Individual sorbate gas were also

performed and the experimenta!l . isotherms were correlated to a
| two~dimensjional analog of a three-dimensional virial equation with good
results. Existing difquion models applicable to the binary sorption systems
were fnvestigated. Also, a novel kinetic model for diffusion in zeolites
based on the principle of random walk has been developed.

In Chapter [, some generatl Information about the historical background,
structural! and sorption properties of zeolites .ls given. Chapter [}
describes the theory of diffusion and the methods of measurement of mass
tFansport. Previous work in counter diffusfon studies is also summar ized.
The experimentai systems, as well as factors that may influence sorption
rates such as the zeolite particle size distribution, are given in Chapter
1. Results of the equilibrium and klnetic studies are presented and

discussed in Chapter [V. Chapter Vv describes the results of the various

diffusion models simulation studies. Finally, the conclustons are given in

Chapter VI.

y
e
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CHAPTER 111

EXPERIMENTAL

3.1 SAMPLE PREPARATION

All of the samples used In the sorption experiments were synthetic
zeolite powders. Zeolite 4A was provided by Linde Division of Union Carbide
corporation, Lot No. (450339). Na-mordenite and H-mordenite were obtained
from Norton company, Lot No. (BG-11) and (BG-10), respectively. Information
regarding the chemical composition, crystallographic data and structural
properties of the respective zeolites are given in Tables 3.1 and 3.1. In
the ggmple preparation, approximately 1 g of the =zeolite powder was
sprinkled onto a thin layer of glasswool. The glasswool was then rolled
into a cylindrical form and subsequently inserted into a sorption sample
tube. 'Using the glasswool as a solid dilugnt has the advantages of;
facilitating mass and heat transfer, maximizing void space thus avoiding the
formation of macropores that are ofteh encountered with the powder
aggregates, and minimizing pressure drop In the samplie bed. After loading,
the sample tube was connected to a vaéuum system equipped with a mercury
diFFusion pump backed by a conventional rotary oil pump for degassing.
Sample evacuation was done at 450 °C for 24 hours under a vacuum of 10“5
Torr indicated by a McLeod gauge. The heating temperature was slowly
tncreased from the room temperature by driving the potentiometer knob of a
proportional controller at a constaﬁt rate.

A single.batCh of powder was used repeatedly in a given set of sorption
experiments involving single and/or binary sorbate gases, e.g., COZ—CZH4 and

zeolite 4A. The used samples were reactivated under the same vacuum but at a

lower temperature of 350°C for 15 hours. The sorptlon capacity of the uSed



TABLE 3.1 PHYSICAL PROPERTIES OF ZEOLITE A [12]

Chemical Composition
Typical Oxide Formula:  N2,0:Al;0,-2 $i0;-4.5 H,0
Typial Unit Cell Contents:  Nays [(Al04),2(Si01)11) -27 H20, pseudo cell

and'8X for true cell
Variations: . Si/Al = ~0.7 10 1.2; occlusion of NaAlO, in &mgcs/
Crystallographic Data _ -' o !
Symmetry: Cubic Density: 199 gfee”
Space Group: Pm3m Unit Cell Volume: 1870 A?
(Fm3c for true cell) pseudo cell

Unit Cell Constants a = 12.32 A, pseudo cell
t = 24.64 A for true call

Structural Propertics
Framework: Cubic array of pcages linked by D4R units
SBU: D4R Void volume: 0.47 ccfce
Cage type: a, § Framework density: 1.27 g/cc -
(one each) \
Channel System:- Three-dimensional, | to [100];4.2 A and
: Nto [111]; 2.2 A minimum
diameter
Hydrated— :
Free Apertures: 22 A into S-cage and 4.2 A into a-cage
Cation Locations: 8 S; on G-rings, 4 cations with H,0 in the 8.rings
Dehydrated—
Free Apertures: 42A
Cation Locations: 8 Sy in 6-rings, 3 Sy in 8-rings, 1 Spy at the 4-ring '3

Effect of Dehydration: None on framework, 4 cations move to Sy -
Loation of H;O Molecules: Dodecahedral arrangement in a-cage

4 molecules in f- cage.
Largest Molecule Adsorbed: C;Hy at RT, O, at-183°C
Kinetic Diameter, 0, A: 39and 3.6

%)
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TABLE 3.2

Chemical Composition
Typical Oxide Formula:
Typical Unit Cell Contents:

Variations:

Crystallographic Data

Symmetry:

Space Group:

PHYSICAL PROPERTIES OF ZEOLITE MORDENITE

Unit Cell Constants:

Structural Properties

Framework:

{

SBU:

Channel System::

Hydrated—
) Free Apertures:

. Cation Locations:

Dehydrated—
Free Apertures:
Cation Locations:

Effect of Dehydration:
Location of Hy0 Molecules:
Largest Molocule Adsorbed:

Kinetic

¢

ter, 0, A:

NZ;O'M:O; 10 SiO; 6 Hgo
Na, [(AlO;)(Si0;)4]-24 H,0
SifAl =4.17-50; N3, Ca> K

Orthothombic  Density: 213 glec
Cmem Unit Cell Volume: 2794 A¥
a=18.13
b= 20.49
c= 7.52

Complex chains of S-rings crosslinked by 4-rings

Chains consist of 5-rings of S0, tetrahedra and

ﬁn&lc MO‘ tetrahedra

Unit 5-1 Void volume: 0.28 ecfee
Framework density; 1.70 g/cc

Main system J 1o ¢; channels with 2.8 A

restrictions f to b

12-rings 1 to caxds, 6.7x 70 A
8rings, 29 x57A,Ltob

Four Na™ in the restrictions with minimum di-
mension of 2.8 A in channels L to b

Probably no change
Unknown

Very stable
Unknown

CHe
62

[12]
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Table 3.3 Physical constants of sorbate gases
Gas v C2H4 & CO2 He
B.P. (°C) -103.7 -88.6 -78.5 -268.8
Crit.Temp 9.7 32.1 31.1 -267.8
°cy - '
Quadrugole 0.48 0.27 0.64 -
(A7) . .
Polarigability 3.5 3.9 1.9 -
(A7)
Ion. Pot. 12.2 12.8 14.4 24.59
(volts)
Length 2.5 2.6 2.6 0.93
(A)
Width 2.2 2.5 1.8 0.93

(A)
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samples was perfodicall& checked. Adsorbate gases used were carbon dioxide,
etﬁ;ne and 'ethylene. The mixtures contaiﬁed 5% of one of these gas and the
balance was helfum. Some of, the physical constants of the sorbate gases
pertinent to this study are listed f{n Tabie 3.3. Sorption data were

'calculated based on per gram of the dry weight.

3.2 FLOW SYSTEM

The kinetic sorption experiments were carried out in a flow system.
Fig. 3.1 shows the schematic of the apparatus. Before each sorption runm, the
sttem was throughly flushed with heljum via the sorption-tube bypass untJl.
a steady base line on the recorder chart was established. The depth of the
powder sample was about | cm, and hence, readsorption wa; considered to be
negligible. Flow rates of the gas mixtures were adjusted to vary between 40
to 80 cc/min; too high a flow rate resulted in unsteady responses whereas
lower flow rates gave small responses. No significant flow rate changeé Qere
observed in blank runs through the sample-tube bypass and sampie bed with
helium thus indicating negligible ﬁressure drop. A thermostat was used to
regulate the sorption bath temperature beéween 10-80 oC. A chromel-alumel
thermocoupie as well as a mercufy thermometer monitors the bath temperature
which was maintained to within 0.1°C for periods up to several days.

At the onset of a particular counter diffusion sorption experiment, gas
mixture A, at 40 psig, from the regulator, passes throggh a flow controtler
( Matheson, model 8249), cold trep, reference side of the thermal
conductivity cell (TCC), sorption tube, a second cold trap, detector side of
the TCC, automatlc sampling galve and finally to a soap film flowmeter. The

flow controlter can maintaln a pre-set flow rate to within 0.1% regardiess
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of u&stream or downstream disturbances. Moreover, with-é proper .set up, it
may be employed as a mixer to obtaln sorbate concentration ranging from
0-100%. The TCC (Gow-Mac ﬁ%del 10-952) with tungsten filaments monitors the
effluedt gas concentration continuously. Signal responses were registered on
a recorder ( Linear lnstruﬁenth model 291/MM ). Two dry-ice acetone cold
traps (—TBOC) remove water and oéker condensableé.

With the completioﬁ of mixture A adsorption, signaled by the returning
of the recorder pen to éﬁe Sgse l1ine, the,systém was purged. Gas mixture B
was then fintroduced into the system and it followed fﬁe same flow path as
gas A as mentioned previously. However, the fnsténtaneous composition of the
effluent gas was now analyzed by a gas. chromatograpﬁy (Varian, model 920)
through pulse injections wusing an automatic sampling valve. An integrator (
Hewlett Packard ‘3390A ) records the time history of the chrométographic
responses, which was calibrated with injections of known concentration
beforé and after each sun. ldentical experimental procedures were followed
in desorption of a single sorbate, except gas-B was pure hel jum,

The gas chromatographic _responses of ‘a typical counter diffusion

Y
'experimenf is shown in Fig. 3.2. In this experiment, we initially saturated

the zeolite 4A with co2 and then passed 5% ethylene in helfum over the
saturated zeolite. CO2 has a shorter chromatograﬁhic retention time and is

therefore the first of two peaks. The entire'run took about 150 mins. At the
¢

‘eakly stage, CO2 desorbed rapidly and fts concentration decreased

monotonically with increasing time. The‘uptake of ethylene was very fast, {n
fact, during the first 10 minutes, the adsorption rate of ethylene was so
rapid that there has been a complete removal of ethylene from the gas phase.

In the second stage, CO2 continued to desorb but the adsorption of ethyl&ne
[]
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can be seen to be approaching equilibrium. In the last stage, the adsorption
of ‘ethylene has already réached equilibrium Indicated by the constancy of
successive peak counts. Finally, the desérptlon of CO, also reached the

2
completion shown by the disappeéfénce of the CO2 peaks.

3.3 'VOLUMETRIC APPARATUS  °
. The equilibrium data of thé various sorbate gases on zeolites were
‘gathered from a conventional BET volumetric sorption apparatus. The
schematjq of this constant volume, varfable pressure system is shpwn in Fig.
3.3. The systgm consists of two parallel series of ca?ibrated bulbs (Bl,
B2), each contains five bulbs with cal ibrated volumes of
4.566, 9.065, 14:188, 21.762, 32.427
and |
4.655, 16.259, 22.679, 50.305, 123.492

in cm3 for Bl and B2, respectively. Capillary tubing connecfs the bulbs to
the sorption sample tube, vacuum and gas sforage systems. A mercury
manometer détermlnes the system pressure. The temperature of the gas bulbs
was maintatned at 32°C by circulating thermostatted water through the
Jacket. The sorption sample tubé was immersed in a Dewar flask equipped with
8 mercury thermometer and the temperaturﬁ’iés maintained by clrculatfng
thermostatted water through a copper coil. *

The void space (Vv). the volume In the capillgry tubing to the right.of
St in Fig. 3.3 was determined to be)-ll.SGS cm3- at the room temperature.
(Appendix A-1.1) The space to the Jeft of SI- and {ncluding the void volume
In the sgmple tube Is known as the dead space. The Dead Space Factor (DSF)

relates the gas In the the dead space in CC(STR) to pressure;aﬁaﬁwas
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several temperatures between -78" and 80 C.

determfned with helium at
(Appendix A-1.2)

Before each equllibrium exﬁeriment, the entire sorption system was
evacgated via 52 to a'pressure of 10_5 Torr indicated by the Mcleod gauge.
dﬁth S1 closed, sorbate gas was then introduced from the storage bulb. ( Not

shown in the schematlc) The amoﬁgg introducgd (Vi) could be calculated by
| knoewing Vv, room tqmperature. total wvolume in th; bulbs and ;ressure.
Adsorption was initiated by openinghtheﬁﬁl v;lve. Since the total amount of
the gas remains constant, the pressure of the system rapidly decreases as
adsorption proceeds. Equlliﬁf[um was considered to be reached when the
system pressure rémglns‘-constant for two or more hours, and this final
pressure setting is reéarded as the equilibrium pressure. The amount ’
adsorbed Q may be calculated by
r Q=[Vi-(VW+Vb+Vds )] /W Jro 3.
fn CC(STP)/g, where W 1is the dry weight_of zeoliite. After the complutién of
the first equilibrium point, the system préésure can be adjusted to a new
setzing by either increasing or decreasing the bulb volume through raising
or lowering the mercuty level in the bulbsL Similar experimental procedure
and method of calculation_apply to the subsequedt,equilib?ﬁum points, With a
proper combination of bulb gflume' ahd pressure settings, the entire

equilibrium isotherm can be generated.

3.4 PARTICLE SIZE MEASUREMENT

-

" The successful analysis of the\sorptlon rate data depends on a correct
cholce oF'partlcle geometfy for the rate equation. Barrer [4] demdnstrated

this by comparing Fick’s law solution for cubes and spheres having a sgﬁe

13
-
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volume to surface ratio; the diffusion rate of the spheres was shown to
exceed that of the cubes because of the absence of corrners and edges. The
particle shape effect, however, is relatively Insignificant when Eompared to
the effect of "diffusion length". This |is because . particles of different
sizes adsorb at different rates depending on their diffdsion length. Thus,
the measurement of particle size distribution is fmportant. Eagan [17]
demonstrated this by comparing the diffusion Féte curves of cubes having a
measured log-normal size distribution to that of a s!nglg cube having its
edge length equal to the weight average length of the measured distributioﬁl
A difference of as large as 201 in cajculated diffusivities was reported.

In this study, the shape and pértfcle sfze distribution of the zeolités
were determined with a Philip EM 300 transmission electron microscope. In
the sample preparation, approximately .1 g oﬁ the zeolite 4A powder Qas
'dispersed fn 100 mls of aqueous solution of methanol. The suspension was
rigorously stirred first with a magnet}c stirrer for 30 minutes and then
agitated with a sonic disperser (Fisher Sonic Dismembrator, model 300) for
another 15 minutes. A few drops of a solution containing polystyrene ]Jatex
spheres were added to tH; suspension as a reference standard (dlameter 2.02
microns) for later electron microscope inspection. Using a syringq, a tiny
drop of this finely dlspefﬁed suspension was placed on top of a copper grid
{mesh 200, dla. 3 mm) which was pre-coated with collodion film for support.
When dried, the grid was further coated with evaporated carbon to improve

electrical conductivity. For zeolite mordenite, instead of methanol, a

better dispersion of particles was achieved'by using a 20% aqueous ammonia

solutlion. . g//’”(FQhT—'
Typical micrographs taken from the transmission electr b microscope <are



Fig 3.4 Micrograph of Na-mordenjte

Fig 3.5 Micrograph of H—mordenite
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Fig 3.6 Micrograph of 4A
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shown in Figs. 3.4, 3.5 and 3.6 for zeolites Na—mordéﬁlte, H-mordenite and
4A, respectively. More than 500 particles were counted for each Zeolite, and
the particle sizes were measured directly from the enlarged photographs. The
4A crystals are shown to have the expected cubic shape, but the morphology
pF the mordenite crystals is less well defined. The crystal structure of
mordenite is orthorhombic; however, few particles exhibited the expected
rectangular shape. As a result, two measurements were made for each
particle; a shortest and a longest edge length, and the mean of these two
edge lengths was used in éhe later particle size distribution caiculation.

Paqticle sfze distributions for zeolite 4A are presented in Table 3.4.
The cumulative weight fractions were plotted against the edge lengths on
both ‘normal and log-normal plots, Flgs. 3.7 and 3.8, respectively. The
log-normal distribution is shown to have a better fijt with a weight mean
average of 3.727 'Picrons and a standard deyiation of 1.86. These values
indicate that the 4A particles studied in this work' were smaller and had 3
broader distribution 'compared to. those used .by Eagan with a weiéht mean
average of 4 microns and a standard deviation of 1.33. [17]

The particle size distribution data for mordenites are presented in
Tables 3.5 and 3.6. Log-normal distribution curves are shown in Fig. 3.9. In
general, H-mordenite’s data gfve a better fit, and ifs particle size on an
average is slightly larger than the Na-mordenite (2.98 versus 2.45 microns).
Also, H-mordenite has a narrower di;tribution. The results of the particle

slze distribution studlies are summarized fn Table 3.7.



Tabtle 3.4 Particle size distribution data for zeolite 4A

Edge Length Wt. Fraction Cumulative Fraction
(L0
0.5 0.0000 ) 0.0000
1.0 0.0380 0.0380
1.5 0.1063 * 0.1443
2.0 0.0911 D.2355
2.5 0.108S 0.3443
3.0 0.1139 0.4583
.5 B 0.0684 0.5266
4.0 0.0532 0.5798
4.5 0.0405 0.6203
5.0 0.0633 ' ~ 0.6836
5.5 0.0557 0.7393
6.0 0.0658 0.805!
6.5 0.0506 0.8557
7.0 0.0405 0.8962
7.5 0.0253 0.9215
gﬂg 0.0101 0.9317
" ¢.0101 0.9418
9.0 0.0051 0.9469
5.5 0.0127 .0.9595
10.0 ' - 0.0000 0.9595
10.5 0.0101 0.9696
11.0 0.0051 0.9747
11.5 0.0101 0.9848
12.0 0.0051 0.9899
12.5 0.0000 0.9899
13.0 0.0025 0.9924
13.5 0.0025 0.9950
14.0 0.0000 0.9950
14.5 0.0000 0.9950
}5.0 0.0051 0.9999
5.5 0.0000 0.9999
16.0 0.0025 1.0000
Sy
3



FIG 3.7 4A SIZE DISTRIBUTION, NORMAL DISTRIBUTION
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Table 3.5 Particle size dist

;ibution data for Na-modenite

Edge Length Wt. Fr

0.0000
0.0474
0.0645
0.1369
0.0921
0.1092
0.0869
0.1237
0.0895
0.0546
0.0573
0.0362
0.0362
0.0270
0.0158
0.0112
0.0040
0.0059
0.0007
0.0000
0.0000
0.0000
0.0002

.

NOCLOOTNDODEROPMANDLORMTNDAOGOND LA

.

