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The deactivation of 4A zeolite molecular sieves under severe hvdrothermal conditions is
studied. Accelerated deactivation runs are performed on Uetikon and TOSOH 4A zeolite

pellets, and the results are interpreted considering their equilibrium and kinetic data.

A mathematical model for predicting the uptake rates for crystal particles partially
blocked either due to coking or pore mouth closure is developed and numerical results
obtained. Concentrated blockage of the crystal surface greatly reduces the mass transter

rate in comparison to uniformly distributed surface blockage.

Equilibrium data for fresh water on 4A zeolite pellets is obtained at 175 °C and 200
°C, and fitted to a dual site Freundlich-Langmuir isotherm. The theoretical breakthrough
curves are calculated using a dispersed plug flow model with mass transfer controlled by
macropore and pore mouth resistances. The experimental breakthrough curves show a
high degree of asymmetry between adsorption and desorption even at low equilibrium
loading (less than 15 % of saturation loading). This asymmetry can be satisfactorily

accounted for by the dual site Freundlich-Langmuir isotherm.

Accelerated deactivated 4A zeolite samples are prepared at two temperatures. 350 °C
and 400 °C, and two water vapor loadings, 0.05 gm/gm and 0.16 gm/gm for time periods
of 100, 200, and 300 hrs. Breakthrough curves are obtained at 175 °C and 200 °C, at
approximately 9.3 mbar inlet water vapor pressure, and the pore mouth time constant is

obtained by fitting the experimental breakthrough curves to the theoretical ones. The pore
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mouth time constant increases with duration of deactivation, approaching a constant
value as deactivation increases. The degree of deactivation is highest for the most severe
and lowest for the least severe hydrothermal conditions. Uetikon pellets exhibit less

deactivation than the TOSOH pellets.

A simple reversible deactivation mechanism is proposed. The rate of change of mass
transfer coefficient across the pore mouth to deactivation temperature and moisture
loading is derived and fitted to the experimental data. The activation energy of jump
across the pore mouth is invariant with deactivation: however, the pre-exponential factor

decreases indicating an increase in entropy due to a loss of crystallinity at the pore mouth.
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1

INTRODUCTION, OBJECTIVES & LITERATURE
REVIEW

The ability of porous solids like alumina, silica gel, activated carbon and zeolites to
adsorb large volumes of vapors and liquids was recognized as early as the eighteenth
century. However, the commercial exploitation of the adsorptive property of porous
materials started much later in nineteenth century. Perhaps. the most important
application of an adsorbent is in an adsorption column. packed with a suitable hyvdrophilic

adsorbent as a drier for the removal of moisture from either gas or liquid streams.

Some of the commonly used adsorbents and their properties are shown in Table I-1.
Alumina is suitable for drying warm gases as it has high capacity even at elevated
temperatures. 4A zeolite has a high affinity for moisture even at low water vapor partial
pressures. Therefore, 4A zeolite is suitable to remove rraces of moisture from guas

streams.

1.1 Structure of Zeolites

Zeolites are porous crystalline aluminosilicates. The basic building units of zeolite

crystal lattice are SiOs and AIlO; tetrahedra. SiO; and AlO; tetrahedra are three



TABLE 1-1 Some commonly used adsorbents and their properties.

Adsorbent Nature Remarks
Silica gel Hydrophilic | Low capacity at elevated temperature
Alumina Hydrophilic | High capacity at elevated temperature
4A zeolite Hydrophilic | High affinity even at low partial pressure
Activated carbon | Hydrophobic | Cannot be used for drying

dimensional structures in which Si and Al atoms are at the center of a tetrahedron
respectively, and O atoms are arranged at the four vertices of the tetrahedron' -~ . In the
zeolite crystal lattice or framework, the O atoms at the tetrahedron vertices are shared
between two adjacent tetrahedra. The sharing of vertex O atoms gives rise to a virtually
endless sequence of AlO; and SiO. tetrahedra covalently bonded together to form the
zeolite crystal. The tetrahedra can be joined together in various ways leading to a wide

variety of zeolite structures.

An aluminum atom with only three valence electrons cannot fully neutralize the four
negative charges in its tetrahedron resulting from each of the four O atoms. Thus. in the
aluminosilicate structure there is one net negative charge for each aluminum atom. These
negative charges are balanced by the presence of the appropriate number of exchangeable

monovalent or divalent cations held inside the crystal lattice by ionic bonds~ .

The aluminosilicate framework of a zeolite is a fairly open structure containing a
regular arrangement of cavities joined by windows of a few Angstroms in diameter. The
effect is a one, two or three-dimensional network of uniform interconnected pores of
diameters comparable with the molecular dimensions. Small molecules, which can

penetrate the pores, are adsorbed by the zeolite but larger molecules are excluded.
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The A type zeolites are characterized by a framework of polyhedral cages of cubic
symmetry as shown in Figure 1-1. 4A zeolite is the sodium form of an A tvpe zeolite.
The idealized structural formula of a unit cell of 4A zeolite is Naja[Al;2S112045].27H-0
and the effective diameter of the pores is 4 Angstroml. Some common properties of 4A

zeolite are listed in Table 1-2.

1.2 Pelletization of 4A Zeolites

Industrial applications of 4A zeolite require the zeolite crystals compacted in the form of
pellets having high physical strength and attrition resistance. Methods for forming the

crystalline powders into pellets include the addition of an inorganic binder, generally a

FIGURE 1-1 Schematic representation of the structure of zeolite A' . The unit cell has cubic symmetry
with unit cell size of 12.3 A. Each unit cell has two cages (c and ) where adsorption can take place. B cage
is small in size. Only small and highly polar molecules like water can access B cage in sodium form of
zeolite A.



TABLE 1-2 Properties of 4A zeolite crystals.

Property Value
Unit cell size 1232 A
Density (fully hydrated) 1.99 g/cc

H->O molecules in