(3

OO0 ONNOOOMUMADLAWWNRNNS—-OO

action Cumulative

Fraction
0.0000
0.0474
0.1119
0.2488
0.3409
0.4504
0.5370
0.6607
0.7502
0.8048
0.8621
" D.8983
. 0.9345
0.9615
0.9773
0.95885
0.9925
0.9984
0.9991
0.9998
0.9998
0.9998
1.0000

Tl me e —————— £ o . e o ——— —— T — —



Tabie 3.6 Particle size distribution data for H-mordenite

Edge Length Wt. Fraction Cumulative
(A0 Fraction
0.5 0.0000 0.0000
1.0 0.0034 0.0034
1.5 0.0542 0.0576
2.0 0.1061 0.1637
2.5 D.1727 0.3365
3.0 0.1219 0.4583
- 3.5 0.1580 0.6161
4.0 0.1264 : 0.7427
4.5 0.1072 0.8B49S
5.0 0.0632 0.9131
5.5 0.0226 0.9357
6.0 0D.0260 0.9617
6.5 0.0147 « D.9764
7.0 0.0079 0.9843
7.5 0.006&8 0.9911,
8.0 0.0012 0.9923
8.5 0.0012 0.9935
9.0 0.0012 0.9945
9.5 0D.0012 0.9957
10.0 0.0012 £0.9969
10.5 0.0023 0.9992
11.0 0.0007 0.999%
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/
Table 3.7 Summary of particle size distribution results
ZEOLITE NO. OF PARTICLE WEIGHTED MEAN STANDARD
COUNTED (edge length, ) DEV.
4A 515 . 3.27 1.86
Na—-Mord. 760 2.45 1.76
H-Mord. 443 2.98 1.49
: ~>
« -
\w
LY
o ; »
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CHAPTER [V

EQUILIBRIUM AND KINETIC RESULTS

4.1 EQUILIBRIUN

Equilibrium isotherms of ethane, ethylene and carbon dioxide on
zeolites 4A, Nafmordenlte:and H-mordenite are shown in Figures 4.1 through
4.7. Experimental data were testeé agalnst a 2—dimenslonal: virial dquation
of Increasing lnverse integer-powers of ( A-8), where A is tqa area per
molecule and @ is a constant related to the cross-sectional area of the
molecules in a closely packed condition. The final equation as developed in
Appendix (A-2) is of the form

. 4 .
“In (P/x)-X=1n K +(F/¢)X(2+x)+("/q-2)’)ﬁ.2(l.5+3k) 4.1
‘where P is the equilibrium eressure. In K, B/s and x/q--z""ére the first,
second and third vifial coefficients, respeétlvely. X is equal to 8/1-8,
ane 8 Is chosen to be Q/Qs where Q is tﬁe eeullibrlum amount adsorbed. Qs -
is the volume of sorbate with a liquid density at }tsl normal bolllng point
equal to the volume of the accessible pores In the ze lites; 0.281 cc/g and
0.165 ce/g for the re5pectlve zeclites 4A and mordenites. For COZ' Qs was
~calculated by taking its solid density at sublimation point of -78°C.
- In the present work, the equlllbrlum sorption data were ?itGEd-by
non-11inear- least squares to the 3- cq\/tant virial equation first and, if the
third virial coeFFlclent (370') of a given -sorbate at most of the
teﬁperatuees studied was found not to be slganlcantly-diFFerent from zero
. N .
according to a standard statistical t-test, then, the data were re-fitted to
"a 2-constant equation by setting 3703 to zefo. Overall, the inclusion of the

third term Improves the goodness of fit only ‘marginally. However, in cases

s
where the wvalues of iycg were found to be agpreciably different from zctro,
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for example, the adsorptffn isotherms of (O, on 4A and ethane on

2
Na-mordenfte, the presence of‘3$third constant had the effect of causing the
values of other parameters to vary erratically with temperatures. As a
result, all of the isotherms obtained in this study wére correlated with the
2-constant virial equation.

In Figures 4.1 to 4.7, calculated jsotherms are shown as the solid
curves. Values of the virial coefficients estimated by least squares are
presented in Table 4.1 As shoyn. the virifal equation correlated the
experfmental‘isotherms reascnably well. Anderson, et al. [ 1 ] reported that
fsotherms with a point of inFlectionh could be adequatﬁry:~described with a
3—constantlvirial equation. The present form of the viria{ eqdation used in

this study -Is superior to the standard virtal equation in terms of A_l

proposed by Kiselev [28] and Barrer[7]; evidently, the equations they

. v
developed do not have the necessary form of fitting the commonly obtained

isotherms unless four or five coefficients were used. Moreover, the present

' »
virfal equation describes well the nearly rectangular isotherms of C0. and

2
C2H4. The Léngmuir equation usuglly predicts adsorption values lower’thaﬁ
the experimental at large pressure, whereas Freundlitch equatjons are also
normally inappropriate for these rectangular isotherms.

The value of the saturation adsorption, Qs, was chosen in an arbitrary
but 'reasonable way. In the mordenite case, no attempt was made to
distinguish pore wvolume differences  between theh two catlonlic forms.
Furthermore, we have taken Qs to be independént of temperature. HoweQer,-
Eagén [17), in a study of permanent gases adscorption gn 4A zeolite; made a
systematic seafch for the best value of Qs and found the virial equation to

]
be Insensitive to the actual . value of Qs used; the values of Qs obtafhed

r .
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Table 4.1 Least Squares Parameter Values in Virial Equation

Least squares parameter values
by 95% (+ or -) confidence limits.

of dehydrated zeolites.

are given first. followed
Qs values are in cc(STP) /g

] »
Zeolite Tegp. o Least Square Parameter Values
@s) (°cy ! Ln K Pre
. .
NaA CO2 0.0 H 2.363 , 0.757 1.248 , 0.338
20.0 ! 3.81%9 , 0.595 0.810 , 0.276
(246.26) 40.0 ) 3.022 , 0.223 1.466 , 0.115
i R
. ]
.Na-mord 20.0 H 2.469 , .0.366 0.993 , 0.136
(144.62) 40.0 H 2.745 , 0.285 1.263 , 0.127
60.0 i 2.803 y 0.148 1.789 , 0.087
]
]
H-mord 20.0 ! 4.998 , 0.171 0.289 , 0.070
40.0 j 5.897 , 0.282 0.633 , 0.065
60.0 H 6.175 , 0.348 0.719 , 0.038
¥
1 -
NaA : C2H4 0.0 | -4.933 , 1.890 5.267 , 0.937
) 20.0 i -2.943 , 1.526 5.845 , 0.966
(212.73) 40.0 i ~1.569 , D.695 5.852 , 0.55k2
1 .
] .
NaA CZHG 0.0 ! 2.646 , 0.374 1.005 , 0.154
20.0 H 4.505 , 0.161 0.751 , 0.100
(164.95) 40.0 H 5.478 , 0.093 0.707 , 0.067
|
]
Na-mord. 20.0 H 4.545 , 0.279 2.076 , 0.300
(96.85) 40.0 ! 4.847 , 0.467 2.746 , 0.673
60.0 H 5.089 .kf.IZZ 3.387 , 0.198
]
. 1
H-mord. 20.0 ! 5.548 , 0.126 0.372 , 0.087
40.0 ! 6.190 , 0.079 0.527 , 0.081
ed.0C H 6.621 , 0.028 ¢.914 , 0.042
/ H

50
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from a non-linear least sguare parameter search method varied by as targe as
ten times of the original value in some instances and as little as half in
other cases without significantly [mproving the goodness of fit.

The first virial coeFF}cient. In K, is related to the reciprocal of the
Henry’s Law constant and, as such, it s a measure of sprbate—zeolite
interaction; small values éF K Indicateﬂbtrong interaction. The adequacy of
Eqn.‘ 4.1 in describing a given isothérm can further be tested from the
linearity of the curves in plotting 1n K against the reciprocal absolute
temperatu;e. Filg. .4.8 shows these plots are ressentially smooth curves
exhibiting little curvature. In terms of the sorbafe—zeolite interaction,
the magnitude of 1In K shows that both C2H4 and CO2 have a stronger
interaction with the zeolite electrostatic fietd than ethane. This may be.
the reflection of the AIT-electrons and quadrupole moment properties
associated with the two respective molecular species. For a given sorbate,
however, the sorbate-zeolite intéractibns are approximately the same for 4A
and Na-mordenite, both having sodium as the cation, Table 4.1.

Physical significance can also be attached to the higher virial
‘coefficients, and FVG‘ is usually interpreted in terms of the
édsorbate—adsorbate molecular lnteraé%ion: negative values iHBicate an
attractive interaction enhancing adsorption and poéltive values, repudlsion.
Positive va}ues were conslstently‘obfafned for all Isotherms, indicating a
net dominating adss}bate—adsorbate reputsion which may have been the result
‘'of the strong adsorbate~zeolite interaction, Table 4.1

The isosteric heats of adsorption, Agqr as a. function of amount

édsbrbed were calculated from the experimental [sostere using the usual

Clapeyron equation
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Results are shown in Fig. 4.9. With the exception of CO2 on 4A..calcuiated
heat of sorption values general ly show véry little concentration dependency.
Values of qst can be compared with the isosteric heat of sorption data Froﬁ
the Iiterature? For adsorption of ethane on zeolite, 4A, Kondis and Dranoff
[30] determined a slightly hjgher value of 29.3 KJ/mo}e whereas Brandt’aﬁd
Rudluff [10] obtained a wvalue of 25.8 KJ/mole, which agrees well with the
value of 26 KJ/mole obtained'in this sfudy. Sheth and Oranoff [52] quoted a
Ay value of 39.33 KJ/mole in adsorption of ethylene on 4A, this is lower
than the 54.0 KJ/mole determined Iin ghé current study. However, their
. 4 . :
reported value was calculated from an isotherm that consisted of only three’
"data pbintsi For ethan;‘adsorption on H—mor&énite, Ba;rer [8] &alculated a
value of 38.5 KJ/mole which is higher than the 31.5 KJd/mole reported here. -
Barrer and Murphy [9] also determined the initial isosteric heat for CO

2
adsorption on Na- and H-mordenite zeolikes to be 65_KJ/mole and 46 KJ/mole,

respectively. A;Eﬁsugh these values are significantly higher than ours,
their .heat of sorption showed a strong concentration dependency and
decreased drastically with increasing amount of sorption, whereas our values
remaln essentially constant with concentration. In fact, with the exceptioq
of CO2 on 4A, the fsosteric heats  obtained in this work show ver? l1ittle

dependence upon concentration. ‘For adsorptions of ethane on 4A, C02 on
H-mordenite, a slight upward curvature can be seen with }ncreasing
concentration; this may have been the result of the repulsive
adsorbate-adsorbate Interactioﬁ_as indicated by the +ve sign of the second

virial coefficient mentioned in the previous section.

.A coment on the adsorption of CO2 on zeolite 4A is in order; Fig.cﬁ.9‘
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/ ‘ .
shows an initial decrease in heats of adsorption with concentration followed :5
by an incre?géwz This phehomenon was also reported by Eagan [17]. He’

attributed the fn%tial decrease in heat to the reduction of the interaction

energy per molecule between thé co molecules and zeolite surface and .

2
suggested that the subsequent increase at higher concentration was due to

the formation of semi-solid adsorbed phase with enhanced interaction between y ]
adjacent coé moreculeé.

4.2 KINETIC DATA )

4.2.1 SINGLE COMPONENT DIFFUSION RATES

Stngle component sorption rates of carbon dibxide, ethylene and ethane
on zZeolites 4A, ﬁa— and H-mordenite were measured at temperatures ?F 273 K,
293 K, 313K and.'333 K. DiF%usivities were calculated by matching the
l.sorption uptake curves to the solutions of Fickian diffusion equation for
cubfc particles with size distribution effects taken into consideration,
Appendix A-3. Results are summaffzed in Table 4.2.

Several f{mportant points are suggested by the data of Table 4.2: [t
shéuld be noted first that the diffusivities of adsérption are consistently
higher than those of deéorption. Secondly, for a given molecule, the
diffusion%rate-increases in éhe order from zeolite 4A, Na- to H-ﬁordenite.
Thirdly, for a given zeollte, diffusivity increases in the seqdeﬁce of
ethane, ethylene and cé?Bon dioxide for sorption on 4A, whereas the reverse

order 1{is observed for sorption of the same molecules in both mordenite

Zeol ftes

»

Some comparison of diffusivities determined fn this work with those

avallable In the literature can be made; Carter and Husafn [13] studiedcéhéf\\,’

/\_7



Table 4.2

y

Fick’s

Law Diffusivity

of

Adsorption into

Desorption in Fure Helijum.

Pre-evacuated Zeblites and

Zeolite Diffusant Diffusion

OV vty

direction cm /sec \
i 0.0°%  20.0° 40.0°C 60.0°%
____________ e e e e ——— : T T e e e e ——————————
:
NaA cS;) ADS. ' 17.63  21.77  (23.38 -
DES. ‘' 0.57  3.00 4.84 z
N '
] |
- CH, ADS. i 3.77  16.46 3.18 -
‘ DES. ! 0.24 . 1.94 26
]
]
C,Hg ADS. .0 0.84  2.26 - -
{ DES. ' 0.44 1.37 — -
1
. - .
Na-mord.  CO, ADS. R 51.87  60.80  79.7%
DES. - 6.28 8.45  21.98
]
N ]
- CH, ADS. - I 93.70  137.4 120.32
_ DES. V- 18.07 15.92  43.00
1
! &£
C,He ADS. i - 246.7  310.8  1385.67
DES. ! - . 69.27 126.80 193.00
1 .
N 1 -
H-mord. o, ADS. P 73.77 0 99.77  130.27 -
DES. | 24.13  51.28  87.62 -
[ ]
1
C,H, ADS. 1121.97 204.50 317.67 -
DES. ' 83.47 174.50 300.70 -
i
1
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sorption rate ,pF'carbon dioxide on a fixed bed of zeolite A pellets The

reported value of diffusivity of 1. ddxlDGlU

-

of 1.25 atm is somewhat higher than the value of 0.21x10" -10 cm2/sec’rengted ‘

]
in this study. Their data, however, may have been complicated by the mass

cm /sec at 2S\C_and ‘a pressure

and heat transfer éasistances within the zeolite pellets. Yucel arf Ruthven
[57]) found a wide range of diffusion coeFF{ciengs in a study of adsorbtton

of earbon dioxide on zeolite 4A with varying crystal sizes. However, the
- activation energies obtained were sjmitar. Moreover, the diFFusivity'showed

a high degree of concentration dependency; at a comparable CO2 partial
L]

- preséure to this work, the diffusivity values varied from a high of 4.Qxlo_9

cmzfsec to & low of l.BxIO_II cmz/sec. Brandt and Rudloff [10] measured the
diffusion rate of ethane in various cationic forms of Linde A type zeolites.

A - g
The calculated diffusion coefficients corresponding to 4A also showed a

. . + .
concentration sensitivity; D/R2 obtained wvaried from 9.3><1[]_4 secu1 to

a.4x107% set:_l determineqvfrom the initfal and late portions of the rate
curve;' respectively. A shnilar study of ethane sgrption on zeolfte.SAﬁ ;
conducted by Loughiin and Ruthven [45] fﬁdicated'a positive concentration
dependency of the diffusivity. Alse. they reported good agreements in values

o

of D/R ‘measured in sorption on zeolite crystals and’ pe\lets thus suggesting

a lack of - dIfference In the basic diffusional resistance between the two-

on 4A in a flowls ts obtained show an average' value of D/Rz'over ;-

This wvalue is high when compared tg the

9 runs to be 1.3Ix]

present. study. Their pgtail set up was simifar to the‘turren - work, -

although sorption runs’ ysured at a higher temperature of 75°C. <Gt

-
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Teble 4.2 shows the dl;;;£:on rate of a particular sorbate molecule
inoreases In ghe order From zeolite 4A, Na-mordenite to H—mordenltef this
trend oaralleled the lncreesing pore apertur® elze from 4A to H-mordenite.
The diFFusion rate lnoreased because the larger pores offer a greater oegree
of mobility freedom by decreaslng the sté?lc interaction between the sorbate
molecule and’ the zeolitic framework. Loughlln and Ruthven [33] Found the
ethane olFFusfvity in various cationic forms of zeolite A Followed the order
oF.catlon sizes;,diffusion coe Flclent'decreases with increasing catlonlc
radii. This ﬂs because the exchéhbeable catlons usually obstruct the wlnd;:"
apertures betneen the adjacent Zeolite cavities, and the reductdon in thé

cation size thus removes some of the obstructiéh—eng_causes in e?Fect an
increase in the size oF the leFuslon channels whlch then resulted in a
greater molecular mobility for the leFuslng molecules,

For soroETon on zeolite 4A, the leFusTvlty is shown to Increase in the

ofder'oF ethane, ethylene and carbon dioxide, Table 4.2. This trena‘seeﬁs at

first at odds swith the expectation thét with the enhanced interaction

' between the adsorbate and zeolitic eletrostatlc field, for example, carbon

dfoglde wltn fts strong quadrupole moment, the molecu]ar mobil ity wouf% ‘bé
reduced. Table 3.3 llses some pertinent physical properties of molecules
studied in this nork. ‘&f partlcular interest {s the minimum molecular
Cross- sectiﬁpal areﬁL‘ In systems where. the critical dlameter of the

diffusing mblecule closely approaches to that of the zeolite aperture size,

the 1lattice framwork I{tself,” In relation to other effects such as the

electronic fnteraction, 'may become the oominant factor in determining the
. T . 2

controlling resistancé€™to molecular flow. Zeollite 4A - sorbate_ combinations

are apparently one of these systems where the leFusIvlty‘decreaees markeédly

S



59

2'
smallest molecule, exhibited the highest rate. The strong correiation of

.With fincreasing critical é?osé—seétional afea. Thus, _CO befng the
molecular dfameter with pore size has been'regorted fn_the  Literature:
Nelson and Walker {40] in é‘study of propane sorpt!oﬁlon Linde A zeolite,
réported propane diffusivity in CaA (effective pore diameter, 5A) " to be 4
.times larger than in NaA (effective pore- diameter, 4A). Barrer and Ibbitson
[6] ‘obsérved that the diffusion coefficients of hydrocarbon gases in
analcite and chabazite decreased with increasing molecular weight. Ruthven
[45J Flso réachgd the same conélusion In a‘skudf of light hydrocarbons
sorption on zeolite 5A.

‘The steric effect mentioned above shouid hévertheless diminish with an
fncrease in the relative size between the zéolite pores anq diffusate
mo!eéular diaméter. For small molecules dﬁffusing in large port zeolites;
the zeolitic framework structure itself oFFersla reduced stéfic resistance .

o the passage of diFFusatés and other factors ggeﬁ as the electronic
Interaction arising from the molecular quadrupole moment, dipo{e.frf-bond
Interaction with the zeolitic electrostatic field may galn sufficient
magnitude to become the controlling Factoé ip determining diFFusién rates.
Thus, diffusion”rates of carbon dioxide, ethylene and ethane in large port
mordenite zeolites ( Na-mordenite, 6-7A, H-mordenite, 9-10A) are expected to

‘be in the reverse order of that observed for the zeolite 4A, i.e., ethane,
being a relattvely fnert motecule, has the least fnteraction, and should
have the highest rate, whereas, COZ' with its strong qrudrupole moment ,
should exhibit the Iowerest’rate. which s consistent with the experimental

results, i

The wvalues of the effective diffusion coefficients calculated from

»”
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, -
adsorption and desorption_ uptake curves are shogf o0 be wvastiy different.

Thus,: it reflects the anisotropic nature of the zedlite diffusfon mechanism,

.Table 4.2. Desorption rates in general are much smaller than %‘adsorptmn

rates for alf molecules and zeolltegﬁ\studfed. Other workere have reported

the similar phencmena; For e ylene sorption on 4A Sheth and Oranoff [52]

o

found a ratto of {.72 between adsorptfon and desorption rates, Satterfield

and Frabetti [49] reported the diffusion coeFchient of desorption varied
from three to six times smaller than those of adsorption in sorptionlgtudies
of Cl “%o C4 paraffins on Na-mordenite. Garg\ and Rothven“[ZZJ invest;gated
this phenomenon in a theoretical model simllation and concluded that the
non—linearity of the isotherms and the observed concentration dependency of
the diffusivity could have a significant impact on the respective sorptjon
rates; for a large differential change ‘in'sorbaﬁe concentration, their

simulated results showed a significant d{vergence betweéﬁ\edgorption and

desorption curves with the desorption rate being much smaller. Ebeﬁﬁy [(20]

also reported similar observations In:a study oF 1tght paraffin hydrocarbon

sorption on 5A. However, the difference may have been further magnified by

thermal effects. ) .

.

The dlreot comparison of adsqrption and desorption rate curves are

shown fn Figs.‘d.lo through 4.17. These figures (Z~plots) are the result of
plotting the Fractionalfapproach to eqailibrium values, Z, of the respective
adsorption and desorption curves against each other at equal sorption time.
Compar ing sorpffon rates by plotting in this fashion has the advantages of
demonstrating precisely and ciearly the differences between the adsorption
and‘desorption rates., Also, since fne diagonal Itnelserves as 8 reférence,

. ]
the degree of the rate differences may be evaluated from the dist&hce

1

2
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FIG 4.10 SINGLE COMPONENT Z-PLOT OF
CARBON DIOXIDE ON NaA
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FIG 4.1 SINGLE COHPC;NENT Z-PLOT OF
: ETHYLENE ON NaA
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"FI1IG 4.12 SINGLE COHPdNENT Z-PLOT OF
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FIG 4.13 SINGLE COMPONENT Z-PLOT OF
N CARBON DIOXIDE ON Na-MORDENITE
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FIG 4.15 SINGLE COMPONENT Z-PLOT OF
' ETHANE ON Na—-MORDENITE
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FIG 4.16 STNGLE COMPONENT Z-PLOT OF
CARBON DIOXIDE ON H-MORDENITE
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FIG 4.17 SINGLE COMPONENT Z-PLOT OF
ETHANE ON H-MORDENITE
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v

between the curves and this line. Moreover, the Z curves reveal a contfnuous
relationship between adsorption/desorption rates at the various fractiona!
uptakes. As can be observed all Z-pTot curves lie consistently in the. upper

7
triangular sectton Indlcating that in general, the adsorption rate to be the

I;rger one. Table - 4.3 lists the ratio of adsorptfon/desorption diffusivity
calcutated from the non-linear least squares fitting of the rafe curves to
the simple Fick’s law mgdél. Overall, the ratlo can be seen to decrease with
Jncreasing temperature, however, since the ‘calculated diffusion coeFchient
represents an average value for the entire rate curve and closer examination
of the Z-plots reveals that In some Instances soﬁé overlapping and
cross-over of the curves, for example, Figs. 4.]1 énd 4.14, ;hich
complicates the physical interpretation. Moreover, the validitg of the
simple Ffick’s law model when applied to zeolitic diffusion has beén
subjected to some controversy. Thus, - it {s felt that tﬁ; temperature trend
may not necessarily represent the resulf of some signich;nt physical
properties.:

4.2.2 MULTIPLE COMPONENT COUN{ER DIFFUSION

The sorption and catalytic applications of zeolitic molecular sieves
frequently fnvoive the pounter—difFuéﬁon of different sbecies within a
zeolite framework structure. For example, lg;facatalytic processes, the
simultaneous diffusion of reactants and products must occur. The presenceloF
diffusion "limitations can éigniﬁicantly alter the activi _and selectivity
of a ‘ ieol{te-based Icatalyst. Accordingly, the~ (Z:wledge and the
understandlng of counter-diffusion are an_Jmportant aspect in the overall

design oF a catalytic prgeess, Although the- literature {s {nundated wffh
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Table 4.3
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[AY

Ratio of Adsorption/Desorption DiFFusiviEigs'

Diffusant Isg?. FzDads./Ddes Favg
co, 0.0 30.93
20.0 7.26 Er"“14 34 i
40.0 4.83
CH, 0.0 15,71
20,8 8. 48 9.53
~l  40.0 4.4]
C.H 0.0 1.91 : .
26 20.0 1.65 1.78 =
40-0 - -’
&»
co, 20.0 8.26
40.0 7.20 6.
60.0 3.63
. Lo
CH, 20.(i 5.19
40.0 }/,J B.63 5.54
60.0 - 2.80
C,Hg 20.0 3.56
* 40.0 2.45 2.67
60.0 ¥ 2.09-
1 9
0.0 3.06
20.0 1.95 2.14
40.0 1.4%
L
C.H 0.0 1.46 N
2’6 20.0 1.17 1.23 ﬁf
40.0 1.06
__________________________________________ 9.
- \ \'\./"\
p
—



h A

f'
A ] . ?1
Table 4.4 Activation Energy of Adsotption and Desorption
Zeolite Diffusant Diffusion Activation
Direction Energy (KJ/mole)
NaA CO2 ADS. 5.063
. DES. 46.07 .
- C2H4 ADS. 32.10
DES. 55.19
C2H6 ADS. 32.75%
- DES. 37.97 -
Na-mord.’ C02 ADS. 4.44
DES. 25.06
CZHd ADS. . 5.06
DES. 17.57 ) ’
C2H6 ADS. 9.06
DES. 29.84
H-mord. CO2 ADS, 10.08 J
! DES. 22.072
C'ZH6 -ADS .. 16.99
' DES. 22.76
--------------"----7;;7--—'ﬂ; ----------------------- o
J
>
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‘_ eguilibrium and kine 1f‘studies of single sonbéte systems, little attgntion
". has been given to the very importanf subject of zeolitic counter-diFFusinn.
! Nonetheinss. most of- tne published works related to this subject have
reportéd that the 'coungg}—diffusion rates to be smalier than  the
corresponding single sorbate system for the same molecular specles. However,
the comparisons have.been lFreduenfl& based Bh the wvalues of diffusivity
calculated from sorpfion-réfe curves with littlg regard gi:;n to the actual
diffusional directidn. and since it is well knan that zeo]ite diffusion
mechanism is highly anisotropic, as demonstrated in the previous section, a
more meaningful comparison shonid be the diffusion and counter—diFFusion
rate of a pd#ticular molecular species mfgrating fn the same direction. f.e.
adsorptive counter diFFusion versuys unidireqtional adsorption, and
‘desorptive counter-diffusion rate versgs unidirectfon desorption rate..
UNIDIRECTION_ADSORPTION - ADSORPTIVE COUNTER-DIFFUSION

»

In our fnvestigation of the countér-diffusion phenomenon, the

unidirection ( single component sorption kinetics ) sorption rates were

. : /
First established in a preliminary ‘study zif d@?tribed In,the\grevious

L

section. Followfng thiqt we then proceededjj;o study the counter—dIFFusion

eFFect by loading the zeolite with a particular sorbate, a second sorbate
-
was subsequently allowed ‘to comey into contact with the zeolite now
. - .

containing the presorbedgﬁiha les. The prdgress'oF both the adsorptiomrate
of the counter agdsorbate and the desorption r§$e ofgthe presorbed épegies'
L . &>

ere 'monitored 'simultaneousl?> A more detaiied' déscription of the

Exﬁg}imental procedures,is given fn the experimenzil section. The, fractional

. ~—t
Soon o
\\\Tirapp h to equilibrium oFs»tbsaagggrptive coun r'aTF?us?te

i * s
‘-‘ - R b . -
T -.W; \}‘ - - h » \ 0'

. - e
ads can
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then be-elotted ega{nst the correspendidg fractional approach to equilibrium
of the unidirection adsorptfon of the same molecule (zads) at equal sorption.
time. The result of these plots are shown in Figures 4.18 to 4.25 inclusive.
Qualitative fnterpretetions of the plots are as FeIQOHs; if there has been

no adsorbate/desorbate interaction, then, the experimental data points would

-

/ 3
be expected to fall on the diagonal 1ine. However, if the !interaction is

significant, then appreciable deviation from the 45° line would occur and

the distance between the Z-curves and the diagonal line could be a direct

measure oF the degree of interaction. Also, the region where the Z-curves

fall is important; for example, {f the Z-curves Ife within the upeer
left-hand triangle, the effect of" the presorbed molecule upon the
counter—adsorbate'is regarded as a negative one, i.e. a retardation of the
binary adsorption rate. But if the Z-curves are in ‘the Iower right~hs
triangle, then, the effect Iis considered to be.s positive
enhancement{‘

For COZ-4A sysiem. where CBE'iS a't;}he counter adso -:te.the presence of
either C2H4 or CZHG as the presorbed molecule is shoWn to have a negative
effect, Fig 4.20. The adsorptive' counter diffusion rate oF\Qg% s smaller
than the corresponding unidirection adsorption rate into a pre—-evacuated 4A

zeolite. The degree of influence exerted by the C,H, af C,

24
adsorption rate however d&FFers 2 4 has a greater impact calsing the
Z-curve to depart Farther away From the reference diagonal line,

(g

tempereture can also be seen to be a FEIevent parameter and the retardation
)

of the counter adsorption rate is lsﬁs at higher temperature. The

—tégésrature eFFect becomes less obvious for the reverséd sqFﬂete sequence of

“is

, |
Caa™4A_orid CHg=4A systéag,> but the influence , of “the . presorbed €0,

it




FIG 4.18 BINARY COMPONENT Z-PLOT OF
ETHYLENE ADSORPTION ON NaA
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F.1G 4.19 BINARY COMPONENT Z-PLOT OF

ETHANE ADSORPTION ON NaA
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FIG 4:20 BINARY COMPONENT Z-PLOT OF
CARBON DIOXIDE ADSORPTION ON NaA
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FIG 4.21 BINARY COMPONENT z-pL0o/ oF
Q?TON ON Na-HODRDENITE
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B[NARY COMPONENT Z-PLOT OF
ETHYLENE ADSORPTION ON Na-MORDENITE
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A\RY COMPONENT Z-PLOT OF
ANE ADSORPTION ON Na-MORDENITE
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FIG 4.24 BINARY COMPONENT Z-PLOT+« OF
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FIG 4,25 BINARY COMPONENT Z—PLOT OF
ETHANE ADSORPTION ON H-MORDENITE
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shown to have a similar negative lhpact upon the adsorptive counter

diffusion rates oF Cszcand CZHG' Figs. 4.18 and 4.19 - 4’

For CO ~Na—mordenite system, where CO2 Is the counter adsorbate
11

maiecule diFFus:ng against CZHd and C2H6’ the effect of the presorbed‘
molécules on the adsorption rate of CO2 is a minimal one; the Z-curves lie
very close .to the reference diagonal line. Fig 4 %l Closer Inspection
of this Figure reveals that the Z-curves are actually in the posttive reglon
which suggests(en adsorption rate enhancement effect. However, the deviation
) - -
of the Z-curves From tpe 450 line s slight, and- cogsldering the
experimental uncertaioties of 5;151,_Ealculated from the repeated runs, the
effect 1s judged to be lnsiganicaot. The same comment oan not be leen to
the reverseg sorbate sequence of the C2H4- and C H6 Na-mordenite systems.
'Fjgs 4.22 and 4.23, where the preeorbed CO molecules exert® signlfiggnt

negative impact on the adsorptlon rates of C,H, and CHe.  This is parallel‘ o
with the observatlons made on “the 4A systems of the same ‘sorbate gas pairs . ti’&

In counter diffusion studies madg on the H—mordenlte systems, Figs. 4.24 to

4.25, the same;retardatlon? F/the counter adsorbate diffusion rate by the

presorbed speclé@- is agai onsistently ob53rved.‘ However, the degree of

rate retardation is less/when compared to efther the 4A or;Na—mordenite

. - ~ -
systems. LI
-]

L4 .
, It is qulte clear from the experlmental resul&s that the dlfFuslon rate

oF a given sorbate can vary substantlally depené\hgfwhether it is involved
. o= —

in a single or binary sorption system, The adsorptive counter-le;:;ﬁﬁ$—~
‘ .
rates were in gene 1" smaller than the unidirectional adsorptfon rate of'the \\j§
3 3
same-. molecule into a pre-evacuated zeolite. ﬂgerer. the extent &f the

S - ,3‘
influence bx&;he presorbed molecules on counter adsorption rates diFFered

M Yy

N o k



the adsorption(rates.

L]

5
- \ L
considerably depending- on the type of . zeolite as weli as the specific

sorbate pairs fnvolvgg.

The pertinent question to'ask should therefore be, how to describe the
adsorbate-desorbate - and/or .sqrbate—zeolite interactions that could have
given rise to the obseryed phenomena. ttLWrst we consider the
counter-diffusion case 1in the 4A, systems. Structurally..the size of the
zeolite 4A conducting channel s extremely narrow. In addition, there is the
interference of cations.r About two-thirds of the cations are located near
the window aperture and these locatfons are the most ikely preferential
sorptfgh sites. Molecules interactlng with the catlons may block further the

'

window openings making it |mpossfble for two molecules diFFusing in opp051te

~,
djrect!on to pass each other If we take CO2 C2H4 4A system as an
i .

‘itlustration, the first molecule being the counter adsorbate and the second,

the presorbed molecule and thus the desorbing component, an adsorbate CO2
L}

molecule will probably First encounter and collide with a C2H4 molecule at

the window aperture. Momentum transfer from the C02 to G-ZH4 may occur which

could resulted in the slowing down of the CO2 molecule. Since this Iggglag

~A
CO2 molecule is followed by a train of 0025{ the retardation of its rate|

. \Yj
will affect all subsequent ones thus resulting in the overall reduction of

[

-~ : L}
From a purelyzéterlc po#nt of view, since the sum total of the minimum

o

Cross— sectfonal areas of both C0,-C,H, and C0,~C_H_ sorbate pafrs exceeded
N 2 24 2726

the free diameter of the 4A window size, consequently, neither\component of

the molecular pairs could pass egbh other at .the constrictive openings.

Also, sincefethane molecule Is stightly larger and heavier than ethylene,

one would expect that the molecular collislons with ethane would result in a

~ /- /
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greater reduction of the.adaorptive diffusion . rate o# C02. Examination of
the oiFFusivity data do not support tnis argument.‘Table 4.5; ethyld!k.is
shown to have a greater rate retardating effect than ethane. Hence, some

other physical properties may be involwved. Moore and Katzer [39] suggested

that the strength oF interactfon between the presorbed molecules and

zeolites could aFFect the counter diFFuslon rate of the adsorbate molecules

Such strength of interaction may be indicated by the degree of preFerential

adsorption of one compound over, the other ano. may be measured, }n terms of

tne amount - of - equilibrium uptake; Iarge Fractional uptake fndicates a
stronger Interaction. Indeed, ethylene was adsorbed to a greater extent than
ethane, 83.4 cc(STP)/g Fersus 30.62 cc(STP)/g- on zeolfte 4A at 273%..The
strength of interaction may also be‘ indicated by the values of heat oF
sorptlon. 56.0 KJ/mole and 27. 0 KJ/molép for ethylene and ethane,

L4 .
respectivelyt The enhanced interactioq_ between ethylene and zeolite

-

-etectrostatic field is probably due to fthen 11 electrons. .The Iarger
uptake of ethylene also fmplies that there were 'more eth;IEne
molecules present in the zeol{te, and therefore. the brobabfllty of COZﬁCZH4
encounter should be proportionally higher. Furthermore, since the structure
of zeolijte 4A s 3~dimensfonal, the incoming CO2 moleculesdéould concelvably

avoid the less available ethane molecules by choosing diFFusToQ‘ ths with

udblocked windows, whereas in the ethylene case, such avoidance of molecular

encounter may not be possible because most of the window sites were

~ n
occupled. Moreover, the equiLibrlum uptake decreases with increasing

temperature as a result of the exothermic nature of the sorption process.

Therefore, the number of +the presorbed molecules decggaiea acco;é?ngly.

: . A
which then resulted in a larger fraction of the unoccupled window sorption
L- -

-

=]



Tabie 4.5 ' Adsorption Unidirection Diffusivity (Dads )
and Counter-direction Diffusivity (D )T ot
c.ads.
“"T'""""'"'"""""“""‘"“"'"“T""T“T""""TT""E“T"
Zeolite Molecule Holecule : Diffusivity (10°° em“/min)
Diffuing in Diffusing out {———-5 -------- oo oo o
(Primary focus) i 0.0°C 20.0°C dD.D_C 60.0°C
NaA CO2 - 10.58 13.06 14.03 -
CO2 CZHd ~ 1.827 6.708 -
C02 CZHG 9.732 13.29 - -
CZHA - 2.263 11.69 13.47 -
CZHd CO2 / 0.518 2.54 4.77 -
C!HG - 0.506 1 - -
C2H6 CO2 0 I)Z 4 - -
Na-mord. CO2 - - 31.12 36.48 47.85
CO2 CZHI - . 31.52 38.77 39.23
Co C_H - -38.92 30.93 39.14
2 26 )
Csz - - 56.22 B82.46 72.19
CoH, - Co - 25.25 18.94 53.60
24 2
v CH - - 148.0  186.5  231.4
CZHG CO2 - 18.1 ) 43.3 77.25
H-mord. LEOZ - 44,26 55.43 78.16 -
92 CZHB 33.03 44,21 69. 49 -
CZHS N - 73.18 122.7 190.6 -
C2H6 CO2 50.89 101.9 204.2 -



sites, thus, at etevated temperatures, the qubability of encounter between
adsorbate/desorbate shoﬁld be ‘Iowered and the effect of the—"
adsorpate/desorbéte interaction reduced. In fact, this is observed, for
example, the equilibrium uptake .of the presorbed ethane at ZUOC was limited
to 12.2 cc{STP)/a; comparison of the adsorptive counter diffusion of CO2
against ethane and its unidlirectional diFFusién coefficients shows little

difference, 1‘3.29)<10_13 cmzlsec and I3.06x|0;13 cmz/sec. respectively.

The zeolité pore dimension in relation to the diffusate molecular size
SEQEE‘E? be an Important parameter in determining -adéorbate/desorbate
intefacfion. In small pbre zeolites such as 4A, the narrow aperture size may

'Forcg the encounter of the two molecular species. For counter-diffusion in
large port zeoliﬁg;,fe.g. mordenite, where the sum of the cross-sectional
areé of the diffusate pairs studied in this work wasrless than the\Free
diameter of the conducting channels, molecules shodld be capable of passing
each cother and adsorbate/desorbate interaction should also- be reduceq. Table
4.6 compares the unidirectional adsorption. rate Pto adsorp,t;ive counter

~diffusion rate in terms of the diFFusi;ity ratio; éor the same sorbate pa{r
at the same temperature, the ratio decreases in the order of zeolite 4A,

Na-mordenite and almost ‘approach unity with H-mordenite. This {s paraliel
with the increase in pore size from 4.2A to 6. BA to 10A for the respective
Zzeolites. One approach to ascertain the steric eFFect in large port zeolites
is to Increase the leFusate molecular size. Katzer and Satterfield studied
the counter diffusion of the much larger aromatic molecules,. cumehe and

— ; - .
benzene in H-mordenite; they reported the adsqrptfve counter diffusion rate

to be two orders of magnitude lower. [48] Satterfield and Cheng [47] also

Investigated the counter diffusion of aromatic and naphthalenic hydrocarbons



Zeolite Molecule Molecule ' D /D
. - . . - : ads.’ "c.ads.
Diffusing in Diffusion out:—-~6 ————————————————— O 5.
(Primary focus) - 10.0%¢c 2p.0°%  40.0°%  60.0°%
NaAa CO2 - 1.0 1.0 - 1.0 -
CO2 C2H4 - 7.15 2.09 -
T CO, CoHe 1.09 - 0.98 - -
C2H4 - 1.0 1.0 1.0 -
C2H4 COZA 37 4.60 2.82 -
CzHe - 1.0 1.0 - -
CoHE co, 4.52 9.64: - -
Na-mord. ~ CO, - - 13*”\0 i.o -
C02 C2H4 - 0.59 0296 1.22
CO2 CZHG - o.s0 - 1,18 . 1.22
Csz - - 1.0 1.0 1.0
C2H4 CO2 - 2.23 4,35 1.35
CZHS - - 1.0 1.0 1.0
C2H6 CO2 - B.22 4.31 3.00
H-mord. co, - .o ‘1.0 1.0 -
Co2 CZH6 1.34 .25 1.12 ~-
CZHS - .0 1.0 1.0 -
C_H Co 44 1.20 0.93 -
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A .
in Type Y zeolites and found the effective di??ﬁsivi;y under the counter

diffusion condition to be less by factors of [0-1 to IO_3 in relation -to the

unidirectional diffusion into an initialky empty por structufe.
UNIDIRECTION DESORPTION - DESORPTIVE COUNTER-DIFFUSIzl

m .

Comparisons of :the' unidirection desorptive Jdiffusion rate and the
-]

desorptive counter-diffusion raté/“bf the same molequ}e were made in a
similar fashion by plotting the respective fractional equilibrium uptakes (
Zdes'-zc.des ) agairst each other at equal sorption timei Rgsults of these
plots are shown .in Figqres 4.26 to 4,33. In contrast to the adsorptive
diffusion process, Z—desorptionr curyes in general llé in the lower
right-hand tr{;hgular region suggesting a positive }ate enhancement effect,
f.e. tﬁé desorption rate of the presorbed component was increased inAth;
presence of a counte; adsorbate. One exception to the above observation was
-the'CZHG—COZ—dA system, where ethane was the presorbed component and carbon
dioxide; the counter adsorbate. Fig. 4.28 shows the Z-desorption curve of
this system deviated substantially above the reference diagonal.line which
1nd1cééing an opposite effect of retardation of ethane éesorption rate. A
more detailed discussion concerning this unique system will be given in a
later section. |

For CO2 desorption on zeolite 4A, Fig. 4.26 shows clearly that ethylene

as a counter adsorbate intreased the desorption rate of the presorbed CO2

and rendering its Z-desorptfon curve to depart significantly away from the

reference diagonal- line. The degree of the desorption rate enhancement -

.however decreases with increasing sorption temperature. Hhen ethylene was

ﬁ%placgd with ethane, the enhancement effect became Iégg;pronounced. At a
. { -

lower temperature of OOC. there is some weak evidence pointing to a postrive
. A : -

) ’

_/
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effect by the ethane molecule. But at a higher teﬁperatufe of 20 OC. such

" .

positive influence diminishes and seemilﬂo reverse itse}F. The Z-curve is
observed to lie slféht!y above the reference tine. However, considering the
e;perimeqtal uncertainties iﬁvolved. 'little physicsl sfgnificance can be
ascribed to this observation. Thus, the ethane effect on the COZ'desorption
rate s regarded to be neglagible.

Perhaps the result of negligible eFFect’oF ethane_adsorbate on CO2
desorption rate 'is not ‘tod surprising if one conéiders the equilibrium
uptake of ethane; in contrast to eth;lene. the quantity of efhane adsorbed
at our eéxperimental condfiidns is relativeiy smail, 30.62 cc(5TP}/g and
12.22,cc(SfP)/g at OOC and 20°C respectively. These values correspond to a
doverage of 2.38 and 0.95 molecule/cavity for the two temperatures studied.
Since adsorﬁate-desorbateIinteraction could profoundly affect the kinetic
rates of the respective diffusates, the degree of influehce of one sorgate
on another should thererre be prOpo;tIonaI to the number of molecuies

-

tnvolved. A reduction in the number of molecules would cause a reduction in

-

the overall interactfon. Although zeolite pore structure Is an infportant

factor in determining the adsorbate-desorbate interaction and in small port
; —_— ™ ‘

Zeolite such as 4A, the narrowness of .the wingow éberture would force the

encounter of the two ~molecules, but, unlike zeolite mordenite, the fpore

structure of 4A {s also 3-dimedsional containing internal cavities that are

interconnected to each other through six window openings. Since the number -

of ethane d&\écule@, avallable was Yin ufficlent to occupy all the window

sorption sites, thus, 1t tis conceiv:Z}e that a pr}sdrbed CO2 molecule could

avoid the encounter with the ethéne molecules by choosing an unblocked

. -
route. )

X
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Table 4.7 Desorption Unidirection Ziffusivity (0. )
- - . — des.
and Counter-desorption Diffusivity des }
e N -
Zeolite Molecule Molecule | Diffusivity (10 cm /min)
Diffusing out Diffusing in] o o o o
{(Primary focus) 1 0.0°C 20.0°C 40.0°C 60.0°C
NaA c0, - _0.344  1.80  2.904 -
CO2 Csz 1.532 3.49 - -
CO2 CZHS 0.483 ) 1.69 - -
CZH4 - . 0.144 1.162 3.153 -
Csz CO2 - 1.856 §.099 -
CHe - 0.263 | 0.822 - -
CZHG.‘ A CO2 0.156 0.118 - -
Na-mord. CO2 - - 3.71 5.07 13,19
CO2 Csz - 24.93 19.86 42.75
" CO C.H - 6.77 11.74 . 17.81
2 2’6
C2H4 - . - 10.84 9.55% 25.80
CoH co, . - 32.20  46.64  55.74
- 24 2
CZHS - - 41.56 76.08 115.8
C.H Co - 55.86 78.19 145.5
26 2
H-mord. CO2 - 14.-48 30.77 52.37 -
Co C.H 22.30 40.58 64.67 -
2 26 .
CZHG - 50.08 104.7 i80.0 -
CoHe co, | 54.82  92.13  195.2 -
y:
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The above argument s consistent with the observation made on the

COZ—C2H4—4A system; ethylene wasagadsorbed to a greater extent than ethane,

83.4 cc(STP)/g and 71.7 .cc(5TP)/g at 0°C and 20°C respectively. The

probability of molecular encounter and collision between tHe adscrbate
ethylene and desorbate COé is thereFore.signiFicantly higher. Such collision
may result in the transferring of momentum from the mobile adsorbate,
causfng It to slow down, and to the relatively stationary desorbate molecule
making fﬁ_to desorb at é greate; rate th%pﬂyould be in the absence of such
condition. Thé losing and gaining of moméntum for the respective d{FFusates
parafleled with the increase and decrease in the activation energies of
diffusion; Table 4.8 shows a decrease in the desorption actlivation energy
for tHe presorbed component as well as a corresponding fncrease fn the
adsorption activation eneréy for the counter adsorbate, whenevér there is
the involvemengaof a secondary component.

] The reversed sorbate gas. sequence of the C2H4-C02-4A system exhibited a
similar rate enhancement eFFect.'Fig. 4.27, where ethylene was the presorbed

component and COZ' the counter adsorbate. However, wheﬁ _ethylene was

replaced with ethane, the rate enhaézgﬁent effect disappeared, ng. 4.28.
-

~ Moreover, the counter adsorbate CO2 had a strong negative impact on the

desorption rate of ethane and causing its Z—désorption curve to depart
sfanificantly Into the upper triangular reg}on. The appareﬁt rétardatfon of
ethane desorption rate can be seen in the calculated effective diffusivities
listed in Table 4.7, where the desorptive counter diffusion coefficient for
ethane 1is substantially smaller than its unidirection value. . Another
interesting aspect of the C2H6—C02—4A system is the phenomenon of trapping;

in counter diffusion experiment performed at OOC. approximately 80% - of tne
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Table 4.8 Comparison of Activation Eneray of Diffusion

Zeclite Diffusant Diffusion Activation Energy
Direction .
{Against) (KJ/mole}
NaA CO2 ADS. - 5.063
C.ADS. CZH4 49,58
C.ADS. CZHG 10.38
DES. 46.07
C.DES. CZHA 27.36°
C.DES. CZH 37.45
26
C2H4 ADS. 32.10
5 C.ADS. CO, . 39.77
DES 55.19
C.DES CO2 45,24
CZHB ADS. ’ 32.75
C.ADS CO2 8.33
DES. 37.97
C.DES. €O -
. 2
Na-mord. CO2 _ ADS. 4,44
) C.ADS. CoHy 8.67
C.ADS. C2H6 10.21
DES. . 25.06
C.DES. CH, - 21.09
C.DES. mCEH, - * 19.66
\ 26 .
CHy ADS. _ ! 5.06
C.ADS CO2 15.27
DES 17.57
C.DES CO2 11.30
: ]
C2H6 ADS, ) 9.06
. C.ADS CO2 29.66
DES ) 20.84
R C.DES CO2 18.28
H-mord, CO2 ADS. - |0.08
C.ADS CZHG 13.14
DES 22.72
C.DES C2H6 18.95
CZHS ADS. : 16.99
C.ADS. CO2 - 24.64
DES ] 22.16 -
C.DES. cCO " '22.43

_________———_-.-_-.__...___..._______-..___.._____-._-...._.__-.___——.____.____—-.
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presorbed ethane molecules was trapped. The amount of trapping was confirmed

and recovered in a subsequent experiment by passindy helium over tne zeolite

L

4A. Trapping is uniquely observed for the 9§H6-CO
s

e
seem to affect other sorbate pairs in &ither

4A system’'and does not .

zeolites 4A or rordenites.

' Trapping could have been the cumulative resuly of the followirg factors:,

First, the bverwhelming number of the counter adsorbate CO2 molecules in the

Zeolite could effectively block ail the  window openings, which could seal

~

1.\‘-
off the conducting channels and thus preventing the ethane molecules from

@scaping. Second, . since CO2 is a strongly adsorbed species, and is 50%

heavier than ethane, the lighter and relatively ifnert ethame molecule may
not be able to induce the CO2 to dislodge from the window sorption site and

thus preventing the exchange of positions to occur in the larger internal

cavities.

The above reasoning is consistent with the observation that when the

Py

sorbate gas pair sequence is reversed , there was ne trapping cof the coé.

because the relatively small number of e€ﬁéne adsorbate molecules could not

effectively block all the channel passageways.

Counter-diffusion of sorbate pairs \studied in this work readily

oqgurred in both mordenite zeolites. No trapping of the presorted species

-

was observed. The structure of mordenite ig one-dimensional and hence,
uplike the 3-dimensional 4A structure, adsorbate and desorbate could not
avoid each other by_taking a different route. However, because the free pore
diametér of both mordenites is larger than the sum tota: 6F the
cross~sect}onal area of the diffusates, passing of the molecules migrating

in opposite direction coUld occur thus resulting in the lack cf trapping

effect. For counter-diffusion in Na-mordenite, the pore structure was

13
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apparently not sufficiently large so that some interaction between

]

adsorbate/desquate remained. Again, the result of such interaction is one

L]
-

of the desorption rate enhancement, Figs. 4.29 to 4.31. The activation
energy of the counter desorbate is similarly shown to be reduced in
comparison with the. unidirection diffusion §F the .same species which
-indicates-a lowering of the dIFFusion‘barrier. Table 4.8. With a further
enlargement of the pore size openings, counter diffusion in H-mordenite was
expected tq occur‘at an even more rapid pace and with a minimum interaction
between the diffusing molecules. Indeed, Figs. 4.32 and 4.33 show the
Z-desorpton curves to bé close to the reference diagonal line and this

observation s further supported by the similar values of the activation

energies for desorption and counter-desorption in H-mordenite, Table 4.8.

4.3 TRAPPING

The unigue trapping phenomenon observed for the C2H6—C02—4A éyétem was
further investigated 1n a series of counter-diffusion experiments performed
at UOC. Ethane was loaded into the zeolite 4A to .ariou% degrees by changing
the gas phase concentration._TabIe 4.9 sho‘s a comparison of the equilibrium
uptakes at three concentration settings studied in the flow system with the
values obtalned from the ethane isotherm obtained from the static BET
system. lAs shown, the two systems are, qulfe compatible Data in the last
colﬁme of Table 4.9 show that a complete removal oF fhe presorbed ethane
molecules is possible through passing of pure helium. However, when helium
was replaced with a 5% COZTHE gas mixtureT trapping of the bresorbed ethane

occurred, Table 4,10, The percentage or the fractional amount of the initially

loaded ethane molecules that were able to desorb increased with decreasing
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Table 4.9 Eguilibrium uptake of Ethane At Various lLevels of
Gas Phase Concentration At 0°C

Gas Phase Partial EQM. (I1sotherm) EQM. (Flow) Total Vol.

(%) Pressure Vol. Ads. Vol. Ads. Des. in He
(mm Hg) cc(STP)/g cc{STP) /g cc{STP)/g
54.0 410.4 77.7 78.12 . 76.99
36.2 275.12 75.0 71.37 71.58
19.6 . 148.96 69.0 - -

Table 4.10 Trapping OFf Presorbed Ethane In Presence Of
. Carbon Dioxide At 0°C

Volume in  cc(STP)/g

Counter |Ethane, Total Vol.! Vol. i Vol. | Vol. I % Vol,
Adsorbate! 7 i Adsorbed [Desorbed |Trapped, Recovered! Trapped
5% CO2 54.0 77.57 52.61 24.96 24.217 32.18
- 5% coz" 36.2 70.93 47.81 24.12 22.94 34.0
5% CO2 19.6 67.10 36.80 30.82 30.29 45.10

10% CO2 19.6 68.85 38.45 30.40 29.87 T 44,15
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amount of the initial loading, but the total quantity of the trapped ethane

remains relatively constant. Trapping, hawever, Is not a permanent process,

’

because virtually all of ethane was recévered in sdbsequent experiments
through passing of pure helium. Although the absolute amount of ethane
trapped seems to be constant, a larger 'émount oF‘the 'présorbed ethane at
higher initial Jloading was able to counter desorb. This is perhéps the
reflection of the steeper concentration gradient which resulted in a
stronger driving force for-desorption. Data shown in the last two rows of
Table 4.10 indicate that a changéf—}n the concentratgon of the counter
adsorbate, COZ' did not affect the total trapped amount. This may have been

the consequence of the rather rectangular isotherm of €O i.e. the

2r
equilibrium amount of the sorbed phase was insensitive to the gas phase

concentration variation.
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CHAPTER Vv .

KINETIC MODEL SIMULATION

5.1 INTRODUCTION -
. ‘ ¥
Diffusion in zéolite has been widely modeted after the-simple Fick’s

»

law model in which the intrin ic1mobility of a inen diffusate molecule is
often characterized by a sipd{z parameter, the diffusion coefficient D; i.e.

BC/ D t=0D3%¢C/p X° 5.1

with the appropriate A boundary conditions. Most of the single component
kinetic data apparently can be adequately correlated with Egqn. 5.1, if due
-consideration is given to the zeoiite partiéle shape, size distribution,
concentration depand?ncy of the diffusivity as ;ell as the temperature
effect in the case of the non-isothermal sorption experiments..However, when
this simple model is applied to the multicomponent sorption system, it would
not yield information at a fundamenta! level because the equation does not
provide terms that could be used to account for molecular interaction, for
example, adsorbate/aesorbate interaétion. Nonetheless, 'kinetic data of fhe
multicomponent systems can still be fitted to this model although caution
must Dbe exercised -Iﬁ the interpretation of results; the diffusion
boeFFicient represents no more than an empirical parameter. The !mporta%t
aspects of the multicomponent sorpéion in relation to the industrial
applications have been noted in the .Q:evious sections. unFortunately, with
the exception of the tracer diffusion studies, very few attempts have been

made in the past in the qualitative and quantitative analysis and
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interpretation of these important systems.

3.2 MULTICOMPONENT DIFFUSION MODEL BASED ON CHEMICAL POTENTIAL DRIVING FORCE

One quantitative description of the multlcomponen§ sorption.process was
proposed by Karger and Bulow [26], in which the zeolite diffision model is
based on the thermodynamics of irreversible ﬁrocesses. For a binary

component system, the formulation of the modél starts with the definition of

fluxes Jl and JZ for the two components

J] = —Lll gr'ad/ul - le grad}l2

5.2

JZ = -L22 grad)l2 - L2! grad }.ll

where le_ and L2I are cros§ coefficients, and LIl and L22 are straight
coefficients. )Jl and -“2 are chemical potentials for component 1 and 2,
respectively. Karger and Bulow [26]) simplified Eqgn. 5.2 by eliminating the
Cross coeFFicfents.'i.e:. {L12=L21=0.0). The chemical potential terms are

related to the partial pressures through a standard relationship

-]

My =i+ RTIn P, 5.3

and the partial pressures Pis in turn are determined from the .equilibrium
relationship, PI=F(CI'C2)' Habgood (24] also started. From the principle of
irreversible thermodynamics and developed a similar model. He proposed that

the velocity of the diffsate is proportional to its chemical potential

gradient, i.e.
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where LA is related to the mobility of component A in a mixture containing

B. The flux of A is defined as
J =CA UA=—CA LAV}JA | 5.5

Which ¢ then be substituted Into the equation of continuity, 71.8&.

dCA/dt+VJA=0 5.6

¥

The chemical pptential }% is related to the partial pressure through a
- -

conventional expression,

Ha =/U'; +RT In Pa _ 5.7

and )

where CA ’ CB represent the sorbed phase con&entrations oF'the binary
" mixture. Habgood used a mixed Langmuir isotherm to establish.the functional

relationship of Egn. 5.8, f{.e.
Py = CA / bA { Cm - CA - CB ) 5.9

Finally, after the evaluation of the partial derijvatives and with the/

appropriate substitutions, he obtained the basic diffusion equation as
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F&Ilows:.For molecule A,
28 RTI 32p 38 alg . 30
o, RTh (o (2.2 o o[ ]
at (1-0,-85) ar?  roar ar? 1 ar
RT '
aeB aeA aeB aQA
+ (I-GA)———-!- eB_—'_ — 4
(1'9A'8B)2- ar ar ar ar
and an analogous expression for molecule B, - 5.10
20 RTL ap 36 alg 38,
_é = _.___A_ (]_-aB) A+.2_.._A.+ SA B+Z. __1_3_
at (1-9A- e]_;’) ar2  roar | ar?  r oar
RTL 30 30, - (26" 38
+ A ’:(1-983 AL 6, _BCA B
(1-0, -93)2 - ar ooar ar ar
where 8i=Ci/Cm. and DAo =RT LA and DBo =RT LB.

The mafhematical models proposgd by Habgood and Karger and Bulow in
principle provide a strong coupling for the diffusion equat%ons because the
chemical potential gradient of one molecular species is a function of the
concentration and concentration grédient qF'lboth components in a binary
mixture. This is in contrast with the coﬁvénfionaf coﬁtentration gradient
based Fick’s law médel where coupling of the diffusion equation can only be

obtained through the equilibrium—condi£i0n5 at the exterior surface.

LY

Round, et al. [42] soived Egn 5.10 by a finite difference numerical

technique. They applied this model to the case of co-diffusion of N, and CH4

2
in zeolite 4A. Their results showed thaf although the quantitative

correlation was only moderatel& good, qua!ifatively. the model was capable
of producing ali 'of the pertinent features of the rate curves, which
includes a maximmin the N2 uptake. “

In the present work, we are concerned with the counter diffusion
phenomenon in  zeolites. Accordingly, the usefulness of this chemical

potential model can be tested by changing the appropriate boundary

conditions. In our computer simulation experiment, Eqn 5.10 was solved 69 an

-~
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explicit finite difference numerical method in which the zeolite crystal was

considered to be of spherical shape, with the radius of thé particle divided
!

into N equal radial increments. The relevent initial and.boundary conditions
FJ

pertinent to our system are given as follow:

BA ( rlo ) = BAO.

BB ( r,0) = 330

8, (a,0) =08 5.11
A Al

e, ( a,0 ) = 8-

B Bl

and _
d‘BA/'d r (0.@) =d BB/ dr (0,t) = 0.0

Results of the simulation spudies are presented in the following sectign.
As indicated earlier, the type of counter diffusion simulation studied
is one in which the zeblite was preloaded fo some coverage with one

component, B. The desorption of B was - induced by passing a gas mixture

- v

containing anéther sorbable component, A. For the purpose of clarity, in any
given counter-diffusion simulation experiment, related to the chemical
potential model, as described in the following section, A_Is referred to as
the adsorbate molecule while B is the desorbate molecule. The parameters of
;nterest are the values-of diffusivities as well as the degrees of coverage
or concentration effect of the respective molecules. The objective is to
"Find the condition, i.e.,-a combination of pdrameter .vélues. in which the
simulation results w;uld mafch our éxperimentai observations. Evaluation of
the mode! was made- by comparing thei'simulated single component Frac£ional
equilibrium uﬁfake values of a .pafficular molecula: species to _its

equi librium uptakes under the binary condition in the familiar Z-plots.

fig. 5.1 compares the adsorptive and desorpt1v€ equllibrium uptakes of

’

’-molecules A and B having the identical valués of d{Fngivity and coveraéés;

N .
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FIG 5.1 COMPARISON OF THE SINGLE COMPONENT ADSORPTION/DESORPTION
RATES& CHEMICAL POTENTIAL MODEL.
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FIG 5.2 BINARY Z-ADSORPTION PLOT, EFFECT OF THE DESORBATE DIFFUSIVITY,
CHEMICAL POTENTIAL MODEL. '
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FIG 5.3 BINARY Z-DESORPTION PLOT, EFFECT OF ADSORBATE (A) DIFFUSIVITY,-
CHEMICAL POTENTIAL MODQL@
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FIG 5.4 BINARY Z-DESORPTION PLOT, LOW LOADING OF B, EFFECT OF ADSORBATE
(A) CONCENTRATION, CHEMICAL POTENTIAL MODEL.
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FIG 5.5 BINARY Z-DESORPTION PLOT, HIGH LOADING OF B, EFFECT OF
‘ - ADSORBATE (A} CONCENTRATION, ~CHEMICAL POTENTIAL MODEL.
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The values of ZA and'ZB were obtained independently, i.e. in the absence of
the other molecule, also,( since the parameters are of equal values, i.e.
A=8, this simulation experiment represents a single component sorption case.
At a low coverage of 0.05, regardless ‘of the diffusivity values, the
adsorption and desorption rates are identical as indicated by the
overlapping of the Z-curve and the reFerence_]lne. When the coverage was
increésed (to 0.35, a slight deviation from the 45° line occured. The
direction indicates that the deéorption rate is slightly lower than the
adsorption rate, which qualitatively agrees with our experimental
observation. However, fhe difference is relatively AinsignIchant and
- attempts to magnify the rate difference by increasing the value of the
Coverage were unsuccessful. .

For the binary sorption caée, the effect of the desorbate diffusivity,
DB' on the counter-adsorbate adsorption rate is shown in Fig. 5,2. Thg
diffusivity of A was kept constant while the values of DB was varied. The
simulated Z-adsorption curves shows the presence of B éould significantly
retard the counter adsorption rate of A eventhough the intrinsic mobflity of
A remained constant, However, the same comment can not be given to the
reversed case where the diffusivity of B was kept at a constant valye and
the diffusivity of A was varied in the same order as in the previous case,
Fig. 5.3. From the desorption point of view, the simulated Z-desorption
curves show that the presence of the counter adsorbate A had only a minimal
effect on the desorption rate _oF the presorbed molecule B. Moreover, the
overlapping of the curves indicated that ‘the desorption rate of B was
insensitive to the values of DA although DA was varied By over two orders of

magnitude. The effect of the concentration of A, (BA). on the desorpt?%n



rate, was investigated at two different degrees of loading of B,{ B_=0.05,

B
0.45 ), Figs. 5.4 and 5.5, respectively. The concentration of A does seem to
affect the desorption rate of B although it is in a manner of retarding its
rate. Thel desorption rate of B decreases further with increasing
concentration levels of A, however, theé effect was not as pronounced as that
of the counter adsorption case. Comparison of the two figures shows that no
significant differences existed between the two. sets of Z-curves although
the loading of the presorbed component was increased by nine folds.

.In summa;y. the simulation studies of the chemical pot?ntial_model,
when applied to the counter diffusion case, }ndicated that the model could
exhibit some of the pertinent features observed fn our experimental
studies. For example, the anisotropic nature of the adsorption and
desorption pfecesses. In thé binary case, It qual itatively déscribed the
retardation of the counter adsorbing component diffusion rate. However, it

failed to predict the corresponding rate enhancgment effect of the presorbed

component in a binary mixture.

5.3 RANDOM WALK MODEL

An adsorption/desorption simu?ation program was developed by using the
principle of random walk. In this program, the zep}ite particle is modelled
in terms of a single one-dimensional pore channel having open pore moutﬁs at
each end. The desorption of a molecular species out of the pore or the
adsorption of a sorbate gas into the pore as well as the combination oF)the

simultaneous adsorption/desorption of two species could be simulated.



?IG 5.6 RANDOM WALK MODEL, @ DESORBATE MOLECULE, O ADSORBATE MOLECULE.
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NUMBER OF MOLECULES ;A"'Jﬁ CELL (1)
AN(1) * RN(1), MOVING PO%ENTIAL OF MOLECULE “A™ IN CELL (I}
INITIAL NUMBER OF "A" ADSORBED PER CELL, AT T=0
BULK CONCENTRATION OF "g" !N'EXTERIOR.
TOTAL NUMBER OF MOLECULES "A" AND “B" ALLOWED PER CELL

PROBABILITY OF MOVING POTENTIAL TRANSFER
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5.3.1 PROGRAM STRATEGY

The basic program strategy assumes that the movement of the
adsorbate/desorbate molecuies within the zeolites pores is the rate
determining step. The zeolite pore is modelied as an cne-dimensional channel
which s divided into 20 cells or interior compartments, (the number of
cells can readily be expanded), Fig. 5.6. Each compartment may contain one
or more molecular species: component A is referred to as the presorbed
species which s therefore the desorba;e molecule, whereas component B (s
the adsorbate molecule. The movement of any particular molecule from one
cell to an adjacent cell Is governed by a set of rules or constra{nts}
First, in order to move, the molecuie must possess. a potential. The
movement popential is defined as the product of the number of molecules of a
species present in each cel!l times a randomly generated number between 0
and 100. In addition, this potential must be greafer than some critical
moving factor defined for each species separately.‘ For example, consider
molecule A In compartment (I); the potential for A to move from cell (1)

exfsts if the following inequality is satisfied

AT(I) > CA
where AT(I) = AN(I) * R.N
r 4
AN{1) = Number of A ig/kell |

R.N = Random Number between 0 and 100
and CA = Crfticalghovlng factor of A ‘
A simitar relationship holds for species B in the equation
BT(1) > CcB
where BT(1) Is the potential of B in cell (1), and CB is the critical moving

factor for B. Once a spectes has‘:spmonstrated that 1t has the potential;to
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move, -then, the program examines as to whether or nét.kxhére.exists any
physical limitations on movements and if not, in which direction and order
movement will occur,

One restriction towards movement considgrs whethgr or not the adjacent
cell fis physically saturated with both A and B molecules: A loading factor,
LF, is specified In the program which places a |limit on the total number of
molecules allowed in a given cell. If the number of molecules in a cell is
equal to this loading factor, then, ;b motecule may move into this cell,

.
Thus, prior to movement, the number of A and B molecules in adjacent
compartments are coﬁpared to the loading factor to certify that room exists
for movement into this cell.

A Furthir limitation is imposed on the number of each individual
species allowed in egch compartment. An upper limft, AM and BM, sets the
maximum number of A and B individualtly allowed in each cell. For example, if
the number of species A in the agdjacent compartment is equal to the maximum

/—:valloﬁed. then, no movement of A Into this coméartment is permittéd. This
.Iimitétion could be used to establish the equilibrium saturatioh value of a

.

particular component or to compensate for the size differences between
different molecular species, -

Another Facgor considered is the direction of movement. For a given
time increment, If the species In cell (1) possesses the potential to move

and if the previous limitations have not been violated, then, one molecule

may move to each adjacent cell on the left~ and right-hand side of cell (1.

Thus, a total of two molecules may leave at a given time, If, however, the

- ‘ t

‘current cell contains only one molecule, then the decision as to which
" direction the movement will occur is based on which adjacent cell preseﬁtly

‘
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has the lowest potential. Hence, the neighbouring potentials, AT(I-1).and
AT(I+1), are compared and movement s made first towards the lower

potential. After the first movement is made, the number of the remaining

molecules is checked to determine whethef movement may be made to the next ’

cell also.

Another restriction on moyement involve§‘determining whether 6r not the
poteﬁtial of the cell under considgration is greatér than the adjacent cells
thus, movement of A to the left-hand cell is allowed only if

v AT(1) >AT(I-1)
and for thesright-hand side

AT(L) > AT(I1+1)

The same conditions abp]y for the movement of B. Finally, the intgraction
between species A and B {s accounted for by the transfer of moving potential
from one component to.aﬁother. For exampie, if cell(l) conté}ﬁs both A and B
molecules, and the moving potential has bee;. determined fo be 500 for
molecule A and 400 for molecule B, thep, a portion of the movlng_hotential
is to be transferred from B to A. The amount transferred is calculated by
multiplying the total potential of B with a potential transfer factor, F,
"between 0 and 1. If the value of £ 1is 0.25, then, a potential of 100 is
subtracted from the total potentiatl of molecule 8 and adding on to.molecule
A. Thus, the new total potential in cell (I) will be 300 for molecule B and
600 for molecule A. This potential transfef can be related to the momentum
.transFer between the adsorbate/desorbate upon collliding with each other.

The total examination of the ability of a species to move is made for
each component, A and B, for each cell, | = | to 22, at each time interval.

Cells 2 to 21 are considered to be the Internal compartments while cells |

® .
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and 22 are modelled as being the exterior to the pore and thus are
representative of:the bulk phase. Additional‘restrictioﬁs are imposed by the
boundary conaitions set For.cellé I and 22. It is assumed that any A which
leaves the pore would not diffuse back. This is achieved by setting the
concentration of A in the exterior to zero. Results of the random walk model
simulation are expressed as an approach to equilibrium, ZA and ZB, which are
defined as

ZA = AL / (20 * Al)

and ZB =(BL + BR) / (20 * BM)
where AL = Number of A having left thé pore
, Al = Initial number of A per cell
BL + BR = Total number of B having entered the pore
and BM = Maximum number of B allowed per cell.

The following analogies to program factors ma; be made: The length of
the zeollite conducting channel can be related to the nuﬁber of compartments
considered. The critical moving factors, CA and CB, may be related to the
activation barrier for diffusion. The lo ding'Factor may be related to the.
pore dimensions relative to the _adsorbate/desorbate molecular sizes. The

3
max imum fndividual specles Ioading limits, AM and BM, can be related to thg
number of sites available for each species (i.e. a equilibrium adsorption
factor) or to account for the difference fn size between the var fous

molecular species.

5.3.2 PROGRAM DESCRIPTION

A listing of the program is given in the Appendix A-4. The definition

of the -important parameters 1is given in Fig. 5.6. A simplified overall



FIG 5.7 MAIN PROGRAM, RANDOM WALK MODEL .
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:Flowsheet of the program s shown in Fig. 5.7. The program .fnitially reads
in valuei of the ~varioud¢ parameters such as the Crifical Moving Facéor.
Loading Factors etc. Following this, the initial conceﬁtration prefile is

fset. For this program, a uniform concentration profile of A and B is assumed
although this may be readfly adjusted to any desired form. The exterlor
boundary conditions are'then specified. As mentioned earlier, the conditions
are set to allow A';o desorb and B to adsorb. The program then slips into an
iterative scheme in which the following sequence oFAevents are performed for
each time interval; First, a random number For.each species in each cell is
generated and the subsequent potential of eaéh component‘in each cell, AT(I)
and BT(I), determined. Potential transfer from one component to another is
then made providing the condition for such transfer exists. In the next
step, the interior mdvement of A and B are considered one cell at a time.
The order in which these cells are considered (i.e. left to right or right
to left) are determined by comparing two randomly generated numbers. This is
done fb remove any blas introduced by systematically considering the cells
in the same consistent Ffashion. Once movement of.A and B are made in the
interior, the éxterior movement o# é\From the bulk is then considered. After
all movements are made, calculation of the results in terms of the
concentration profile and approach to equilib}ium are performed. The'time
step is then fncremented and unless ong or both of the Specieé have‘reached :
the equilibrium or the maximum number of iterations has been reached, the
movement process -ls repeated by resetting the boundary conditions.

-

5.3.3 SIMULATION RESULTS

The adsorption/ desorption random walk simulation proéram was used in
‘ .
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several test cases. Cases studied involved fhe single component adscrption
"of molecule B and the desorption of molecute A. Aléo. the combined
simultaneous adsorption and qesorption of the respective B and A ag well as
the effects of the individuat parameter ﬁn sorption raéés wéré‘invgstigated.

In the first case, a siégle species B is diffusing into an initially
empty -pore. The results of . this simulation experiment in terms of the
conéentration profile and the equilfbrihm uptake with timg.aréxshown in Fig.
5.8. As may be observed, thelrésulégng coﬁcentration p;ofileé are neither
completely random nor perfectly symﬁetric. However, a general pattern is
suggested with the cpncentration at'the centé}.cell being the lowest.-As
time. progresses, the outer cells become " increasingly saturated and the
concentration at the center also increased. This conforms with _the general
trend expected.

In the second case, the desorption of the species A is studied._Here.
the opposite trend is observed; Fig. 5.9 shows the concentratiqn of A at the
outer cells becomes very low while the center cell remained at a-high level,
As time progfésses, more of thé auter cells have their initial conentration
'significaﬁtly reduced while thel?nner cells ongy decreased slow{y. Agaiﬁ.
this is the approximate type of ‘behaéiour expected. The approach to
equilibrium curyes asi a function. oF time are also shown in'these two
Figufésl 6F particular interest was how well the s:mulated SIngle componeﬁt

rate curves conformed &3 Fick’s law. Crank (15] has suggested the solution

for diffusion in slabs obeying Fick’s law to be

.
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FIG 5.8 CONC. PROFILES AND UPTAKES OF SINGLE COMPONENT ADSORPT10ON
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_F!G 5.9 CONC. PROFILES AND UPTAKES OF SINGLE ‘COMPONENT DESORPTION
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) majorit§ of the'presorbed molecules remainéq__in the pore. The influences of
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4 y—(emf)sx#(-ﬁzf/mrﬂ (0.45 ¢Z¢1)

where T = Dt/!2 ‘

A linear least squarés fit was perForméd on the simulation rate data in the
appropziate ranges of Z Qith Ean. 5.12, In the adsorption case, the
correlation coeFFic}ents for the short and long time- intervals were
calculated té be D.BQB and 0.956.C“Lhereas in the desocption case, the
cérresponding correlation coeFFicjents(ygré Fou?d to be 0.982 and 0.925,
respectively. Tﬁis suggests that the random walk mode{ does éppfoximate a
Fick's law type of diffusion For-theﬂsingle component case.

Th;\ influence of the individua! parameter on the sorption rate was
investigated next. As mentioned earlier, the critical moving factor for
adsorption/desorption, CB/CAvamay be related to the activation barrier for
diFFusion;_a hfgh value of the critical moving factor represents a high
barrier. Fig. 5.10 shows the eFFeEfs of increasing the magnitude of CA: éhe
concentration profiles were all determined at-equal time, T=600. For CR z
300, it can be seen that most  of the outer cells have already been
saturated,, and the inner cells wére also close to saturation. When CA is
increased to 900, .a much sharper profile resultedi;EDg center ‘cell is now
complete;y devoid of "any adsorbate /?olecules indicating the difficulty
exper i enced by the inwardly migrati@p’édsorbate molecules when the bgrrier
is raised. Similar observations are\Hmade for the desorption case. As is

shown in Figl 5.11, at a low value of CB, CB= 300, most of the B molecules

have already desorbed by T=600. But when CB is increased to 900, “the

- v

this particular parameter on sorption rates «€an best be seen in-lhe
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F1G 5.10 SINGLE COMPONENT ADSORPTION, EFFECT OF THE CRITICAL MOVING
FACTOR, CA '
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corresponding equiflibrium uptake with time curves, Figs. 5.10 and 5.11; in

both cases, increasing the value of the critical moving Ffactor towers the

Y. diffusion raté’gnd causing a slower approach to equilibrium.

In most of the simulation experiments studied in this work, the

Tconducting pore channel was divided into 20 equal segments, with each cell

representing an individual zgolite cavity. The compartmental size, N, is
therefore related to the length of the diffusion path or crystallite size.
i.e., increasing the wvalue of N corresponds to the lengthening of the
diffusion path in which a particular molecule must travel. The influence of
this parametgr on sorption rates can be observed in Figs. 5.12 and 5.13: At
equal time, T=600, the adsorption case shows that increasing N from 20 to 80
resulted ln/\ggmuch sharper profﬁ;i with most of the finterior cells empty.
This is a direct consequence of not having sufficient time for the molecules
to travel into the interior. Similar comments can be given to the desorption

case, where at N=20, the concentration at the center can be observed to be

- reduced significantly Froh fits initfal level, whereas at N=B0, most of the

fnterior cells remained at a high concentration level. Increasfing the vatues

of N also has the beneficlal result of smoothing out the profile curves; it

removes the fluctuations typically encountered when N is small. In order to
truly represent /the random walk model to a real zeolite'particle, however,
the compartméntal size N may have to be increased many more times; if fact,
a real zeolite 4A particle with | micron size has a total of 3400 internal
cavities. But the cost of running such computer program would become
prohibitively expensive.

The sfmultaneous-adsorption “and desorption of molecules B and A was

Investigated next. In this case, the interior cells were first ]oaded tou a’



FIG 5.12 SINGLE COMPONENT ADSORPTION, EFFECT OF THE COMPARTMENTAL SIZE, N
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FIG 5.13 SINGLE COMPONENT DESORPTION, EFFECT OF THE COMPARTMENTAL SIZE, N
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uniform coverage with species A. The exterior cefls, cell (i1} and ceII(ZZ).
contalned a fixed number of B ﬁolecules. Thus the desorption of A takes
place concurrently with the adsorption of B. We designate molecuie A as the
counter desorbate and molecuie B, the counter adsorbate. The major parameter
of interest is the potential tranF;} factor, F, which measures the degree of
the moving potential transfer from one species to ijiﬁbgrf/and thus accounts
for the adsorbate/desorbate interaction.

The uptake .rate curves for the géynter adsorption and desorption are
shown fn Fig. 5.14, along with the single component rate curves for
comparison. The counter adsorptiog rate curve lies consistently below the
single component adsorption curve thus indicatiné a retardation of the
adsorption rate of molecule B in the presence of molecule A, Conversely, the
counter desorption rate curve lies con5|stently above the single cagggnent
desorption curve and thus pointing to the enhancement of the desorpsion rate -

of molecule A by molecule B. The value of F fs 0.2 in this particular case,

which implies that whenever a molecule B encounters a molecule A, 20% of the

"-a.-lj

moving potential is transferred from B to A.

In our binary component simulation stdles, we have also tried cases
where the potential transfer factor was elliminated by ;etting its véTE: to
zero. The results show no significant, divergence between the single and
binary component retes in either the adsorption or desorption case. This
suggests that the potential transfer is the major parameter in providing
adsorbaté/desorbate interactjon.

Direct comparison of the adsorption/desorption rates of the single and
binary system at different values of F were made by pfotting the respective

uptake curves against each other, First, from the adsorptibn
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FIG 5.14 EQUILIBRIUM UPTAKES OF SORBATE MOLECULES IN SINGLE AND BINARY
SYSTEMS. '
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FIG 5.15 BINARY SORPTION SYSTEM, Z-ADSORPTION PLOT, EFFECT OF THE
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FIG 5.16 BINARY SORPTION SYSTEM, Z-DESORPTION PLOT, EFFECT OF THE
POTENTIAL TRANSFER FACTOR, F
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A

.

point of view, the effect of transferring the moving potential is shown to
slow down the counter adsorbate rate causing in the Z-adsorption curve to
lie above the diagonal reference 1ine, Fig. 5.15, Increasing fhe value of F,
i.e. increasing the probability or the percentage of potential transfer,
resultéd in the Furtherﬁ slowing down of the adsorption-rate shown by the

greater distance away from the 45° line. From the desorption point of view,

the opposite trend is observed, Fig. 5.16 shows the Z-desorption curve to

deviate into the opposite direction and -thus indicating the enhancement of

the desorption rate. The degree of desorption rate enhancement increases

further with Increasing vaiues of F. These results oF the medel simulation

b
studies agree qualitatively to our experlmental observatlons. Therefore, the

random walk model indicates that the. retardation and enhancement of the

frespective adsorption and desorption rates in the binary system may have

. L 3
been the consequences of the moving potential transfer, which lends support

to the theory that in the narrow zeol ite pore channels, molecular collis}oqs
between adsorbate/desorbate may occur, and the subsequent momentum transfer
from one species to ~another may be responsible for the observed rate

effects,

o -

The last case studied investigates the influence of the overall Ioadihg
Factor. LF, on the binary system. The values of the other paramenter were
kept the same as in the previous case except that LF was set to equal to the
maximum ‘toading factor for each Individual species, 1i.e. LF=AM=BM= 15 The

lowering of LF in effect represents a narrowrng of the pore size. Results of

thts simulation are shown in Fig 5.17. At T=120, it can be observed that

the concentration of A at the exterior cells drops to zero quite rapidly,

but “the concentration in -the iqterior cells remains at the fniffal

b
|

=



FIG 5.17 BINARY SORF’TION SYSTEM, EFFECT OF TRAPPInNG
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saturation level. This is caused by molecule B, diffusing inwardly, rapidl?
saturating the exterior cells and c¢onsequently, it becomes increasingly
difficult for A to diffuse out since A is blocked from exiting by B. In
fact, the concentration profile ;emained constant with progressive time
increments; at T=1800, thé Same profile is observed, which indicates the’
trapping of molecule A. The phenomenon oF'trapping however can be removed by
increasing the value of LF, for example, at C%:ZO, all of the presdrbed
molecules A qesorbed.

In sﬁ%mary. the results of the simulation studies performed on the
random walk modellshows that the model has the capacity to produce many of
the pertinent features observed in our experimental findings: In‘the‘single_
component sorption case, it can adequately represent a Fick’s law type of
diFFuéion. In the binary sorption syétem. it qualitatively indicates that
the potential or momentum transfer may be reponsible for thé observéd raeé
effect. Also, the trapping of moleéules in the binary system, could have

been the result of the narrowness of the ‘conducting pore size.
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CHAPTER VI - #®
CONCLUSION
oo y

The diFFusipn,rates bF'sorbate molecules in =zeolites depend .on the

-

physical_.and' chemical naturé of .the sorﬁent as well as thg'sbrbété
v .

moleeules. Zeolitic diffusion rate -has a bh!gh directional dependancy;

adsorption usually has fhe larger rate: while the desorption rate-is much

.'smaller. In small port zeolites, such as the 4A3- the anfonic Framewoqk

plays an Important role in determining the diffusion rates and molecules
*with a small cross-sectlional area exh}bip the hfghest rate. On the.other
'hénd, in targe poft Zzeoltites, for example, mordenites! the physical
properties become less of a factor and the chemical and eledfronic
properties of t e d Fugant méy .gain }ncreasing Imporfance In determining
the diFFusibn rate lécules that are capable of étrong iﬁteraction-with
the catioﬁs; suéh Ps CO2 and C2H4 with the respective quadrupoie moment and
- .

11 electrons, have a smaller rate. /ﬂ\

"

For a givén molecule, the diffusion rgte increases with the inc%ease in
pore aperture size.

Diffusion rate of a given mélécule differs considerably depending
on:whether it 1s fnvolved {ﬁ a*single or binary system. Single comp9nent
rate measurgment cén not be used té predict the,ki;ettc; of the binary
system. Counter-adsorption rate of a molecular species’1$® usually smaller
than its correspondipg sihg?é\compon;nt adsorption rate into a pre—evacuateg

- zeolite. Conversely, the counter-desdrptibn rates 'afe usually larger than
the - de%orpti rate- in helfum. Thé respective rate regzrdation and

enhancement effedt could-’ﬁ;;e been-/the result of the molecular coilision

between adsorbate/desorbate and %he subsequent momentum transfer from one

@

. T~
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species to another, -

In binary sorption systems, trapping of the preadsorbed molecule may
N ..

occcur if the pore aperture size relativa to. the sum total of the

adsorbate/desorbate size becones too small. Trapping, however, is not a

permanent process and the amount can be recovered through desorption in

inert helium. .

The successful correlation between the two-dimensional virial equation .

and the experimental isotherms gives evidence that the physfcalsstate of the

sorbed gas could Be viewed *as a two-dimensional gas. The first viriail
e

' constant, !n K, confirms that molecules with 11 electrons and a quadrupole

moment have strong interactions with the zeolitic electrostatic field. In

terms off/ the sorbate-sorbate molecylar interaction, the second virial

constant/ shows it td«ﬂ?’qi,a repulsive nature, which could result from the

zeolite-sorbate interaction.
.The novel random walk.kihetic mode ] developed for diFFuaion in zeolites

"shows 'promising signs for it produces many of the pertinent Features

observed in the experimental studies. Much work remafns to be done to reFine'

this model; in particular. the’ correfations between program Factors and the
real .physical properties need to ba-established. Nonetheless, the model
qualitatiVely suggests the observed binary rate eFFects to ba tha result of
.the moving potential. transfer, which lends support to the momentum transfer

theory. Also. it suggests the trapping of the preadsorbed molecules s the

result of the narrowness of the conducting pores.

f"‘\
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APPENDIX A-1

GLASS VOLUMé-MEASUREMENTS IN VOLUMETRIC APPARATUS

L
3 ~
Appenidix A~1.1 Determination of Void Volume. (’“
o 7.

The void volume is the volume of the capillary tubing of the
apparatus (referring to Fig.3.3) to the right of Sy, below 5, and at the
zero marks of the calibrate 1bs and mercury manometer.' The glass
bulbs were maintained af 32°C by c1rcu1at1ng thermostatted water. Keep-
ing S; closed, helium was admltted via S, which was then closed.

"The total volume of He (V) is given by

Vo= v, eV (1)
where VB = Volume of the c%}1kfated pulbs at temp. TB
VV = Void volume at temp. TR (Room temperature)
~
The number of moles of He present is .
[\ nT. = nB + nv
o s PV_ - PV
1 = + -
RTB RTR
» ‘ : ‘ p Ve Y _
: vl T (2)
[N B R
A Rearranging Eqn.(2) gives
.PVB = "P(TB/TR)VV +R R Ty (3
: N
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Fig A-1.1

Helium Void Space Plot
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which is a straight line of the form

PVg = -mp+b ' (4)

A series of P, Vé readings were recorded keeping S; closed. . A plot-of
PVB versus P is linear with a slope equal to “(TB/Tﬁ)VV‘ Fig. A-1.1,

where TR is an average overall reading. The void volume, V,, = 11.565 cc,

v

was used in calculating the volumetric data for all gases used.

4
Appendix A-1,2 Determination of Dead Space Factor

The Dead Space Factor (F) is defined as the volume of gas in cc
(STP) per unit pressure to the left of S1, but not adsorbed on the sample.

The value of F is determined at a series of bath temperatures as follows:

(1) Keeping S; closed, He is admitted into the system-via Sa. The in-

let volume (Vy) in cc (STP} is

-4 .
VI = Vv + VB (1)
where VV'= 11.565 cc converted to STP ﬂ;
VE = Bulb volume (cc(STP))at temperature Ty

r

(2) S; is then opened and a series of P, VB readings are taken to cal-
culate VR,{which is the volume remiiningtx)the right of S;. The Dead
Space'Factor is given by ot

Fo= (vp-vare (2)
Re-arranging Eqn. (2) gives

V.= V_ - FP | (3)*
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A graph of VR vcn§rs P is linear with the slope = -F,

Let V| be the volume to the left of 5). at room temperature, and

V2 = Vg + aT be the volume at the bath temperature, where Vg is a con-

stant and a'is the coefficient of thermal expansion of glass (assumed

constant over the range of T studied), then

Vi (273) (v, + aT)(273)

= — 4)
(760)T, - (760) T -

<

or F = A+ B/T ‘ : . (5)

Where A = (273/760)(V,/T, +'a} and B = (273 V,)/760, both are constants.
Thus, plotting F against 1/T will give a strafght line and the plots of
F, determined at a series of sample bath temperatures, against‘!?T, for

zeolites 4A, Na-mordenite and H-mordenite, are shown in Fig. A-1.2.
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APPENDIX A-2

TWO-DIMENSTONAL VIRIAL EQUATION

Due to the narrow zeolite pore dimension, adsorbed molecules
do not have the chance to pile up in more than one monolayer. Accord-
ingly, conceptually, one can view the adsorbed phase to be a two-

dimensional gas.

The two-dimensional form of the Virial équation for non-ideal

gas is = R

m = RT ( 1 + B PR | + ... ). - (1)

A-o (A-0)? (A-0) ?

where v is the spreading pressure, A is the surface area available to

———

a molecule and, ¢ is the area per molecule in a close-packed arrange-

ment.

At equilibrium the change in the free energ & the adsorbed

e .

two-dimensional gas is equal to the change in the free energy of the

surrounding gas. Thus, the Gibbs equilibrium relationship should hold;

- .

Adw = RTdfnpP ' ' (2)

|

Differentiating ?ﬁn.(l] and substituting into Eﬁn.(2) gives
| B

(1/8) (1 + 2B(X/g) + 3y(X/o)2 + "..... ) dx =d &n P (3)

where x = 0/1-8 with 8 = o/A, the fractional coverage.
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Re-arranging Eqn.(3) gives

((1+x)/x) (1+28(x/0) + 3y(x/0)% + ...)dXx =d én P (4)

Integrating Eqn. (4) gives

Ln(P/X)-X = L&n K + (B/o)X (2+X) + (v/o2)X® (L.5+X)+ ...  (5)

<
where £n K is an integration constant, which is inversely proportional
to thé Hewry's law constant since K approaches a limit of P/@ as @

| approaches zero. ‘ <J/

&
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APPENDIX A-3

y

EQUATIONS FOR_DESCRIBING DIFFUSION IN 2EOLITES

Appendix A-3.1 Fick's Law

Fick's second law of diffusion has often been used to inter-
pret kinetic data for diffusion controlled processes. If the de-
sorption of gas in zeolites 1s diffusion controlled, then Fick's

law may be adequate to describe the sorption process.

Consider a spherical particle with radius "a". Assuming uni-
form initial concentration throughout the particle, and constant

diffusivity "D". The solution of Fick's law of diffusion (15)

%—:= D div grad ¢ (1)

with boundary conditions,’

c Co 8t r = a for t>0

c =c for 04r<a at t =0

0

distance from center of the sohere

3

where r

c

concentration of sorbed phase,

Expressing in terms of fractional aporoach to equilibrium is

Z=1-(.7_§F?)Z —éf-exp(’[naa (2)
n=1 n -

where n is an integer, and

% - %

s = — :
QN"QO /\_
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An alternative solutibn is
2 e sy} n ]
s Z —'6('(') [ + 2 21 ierfﬁ(?{) 3T 2
Eqn. (2) converges well for long time so that for T>0.16, or
Z »0.87 - - " SN
6 2. ¢ -
2= - (—71_'3) xp (-n°7T) (4)

Also, Eqn. (3) con\rerges well for small time because for 7 < 0.16,

the series” i iert (n‘z.' %) is zeros Thus, forT<0.16)or Z< 0,87
n=1

PTR-Re SO - :
= 6(3)% - 3T (5)
By co&zp;eting the square, Eqn. (5) ¢can be rearranged to give
(xt)'}-z 1 t-(T —RZ/S)%, . | (&)

Similarly,wthe solution for infinite platelet (15) is

od © 2.2 .
8 1 (2n-1)x"T
Z2=1- ( ) exp(- ——p——) , (7~
) -7“\'2 n=1 (2!’1—1)2 : ‘
Z2 =2 (T/x)i’ ' 05_ Z ¢ 0.45 | (8)
7 =

~

L1 - (—-) exp (- M) 0454 Z € 1.0 (9)

The solution for a cube is obtained from the corresponding platelet

solution using the relation

(t-2_ . )=(1- )2

cube platelet

Thie result is based on treatment of an analogous heat conduction prob-
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lem in which the solution in ;hree dimensions is obtained from the pro—
o -~
K‘
duct of three solutiens in one dimension,
‘ T ———
Therefore, the solution for a cube i% *
\ ’ \
512 [ § 1 (2n-1)72 7 ’
z =1 ——[I (——) exp(--———.)] (10)
w8 ln=1 (2n-1) 4~
\ﬁ *
Z = (—I-/—)'r - (—)1: + ( ( é)r/z )] 0,52« 0.83 {11)
2_. . ' ;
z_1-(§E)ex(-3“"‘) ' 0.83<Z < 1.0 ¢ (12)
76 4 .
]
Y -

In equations (2) through (12) T = Dt/a? -
where "D" is the apparent diffusivity, "t' is the time, and "a" is
the ra&ius, half-thiclkhess agd half edgé of the respective sphere, plate- . -

let and cube.

olite particles are of the same size iq any given batéh.of sample. In

reality, crystal size variation is often considerable and its effect on

sthe rate curve ¢

Therefore,

the measurement of the par-
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equilibrium can be expressed as

7 = f([ﬁc) = J £(a\Z (D,t) d ena ° : (13)
\ .Q ‘

~

[

where f(a) = probability distribution_function in terms of weight of

. - -"l-“"—r
the particle size. For small particles T f(a) would be a log-normal
distribution function, i.e. .
. : ! . zn(_;_ - ..
- f{a) = = exp(- ( ) ) (14)
‘ V2n En g _ ;élin o : ’ ) f’,
- . 1 .
f(a) d (&n a)= wt. fraction of particles with sizes between a and a BXp-
(d ‘en a)| ll'\d- \\s-
" a = wt, average particle size. “ T
v " ‘ . - - . -
. (// 5ize below which 50 wt.% of particles Lie
. * o = = .
. e ' . size below which 15.87 wt.% of particles lie
:) BN - 3
J . . . - .
Hence, the larger the value of @, the broader the size distribution and -
more markedly does 4 composite rate curve deviate from that for single
particles (Fig. 4,5). Now let
a
v ' £n_(§J ¢
S o ) x = - _ .
\\H;‘ \7 -~ . - Y2 fn o :
) ) " and dx =d £n aé{?'tn g .
— “ . D
3 Substituting x and dx into equation (14) we have e
1) . e \ .‘!‘ [-+] .
» - =~ _ 1 2
Z(D,t) = = exp(-x?) - Z(x,D,t) dx (14)
I 4 T
where Z(k,D,t] is a function of the particle size via the definition of"_a
‘ X, and its value is detefﬁaned by the rate equation used. - o
\ ! - :
o —— ’ h
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The integration in equa;ion (14) can be simplified by using

the Gauss Hermite integration techniques, i.e.

1 *f |
Z (D,t) = — - P, Z(x.,D,t)
roi=r Yt T
-Pi's are tabulated weighting factors and the x.

Hermite polynomial of order N.

-~

(1s)

1'5 are roots of the
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(Fote; Data. entries under the tem
peraturRE columns

APPENDIX A-S\ RATE DATA are values of Z, the approach to equilibrium)

Notations: ADS. - Adsorption ES. - Desorption
1. ZEOLITE - 4A C.ADS, - Counter Adsorption, C.DES.

SORBATE MOLECULE - CO
(Adsorptuon into Pre—gvacuated Zeolite and Desorption in He}

o]

-

~ Counter Desorption

Temp. 0°C 20°c 40°C
Time ADS. DES. TIME ADS. DES. ~TIME ADS.  DES.
(min) - (min) {min)

2.00 0.100 D.053 2.00 0.076 0.077 2.00 0.082 0.079
4.0 0.199 0.094 4.0 0.152 D0.134 4.0 0.163 0.141
6.0 0.300 0.122 6.0 0.228 0.176 6.0 0.245 0.19]
8.0 0.397 0.143 8.0 0.304 0.207 8.0 0.327 0.229
10.0 0.497 0.160 10.0 0.380 0.235 10.0 0.409 0.265
12.0 0.591 0.174 12.0 0.456 0.257 12.0 0.491 0.294
14.0 0.679 _-0.186 15.0 0.569 0.288 14.0 0.613 0.334
- 16.0 D.759 0.196 18.0 0.683 0.315 ° 18.0 0.733 0.369
18.0 0.833 0.205 21.0° 0.795 0.338 21.0 0.843 0.399
T 0-898 0.213 24.0 ©0.896 0.359 24.0 0.937 0.427
.U 0.955 0.221 27.0 0.981 0.379 27.0 1.00 0.452

2. ZEOLITE - 4A

SORBATE MOLECULE/\=—EO, .

(Counter-adsorptiiqn Bgainst Csz [a}., and C2H6 [b])

Temp. oc 20°C 40°%

TIME C.A TIME C.ADS. C.ADS. TIME C.ADS.
(min) [b] olal [b} [a)
2.0 0.075 2.0, 0.085 0.077 2.0 0.085
4.0 0.151 4.0 , 0m66 0.150 4.0 0.163
6.0 0.226 6.0 " 0.241 0,224 6.0 0.243.,
8.0 0.301 8.0 0.294° 0.298 . B.0 0.321
10.0 0.377 10.0 0.347 0.373 10.0 0.388
12.0 0.452 12.0 0.378 0.446 12.0 0.447
14.0 0.528 15.0 0.411 0.562  15.0 0.509 )
16.0 0.603  18.0 0.438 0.673 18.0 0.553 -
18.0 0.679. 21.0° 0.459 0.78] 21.0 4’587 '
20.0 0.741  24.0 0.476 0.865 24.0
22.0 0.804 27.0 0.492 0.925 27.0 0.641
24.0- " 0.837 - X S B
L

3. ZEQLITE - 4A ’Eﬁ

SORBATE MOLECULE - CO Sy

(Counter desorption against CZHd fal), and C2ZHE [b]) “x\ N

TEMP. 0°c 20.0°C
TIME C.DES. ctggg TIME C.DES. C.DES
{min) [a} (bl {min) [a] [b]

2.0 0.070 L\Rg.osz 1.43 0.048 0.055
6.00 0.156 . ¥.138 2.78 0.085 0.0
10.0 0.210 0.178 5.49 0.154 0.152
4.0 ¢ 0-251 0.205 8.18 0.209 0.191
20.0 0.299 0.235  12.216 0.271 0.239
i

™



27.
38.
52.
68.
83.
106.
136.
166.
205.

[on B e B e B v Y ce Y e [ s ) o I

.399
.456
.509
.550
.603
.659
. 705
. 152

oOCc OO0 O0OCOCOoOo
.

4, ZEOLITE - 4A
SORBATE MOLECULE -
(Single Component Adgorptlon and Desorpt1on

TEHP,

TIME
{min)

4.
G.
10.

0
04
0z

14.03

22.
30.
.45
52.
63.
.88
105.
139.
182.
257.
407.
632.

41

82

86
34

87
96

37
00
69
72
74
79

0 °c
ADS.

.18
.178
.264
.341

.403
.45

.515
.563
.602
.§54
.701 -
.753°
.799
.850
.902
.941

[we o B e B v B o B o Y e Y e Y e Y o O e Y v B e Y e Y e B o |

5. ZEOLITE - 4A
SORBATE MOLECULE - C_H
{Counter-adsorption against COZ)

TEMP.

TIME

{min)

4,

6.

10.
"\UIS.

22

0o
04
02
03

.86
30.

0°C

(o]

oo CcCoDoOooO oo

DES.

0.029
0.036
0.050
0.067
0.077

‘0.093

0.114
0.134
0.151
0.179
0.207
0.245
0.288
0.351

0.447

0.549

C.ADS.

0.032
0.045
0.070
0.104
0.13%
0.173

.262 16
.295 23.
.328 31
.359 42
.384 57.
417 72
.453 91
.485 110.
.520 136.
170.
215,
263.
346.
429.
519,

.35
93
.38
.67
69
.68
.39
18

18
19
98
41

54
59

20.0°¢
TIME “ADS.
{(min) °
1.64  0.077
3.23 0.151
~ 4,85 0.226
6,52 0.301
8.19- 0.371
9.84 0.434
13.10  0.530
16232 0.598
19.81 0.655
23.56 0.705
29.08 0.763
34.82 0.811
42.32  0.860
51.52 0.906
64.83 0.954
81.53 0.994
20.0%,"
TIME .ADS.
(min}
1.64 0.053
3.23 0.076
4.85 0.099
6.52_ 0.121
8.19 0.143
9.84 0.162

, Y e DO OO LO O O

.321 0.276
.398 0.331
. 460 0.374
.537 0.427
.618 0.484
.683 0.530
.748 0.579
.801 0.620
.858 0.668
911 0.721
.959 0.771
.989 0.817
.00 0.875
.00 ~, 0.918
00 - ™ 4 0.959
in Helium)
DES. TIME
(min)
0.028 1.43

0.050  2.87
0.069  4.34
0.086  5.75

-0.102 71.23

0.117  8.70
0.144  10.33
0.169 11.74
0.195  13.23
0.219 14.64
0.251 17.46

0.283 20.44
0.321 24.20
0.365 29.97
0.418 3546
0.480 42.94

40.0%
TIME ™~ C.ADS.
{min)}

1.43 0.046
2.87 0.082
4.34 0.120
5.75 '0.153
7.23 0.186

0.217

%tfﬂ

40.0°C
ADS.

0.073°

0.146
0.220
0.289
0.359
0.426
0.496
0.553
0.607
0.653
0.729
0.790
0.850
0.915

0.958-

0.999

161

DES.

. 0.045
.0.oa3

0.115
0.143
6.173
0.199

0.225
0.247°

0.268
0.288
06.325
0.360
0.402
0.459
0.508
0.567



41.45
52.87
63.96

82.88

105.37
139.0
182.65

257.
407.
7 632,

72
74
79

i;
L!”

L™

.218
.258
-294
.347

. 467
. 537
.625
.728
-804

OO0 OoOO0CO0OO

6. ZEOLITE - 4A
SORBATE .MOLECULE - C H4
. (Counter-desorption ggainst COZ)

TEMP.

TIKE

2.

19

/  4.45
6.65
8.82
13.31
20.01
26.57
37.52
64.05

82.58 ..

101.51
©131.52
165.08
210.08
263.90
343.91

O

20°C

C
0
0
0
0
0
0
0
0
0

OO o000 o

.DES.
-035
-064
.087
.108
.146
.194
.236
.297
-415
.481
.54]
620
.693
LT72
.847
.932

7. ZEOLETE - 4A
SORBATE MOLECULE - C_H
(Single Component AdSofption

TEMP.
T

IME

0%

{min)

-1
4

S.
16.

25

39.
57.
76.

110
144

.62
.88
11
59

.88

12
86
60
.37

11

ADS.

0.049
D.106
0.150
0.203
0.251
0.303

0.358

0.400
0.458
0.501

.400 -

13.
16.
19.
23.
29.
‘34,
42.

51
64
81

10

32
81
56
08
82
32

.52
.83
.53

TIME
1.41
4.22
7.02
9.82
12.63
17.59
21.34
26.81
30.55
38.07
45.55
56.82
64.34
75.57
« B86.84
101.80
116.85
131.81
146.85

DES.

..0.032
0.069

¢ 07098
0.134
-0.171
0.211
0.254
0.289
0.341.
0382

OO0 O0COoCOQCO0OO

40°¢c -
C.D
0.0
0.1

.2
.3
.4
.4
.5
0.
06

Coooocoo

2

.199
.231
.263
.296
.339
.381
.429
.485
.550
.620

ES.
49
36
16
93
57
46
97

'0.697

0.7
0.7
0.8
0.8
0.8
0.9

53
84
24
57

93 |

22

10.
11
13.
14
17.
20.
24,
29.
35.
42

57
991F |
50

0.946 )

0.970_

33

.74

23

.64

46
44
20
97
46

.94

and Desorption) /}

TIME
(min
1.65
3.37
6.70
10.02
17.57
25.06
32.58
47,58
58.85
77.6

).

20°¢
ADS.

0.060

=104
0.156

0.194
0.259
0.308
0.348
0.412
0.452
0.507

v

L

OO O0DoocOoOo

0.
0

DES.

0.052

.250
277
.303
.328
.374
.420
. 469
~1.¢

g§§)
.6

0.089

0.132
0.168
0.228
0.271
0.300
0.364
0.398

- 0.446

4

162



A

% i
196.61 0.550
282.87 0.603
422.50 0.636

8. ZEOLITE - 4A
SORBATE MOLECULE ~ C_H

0.433
0.503
0.578

106.
122,
148.

186

223,
2177.
318.
38e6.

481

(Counter-adsorption ggginst COZ)

TEMP, 0°¢ l
TIME C.ADS.
{min)

1.62 0.001
4.88 0.004
9:11 .. 0.0009
16.59 0.017
25.88 - 0.030
39.12 . 0.048
57.86 . 0.070
76.60 0.093
119.37 0.135
144.1] 0.180
196.61 0.240
282.87 0.320

422.50 0.424.

TIME
(min
1.65
3.37
6.70
10.02
17.57
25.06
32.58
47.58
58.85

2

)

77.60.

100.05
122.62
148.89
186.35%

- 223.93

9. ZEOLITE -4A
SORBATE MOLECULE - C_H

277.68
318.98
386.49
481.83

0%

{Counter-desorption against COZ)

(2}

TEMP. - 0 C
TIME C.DES.
(min) -

2.99 0.058
11.16 \_0,110
22.38 0.127
35.61 0.127
56.16 0.127

. B6.18 0.127
119.93" 0.127
164.94 0:127

234.97 0.127
284.99 0.127

TI

ME

20

{min)

1.

5.
8
14.
21.
32
43
58
84

107.

77
22

.61

68
18

.39
.86
.85
.87

4]

OOOOOOODDOQODDDDOOD

09
62
89
.35
93
68
38
45 .
.53

(@]

.ADS.

.005
.008
.014
.021
.037
.053
.070
.098
119
. 152
.188
.220
.259
.306
.340
.390
.438°
.480
.530

o

C.DES.

0.094
0.144
0.173
G.203
0.218
0.225
0.230
0.235
0.244
0.252

Coococooooa

. 560
.606
-650
. 707
.754
.814
.853
.504
.956

COoO00OCOoOCOoOOO

.498
.532
572
617
. 654
.697
.735
.770
.801

~ 163



385.82
" 475.86
648. 45

0.127
0.127
0.127

137. 42

174.
220.
287.
369.
489.
617,

10. ZEOLITE - NaMORDENITE
SORBATE MOLECULE - cO
(Single Component Adsorption and Desorption)

TEMP.
TIHE
{min)
2.00
4.00
6.00
8.00

10.00
12.00
14.00
16.00
17.00'
17.46
18.57
23.71
33.21
46.20
61.20
83.73
117.44
168.77
215.14
305.22
395.27

20°%C
ADS.

p.108
0.216
0.324
0.432
0.540
0.648
D0.756
0.864
¢.917
0.942
1.00
1.00
1.00
1.00°
1.00
1.00
1.00
1.00
1.00
1.00
1.00

DES.

0.100
0.170
0.220
0.258
0.288
0.312
-0.334
0.353
0.361
0.365
0.375
0.410
0.459
0.509
0.553
0.60!
0.654
0.712
0.752
0.806°
0.852

I'l. ZEOLITE - NaMORDENITE
SORBATE MOLECULE - CO
(Counter-~adsorption against CZHd [al, and

TENP,
TIME

. (min)
Z2.00
4.00
6.00
8.00
10.00
12.00
14.00
16.00
17.00
17.46

20°¢
C.ADS.
[a]
.108
0.219
0.330
0.440
0.551
0.663

0.771

0.876
0.917
0.935

C

0

COoOoocoOoooco

.ADS.

[b]

.108
.223
.338
.453
.569
.686
.794
.873
.897
.935

90
97
35
88
82
35

TIHE

0.261
0.272
-0.285
0k 300
0.320
0.320
0.320

(min)

2.00
4.00
6.00
8.00
10.00
12.00
13.00
13.88
15.08
16.20
17.27
22.84
32.33
41,63
60.37
86.66
120.04
169.09
229.12
319.13

71

{min)

2.
4
6.
8.
10,
12.
13.
13
15.
16.

ME

00

.00

00
00
0o
0o
00

.88

08
20

40°%
ADS. DES. TIME
(min)
0.114 0.107 2.00
0.229 0.186 4.80 -
0.343  0.243 6.00
0.457 0.288 .8.00
0.572  0.320 10.00
0.686 0.350 10.16
0.743  0.363 11.44
0.794" 0.372 12.63
0.862 0.386 16.56
0.923  ©.397 22.05
0.974 0.408 27.82
1.00 0.453  31.57
1.00 0.509 40.84
1.00 0.549 55.84
1.00 . 0.607 74.92
1.00 0.663 100.97
i.00 0.713 142.04
1.00 0.761 187.09
1.00 0.803 254.6
1.g0 0.845
C,He [b) )
40°¢
C.ADS. C.ADS. TIME
[a] [b) (min)
0.120 0.119 - 2.00
0.239 0.237 4.00
0.359 0.363 6.00 -
0.478 0.488 8.00
0.590 0.610 10.00
0.690 0.707 10.16
0.777 0.820 11.44
0.820 0.845 12.63
0.875 0.907 16.56
0.923 0.967

CooooDooco o

60°C
ADS. |

6.152
2.305
0.457
0¢.609
0.761
0.773
0.870
0.955
1.00
1.00
1.00
1.00
1.00
~1.00
1.00
1.00
1.00
1.00
1.00

60°C
C.ADS.
(a}
.152
.305 -
.459
.612
.762
.773
.868
.938

O
us]
o

164

DES.

0.129
0.225
0.306
0.358
0.407
0.409 .
0.432
0.452
0.509
0.568
0.616
0.641
0.693
0.754
0.808
0.861
0.916
0.957
0.998

C.ADS.
b)
0.154
0.308
0. 461
0.615
0.769
0.781
0.879
0.965

.00



18.57

0.980

0

.970

17.27

12. ZEOLITE - NaMORDENITE™
SORBATE MOLECULE - CO .
(Counter-desorption against C,H, [al..CH. [b])

TEMP,

) TIME
(min}
1,61

. 3.23
4.81
7.91
12.44
16.19

23.71

32.21

46.20

61.20

83.73

117.44

168.77

215.14

¢305.22

395.27

20%¢
C.DES.
[a]

0.108

0.227
0.329
0.477
0.595
0.655
0.729
0.789
0.840
0.880

.0.926

0.974
1.00
1.00
1.00
1.00

C

.DES,

-{b]

0
0
0

0
0
0
0
0
0
.
0
0
0
0
0
0

.087
. 169
.225
.305
.383
.428
498
.558
.615
.662
.710
. 758
.800
.836
.876
.911

TIME
{min)
2.
.98
5.
7.
9.
.61
17.

3

11

22

02
73
38
05

34

.84

32.
.63
60.
86.
.40
169.
229.
319.

41

120

3¢ ZEOLITE ~ NaMORDEN!TE
- SORBATE MOLECULE.- C_H '
(Single Component AdSorption

TEMP.
TIME
{min)

1.97

3.28
5.32
8.91
~11.06
13.13
18.99
26.49
34.00
45,28
94.03
137.30
.184.37
259.38

20°¢
ADS.

0.155
0,291
0.475
0.794
0.939
0.995
1.00
1.00
1.00,
1.03#
1.0

1.00

1.00 .

1.00-

DES{’.

0.136
G.216
0.242
0.376
0.415
0.446
0.515
0.578
0.625
0.678
0.811
0.876
0.925
0.979

1
1
2
3
5
6

33

37
66

Qs
12
13

0.94%

40°C

C.DES.
[a]

. 143
.285
.372
.444
.497
.549
.636
.681
.738
L7177
.831
.880
.925
0.962
1.00

1.00

Do ooDCoCoOoOO0O0oDO0OC OO

1.00

C.DES.
fb]

0.135

0.239
0.306
0.352
0.396
0.443
0.522

. 0.576

0.645
0.688
0.752
0.808
0.855
0.901

- 0.941
‘0.995

and Desorption)

TIME

(min)

1
3
4
5

7.
9.

1

9.
.01,
7.

7

2
7

.50
.00
.50
.90
66
34
.06
50

83
.83
.84

94.11
115.42
214,26

14, ZEQLITE - NaMORDENITE

SORBATE MOLECULE -

CéHd

40°c
ADS.

0.150
0.299
. 449
.588
.755
.872
.924
.955
.961
.00

000000 OO

f.00

[.o0o0
1.00
1.00
1.00

[
m
w
»

[~ en Y o= R e B o B e Y o Y o T s B et B e B e}
« s v s % s s e s s e
-8
3]

I

‘—-'"_'J /—-\
60°C
TIME  C.DES.
(min) [a]
2.34  0.199
4.59  0.389
6.60 0.493
8.68 0.58]
10.82 0.646
14.60° D0.726
22.05 0.815
27.82 0.862
311.57  0.890
40.84-— 0.939
55.84  0.990
74.92  1.00
i00.97 1.00
t42.04  1.00
187.09 "1.00
254.60  1.00
60°C
TIME ADS.
{min)}
2.00 0.242
" 3,50 0.423
5.00 0.604
5.14  '0.621
7.05  0.835
8.88 0.973
12.64 1.00
16.37  -1.00
24.60- 1.00
34.02 1.00
45.94 1.00
68.45 1.00
98.48 1.00
v

165

BES.

0.175
0.285
0.369
0.374

0.444 -

0.498

0.580.

0.639
0.729
0.797
0.856

0.924

g.981



(Counter-adsorption against COZ)

TTEMP.
T

¢

- 207C

IME

C

< (min} .

|
3
5
8
1l

13.
18.
27.
46,
69.

108
193

15. ZEOLITE - NaMORDENITE

77
.28
.32
.91
.06
13
68
93
65
21
<70
.00

OO0 COoOO0OOoCDOoOoO0O00D o

-ADS.

. 151
. 265
.385 -
.537
.594
.632
.703
. 166
.833
-877
.922
.972

SORBATE MOLCULE = C_H
(Counter-desorption against-COz)

TEMP.

TIME

{(min)

63

o — 0o & W

.24
.87
.49

.12

.35
.99

20°¢

c.

Lol = B = B o I e I Y s

DES.

.118
.220
.308
.395
. 480
.652
.00

40°c
TIME C.ADS.
(min)
1.50 0.139
3.00 0.29!
4.50 0.365
5.90 0.426
7.66 0.501
9.34 0.539
11.06 0.575
19.50 0.667
27.22 0.711
43,95 0.765
70.18 0.812
126.49 0.855
40°¢
TIME C.DES.
(min)
1.66 0.134
3.31  '0.238
4.97 0.326
6.68 0.440
8.34 0.490
10.00 0.572
11.70 0.658
13.76 0.742
15.00 ' 0.816
16.73 0.874
21.89 0.953
28.13 0.988
37.83 1.00
~

16. ZEOLITE - NaMORDENITE
SORBATE MOLECULE - C_H,_
(Single Component Adsorption and Desorption)}

TENMP.

TINME

_ (min)
.79
/53
.32

l
3
P 5

7.13
8.93
10.95

20°¢
ADS.

0.327
0.627
0.849-
0.951
'0.998
1.00.

DES.

1 0.220

0.356
0.449
0.523
0.580

0.634

TIME

- (min)

1.34
1,95
2.34

3.34

3.90
4.34.

40°C
ADS.

0,310

0.447

0.530
0.715
0.795
0.847

60°C

, TIME C.ADS.

{min)
2.00 0.228
3.50 0.378
5.00 0.509
7.05 0.609
8.88 0.676
11.21 0.733
16.70 0.807
24.16 0.859
42.98 0.923
95.50 0.989

60°C

TIME C.DES.

{(min)
1.77 0.193
3.60 0.342
5.39 0.458
7.24 0.565
9.03 0.664
10.85 0.762
12.65 0.850
14.47 0.920
16.29 0.963
18.15 0.991

24.60 1.00

DES.
(min)
0.264 1.00
0.319 1.50
0.354 2.00
0.444 2,50
0.494 2,00
0.521 .50

166

é;jﬁ 60°C _
TIM ADS. DES.

0.294 0.275
0.433 .373
0.560 }}35459
0.668 * 0.527

0,756  0.589
0.824 0.637

L



. ' | 167

14.74  1.00 0.712 5.34  0.929 0.577 4.00 0.874 0.682 .
20.41° 1.00  .795  5.95 (0.958 0.612 4.50 0.91] 0.718 °
27.82  1.00 0.868 6.34  0.972 0.634 5.00 0.938 0.757
42.24 1.00 0.95] 7.97  1.00 0.691 6.00 0.973 $.808
9.96 1.00 0.750 ~ 7.60 1.00 0.871
13.95 1.00 - 0.830 9.60 1.00 0.928
. 18.10  1.00° 0.884 12.51 1.00 0.981 .
24.10 1.00 0.932
35.53  1.00 0.981
~
¥ | . | -
17. ZEOLITE - NaMORDEN]TE : .
SORBATE MOLECULE - C,H, ™~ : ) @ .
{Counter-adsorption ggainst Cco.) W .
S ~ 2 |
TEMR.  20% T 40% 60’
<:IHE C.ADS. TIME C.ADS. TIME C.ADS. . . '
min) {min) ) {min} ‘ <y
i s N . -
179 o D.174, 1.34 0.266 . 1.00 O.E;Eﬂ\;L _ _
3.53 0.260 ¢ 1.95 0.299 1.50 0.400 ' L,
5.32 ¥ o0.32] 2.34 0.321 . 2.¢0 0.427 :
'7.13 0.379 - 3.34 0.375 2.50 D.455
8.93 0.423 3.90 n.ﬁgs 3:00-  0.483f *
12.95 0.506 4.34 0.429 3.50 8.510 .
17.90 0.583 5.34 0.470 4\gg/ 0.538
23.71 0.651  5.95 0.490 - 4. , 0.566
31.23 0.715 6.34 0.503  5.00 0.593
“ 53,72 0.832 7.99 > 0-559 6.00 0.627
74.79 0.890 9.94 0.613 7.30 0.675
97.00 0.929 __ 11.93 0.662 .73 = 0.738
" J15.84 0.739 « 12.15 0.784
19.78 0.802 14.68 0.822
S 24,46 0.86L . 20.32 0.886
32.00 07934 - 34.21 0.976
39.50 0.980 ., ¢ - o
K,'\'
18. ZEOLITE - NaMORDENITE . o ¢ _ ' —
SORBATE MOLECULE - C_H -
( Counter-desorption against CO2 )
TEMP.  20% - 40°%¢ . 60°% - O &5
. TIME C.DES. TIME C.DES. TIME C.DES. _ —
(min) (min) - Y (min) :
o
1.78 0.214 1.94 07297 1.00 . 0.354 .
3.64 0.380 4.02  0.493 1.50 0.409 ;L
5.47 , 0.489 0.622 2.00 0.463 . \
7.30 0.595 0.725 2.50 0.518
9.09 0.683 0.807 3.00 0.573 . ,
12.82 0.857 0.875 3.50 0.628 - : §
AN

_——



t\

\\‘:J
14.74 0.936
20.41 1.00
27.82 . 1.00
42.24 1.00
53.26 1.00

13.91
15,84
18.10
24.10
35.53

19. ZEOLITE - H-MORDENITE
SORBATE MOLECULE - CO

{ Single Componént Adgoiption‘and

TEMP. 0°¢c 20°¢C
TIME  ADS. . DES. TIME  ADS.
{min) - (min)

3.%0 %T;lo 0.107  2.00 0.111
6.00 0.220 0.203 4.00 0.222
9.00 0.330 0.281 6.00 0.333
12.00 0.440 0.348.  8.00 0.445
15.00  0.550 0.40!  10.00 0.556
18.00 0.660 0.447 11.00 0.61|
20.00 0.734 0.474 12.19 0.677 -
20.89 - 0.766 * 0.486  13.23 0,732
21.94 0.803 0.499 14.20 0.782
24.13  0.873 0.523 16.18 .0,872
26.43  0.933  0.546 18.17° 0.943
28.69 0.978 0.568 20.11 0.993
38.50 © 1.00 0.642 24.56 1.00
55.27 -1.00  0.729 -32.07 1.Q0
77.80  1.00  0.804 ° 41.56 1.00
115.26  1.00 0.879 49.07 1.00
190.22  1.00  0.955 69.53 |.00
257.60  1.00  0.989 107.11 NGO

20. ZEOLITE - H-MORDEN]TE

SORBATE MOLECULE - CO _

( Counter-adsorption ggalnst C2H6 )

TEMP. 0% 20°c _

TIME C.ADS. - TIME C.ADS.
= (min) s (min) .. N
1.94  0.063 2.00 0.081
3.81 0.124 4.00 - 0.187"
5.75. 0187 .00 0.294
7.82  0.255 8.00  0.401
9.50  0.309 10.00 - 0.508
11.43 ° 0.372 11:00 0.561
13.33  0.434 12.19 0.624
15.39 0,502 13.23 - '0.678
"Y7.27° 0.563 14.20 . 0.727

J

0.934
0.979
[.00
1.00
1.00

\

Desorption )

o

40°C

4.00 0.683
4.50 0.738
5,00 0.793
6.00 0.843
7.60 0,939
9.60 1.00
12.51 {.00
N
- DES. TIME
{min)
0.o082 .10 /0
0.165 .28 0
0.245 . 0
0.317 . 0
0.378 6.91 0
0.406 8.07 0
0.437 10.35 ]
0.461 11.46 0
0.483 12.56 0

0.522  15.20 |

0.559 18.21 |
l

0.590 22.85
0.652 30.30 -
0.730 49.08 l
0.800

0.841

0.916

0.988

40°¢C

TIME C.ADS.
(min}

1.96 0.146 -~
3.95 0.294
5.93 0.442
7.94 - 0.591
10.03 0.733
11.99 0.843
14,00  0.924
15. 0.975

95

ADS.

. 100

.206° -

.308
.498
.624
.723
.889
.950
.997
.00

.00

.00

1.00

.00

168

DES.

.0ez
. 169
.247
.383
.450
.506
.592
.626
.659
.721
JT17
.841

COoooDOoCoOoOo0ocOoCoo O

.908
.987

o o

j;



..(““

~9.26
Z1.20
23.20
25.11
28.86
32784
42.47.

0.628
0% 690
0.752
0.805
0.887
0.939
0.971

21." ZEOLITE - H-MORDENITE

- TEMP.

TIME
{(min)

2.38
4.72
7.24
9.66
12.05
16.95
21.52
29.00
38.50
55.27
77.80
115.26
190.22
257.6

0%

C.DES

0.083
0.169
0.264
'0.348
0.421
0.526
0.597
0.678
0.747
0.824
~'0.884
0.94!
1.00
1.00

. SORBATE MOLECULE - CO .
( Counter-desorption Sgainst C.H

- 22. ZEOLITE - H-MORDENITE

SORBATE MOLECULE - C H6 o :
{ S5ingle Component Aasorption and Desorption )

TEMP. 0°c
TIME ADS.
{min)

2.50 0.186
5.60 0.371
5.74 0.426
7.72° 0.570
9.57 0.697
11.54 0.814
0.899 .
“8.953
.0.985
00

R 169
16.18 0.820 )
18.17 0.894
20.11 0.950
21.89 0.894
2 6_)-/.,
20°C 40%C
) TIME.- C.DES, “ TIME G DES.
{min) (min) I
1.14 0% 043 1.91 . 0:144
3.51 0.175 3.84 0.287
5.27 0.273 5.77 0.419.50 -
7.02 0.363 .70 . 0.526
8.79 0.442 9.67  0.612
10.52 0.506 11.53 0.676
12.50 0.567. 13.45 0.730
14.23 0.612 15.36 0.773
v 18.02 0.688 19.19 0.839
21.75 0.745 23.06 0.886
27.51 0.809 28.98 0.936
33.01 0.845 36.99 0.978
44.24 0.916 49.08 1.00
'55.51 0.956
66.76 . 0.984
80.82 1.00
iy
20°C %—"’ £ N
Es.,” TiME  ADS.  oes.  Mwe - ADS.  Des.
(min) %ﬁin)
0.165 1.77 0.220 0.167 1.93  0.340° Q.345
0.323  3.47 Q.429 0.363 3.80 0.644 0.610 -
0.365  5.24 0.634 0720 3.98 0.665 0.636 _.f\\\\
0.457  7.02 4 0.803 0.644  5.79- 0.876 O%796
0.529 8.85 © 0O 0.732%  6.02 0.903 0.817
0.591 10.62 J:iﬁ} 0.80! 8.10 . 1.00 0.923
0.645 o 14.36 1.00 0.893 10,11 4 1.00 0.982
0.687. . 18.24 1.00 0.948 o o
0.727 23.51 1.00° 0.986
0.808 _ : .
-» .
0.880 . y J; &L
N q w N Q' p S # o -
i ~ \ : . ®
i ' -

]



* \
- 7 470
- . B
44.87 1.00 0.957
59.88 1.00 0.987
23. ZEOLITE-~ H-MORDENITE
) SORBATE MOLECULE - C_H
‘ ( Counter-adsorption“against CD2 }
TEMP, a°c 20°C . " 40
TIME C.ADS. TIME C.ADS. TIME C.ADS.
{min) (min) {(min} &
2.50 0.181 1.77 0.171 1.93 © 0.349
R 0.359 3.47 0.372 3.80 0.636 .
: 5.74 0.402 5.24 0.549 5.79 0.830 / v
7.72 0.517 7.02 0.670 7.74 0.925 !
9.57 0.592 8.85 0.750 9.67 0.972
11.54 0.658 10,62 0.799 11.53 0.997
13.49 0.703 14,23 0.863 :
15.36 0.739. 20.01 0.912
17.33 0.767 31.25 0.955
% 20.83- 0.807 59.25 0.985
28.06 0.853
3 50.57 0.922
125.62 0.958 -
24. ZEOLITE - H-MORDENITE _
SORBATE MOLECULE - C.H .
( Counter-desorption“against CO.2 )
TEMP.  0°C ‘ 20°%¢ 40°¢
TIME C.DES. TIME C.DES. TIME: C.DES.
{min) {(min) {mink—
: %
| A
1.94 0.119 1.81 0.154 1.93 0.383
3.81 0.243 3.65 0.349 3.80 " 0.651
5.75 0.355 5.44 0.502 3.98 0.677
7.82 0.456 7.22 0.620 . '5.79 0.850
9.50 0.525 9.00 0.710 6.02 0.863
- 1].43 0.594 10.85 0.783 8.10 0.980
13.33 0.654 12.66 .0.837 10.11 1.00
' 15.39 0.710 14. 48 D.878.
17.27 0.755 16.29 0.909 . -
19.26 0.798 21.89 0.960¢
- 23.20 0.870 25.62 '0.972 -
"y 28.86 0.945 , :
[ "34.73 0.989 3 ‘o e
for ) y
L ‘%h < <« b
2 . , RN
s ’7‘1 - AN ) 'y \ |
- = : : |
% ‘_;. . B W ‘ & '1
- q 2 ' \
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APPENDIX A - 6

KINETIC DATA TREATMENT

[y

Experimental sorption sequence of a typical counter-
diffusion experiment is és,rollows; Y
* - For simplicity, let molecule A be the couq?@r-adsorbate

and molecule B, the counter-desorbate. A

. ) 1. Zeolite powder was activated at 450 °C under vacuum for -

‘

24 hours, ' x

/
\\ 2. Adsorption of moYetile Bwas initiated by passing %as
—~ \ ) : .
% \ mixtur ig ( B plus helium ) over activated zeolite. (Note,
<
‘ - S\\____/bﬁfs—#;:tablishes the single component adsorption ftinetics
of molecule B) ‘

7 . . 3. The sofption;tube wvas isolated Znd the remaining systenm
' 'o purged with gas mixture A ( A plus helium ), .
o ' L. The adsofption of molecﬁle A was injtiated by allowing
A to coﬁtact with zeolite containing molecple B,
Since molecule B desorbs, therefore,-the counter-adsorption
i‘ of Folecule A takes place slmultaneously with the counteffdesorption

)

of molecule B,

For single component desorption, the system was first purged

with helium, and then, helium was passed over the zeolite con-

4
taining molecule B,

’ ) ’ . ;
[ v /f . . )
- - R,
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.
For a particular set of single component sorption-experiments, .
the adsorption rate .of gas 3zfture A in helium at time, t, Y
is determined by component mass balance,_i.e.

Component A: .

Rate of d{gappearence

due to adsorption = Input rate - Output rate

L]
or a

where

a
F03 Fl are the respecti e inlet and outlet fotal flow rates

(helium + A) in (cc STP/gm mink
xo, X1 are the respectiép inlet and outlet mole fractions ‘;»

«J r - 15 the adsorption rate of molecule in (cc STP/gm min)

~*=y  of A. (Note; f
ape equivalent)
The relationship between Fq, and F1 is established 1§;h
component mass balanca on helium, i,e, - j X
. X \g 2‘

ideal gas, the mole and volume fractions

6]

F0(1-x0) - $1(1Jk1)

hence ' '
o | (T
Fy = Fo1-X5) /_(1-x1) 37
Substituting Eqn. 3 into Eqn. 1, we have x
’ i !
-t —4“?8‘ = l*
Ead . -~
Algebraic manipulation of Eqne 4 gives
X X
Fo1-Xy) [—2— - ! 5

i “<§Liq | (72X,) (1-X,)

In the actual experiment, F is measured by. thg flowmeter whereas
the mole fractions XO and‘.J are determined directly with gas

chromatography, L~ o :

' IR N
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For single component desorption, the rate of desorption
ATy is évaluated in a similar fashion; through component mass
balance, i.e.

XO X

; T
- r = F (1-X.) |—— _ » 6
d oo (1-x3) (1-x,) ’
However, since the inlet is pure heliug, XO is therefq;L zero,
and FO is s8lmply the total flqwrate of helium. This yields a
slmplified expression for the desorption rates; Laen
ry = FOJ-c1 / (1-x1) ' 7

+

In’ the binary counter-diffusion experiments, the method

‘or evalua
Ekmponent

adsorbate whil

adsorption and desorption rates is again through
alances. For simplicity, let molecule A be the
’

molecule B, the desorbate. Also, the aﬁsorption

of molecule A takes place simultaneously with the desorption

of molecule B,

 J -
Component A: Co- g .
Ta,a = Fo¥o a = FyX ( 8
helium: o
t . —~— ‘ .
0 = Fo(1-X, ) VR
hence - o ’ .
Fy =Fo(1ghy,,) / (1%, | « Yo
-Substituting Eqn. 10 into Eqn. 8 and with algebraic manipulation,
we have ' . ‘l “a
‘2——- . x e " | ’
' Ta,a = Fol1-X, )J - 1,A ) " .
. (1 X, - Qex A-MB) @ [KL
’ .
) . @ _k" . V] 5
: ‘ — .
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Component B: ' <T\\

17 Ta,B = Fo¥g,p -~ FiX, g | 12

PR 1 .
But XO g = 0, and substituting Eqn. 10 int qn. 12, it yields
» . -

-
-

X8

(1-x1 A‘x1,s)

Where F is again the total inlet flowrate or Fo(1- xo R 15 the

r

d,B = FQ(1-XO,A)

!\ helium flow rate. -X Q!A , XO,B and XT:A , xl,B are the respectivé
inlet and outlet mole fractions for component A and B.
The direct result of the kinetic experiments is therefore
the sorptf@% rates (r a*Tq ) Oue typical exampl; is shown in
Fig, A-6Ll1; » Where the instantaneous adsorption‘rate of ethane on
zeolite 4A at O C ie plotted against time.’
The time history of the sorption rates can then be inte-

grated to give the amount adsorbed Qt ) at time t “n this work,

the integration is done by a numerical technique, trapezoidal

The dimengsionless variable 4, known as the approach to /
4 ! .

equilibrium{ ik defined as
where Qt is the total amount adsorbed : at time t,
e o Qy 1is the initial amount adsorbed - ‘  and
A a Qw 1is the saturation amount %dsorbed.

In this work, 'the saturation amount‘ﬁdsorbed'(Qh) of-the .
various sorbateslgtuoi were obtained from- equilibrium isotherms
at the appropriate temperature ang pressure level that corresponds
to the partial pressure oﬁ the component of interest in the gau
- ) N P ;

’ {/,\ . B (’ .

- 2
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mixture. Thg;accuragy“oflthe kinetic measurements can ‘be seen
from the comparison of the equilibrium uptakes between the
kinetic and static systems. This is shown in Table 4-9, where
the equilibriunm uptakes-;f ethane from the two systems are com-
pared. As indicated, the differences are less than 5%.

The equilibrium uptakes or. the approach to equilibrium,
Z, can now be plogted against time, t. This is shown in Fig.
A-6-3. The values of Z versus t .of 2 repeated run is also shown
"in this figure to demorfstrate the reproducibility of results.
~In this w;rk} the values of Z against t were non-linear least
square fitted to.the Fick's law solution (Appendix A-3) to‘yield
vglues of diffusivify, D. In general, the calculated diffusivi-

ties from repeated runs varied between 5 and 15%.
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a ' ?
FIGURE A-8.35 APPROACH TO EQUILISRIUM, Z, VERSUS TIME
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Temperature, °K

.

‘Diffusivity of sorbed vhase, cma/sec'

.Gas constant xq.

‘Velocity of sbrbed species, cm/sec 9
'ﬁLstance'in X-df}ection, cm
/ .

. Mole fraction

o % B

APPENDIX A-7

NOTATION :
Radius of sphere, cm
Angstrom
Langmuir constant, torr~!
Concentration of sorbed phase, mole/cu;3 (crystal)
) -}
Limiting difTusivity, cma/sec
Knu@sen diffusivify, _cmz/sec
Activation eﬁergy; KJ?mole-
Diffusive flux of sorbed'speciés; mole/cn® gec
Melecular weight, gm
Fartial é%e;sure, ‘torr }
Pressure, atm
Isosteric heat, KJ{Fole
Amount adsorbed, ¢c ‘STP/gm

Radiallpbsition variable,

Time variable, sec

[ 4

N

‘Fractional aoproach to equilibrium, dimensionless,

= (‘Qt‘QO) / (QW-QO) .‘ B \%

——

- " \"h/)
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. e .
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&
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SUBSCRIPTS

1,2,1,A,B Refer to component 1,2,i,A,B

‘m, 8 Saturatid® concentrafion, mole/cm3

GREEK LETTERS

. Q Special diffusion volume, cm3 2
A Chemical potent:_[al,- . enérg)’/mole '
= Dimensionless conéenti‘ation, or coverage
T " Dimensionless time variable, - = Dt/a’ 7
Spreading Pressure -

?ﬁ SYMBOLS RELATED TO RANDOM WALK MODEL .
A(I) ’ Initial number of molecule A adsorbed per cell
BB Bulk concenfréﬁion‘uf molecule B at éxterior'cell
AM,EEM H;ximum number of molecule A or B allowed-pér cell
AN(I)}, BN(I) Number of moiecule Aor B 1n.cell(I)

AT(I), BT(I) Moving:potential of molecule A or B in cell(I)

CA, CB . Critical mo;zhg values for molecule A or B

CF ‘ Total number of molecule A and B allowed per cell

RN Random number generated Between 0-100 ;

T Time (arbitrary‘units, corresponds to 1 computer M

iterqtion step) v
¢

£
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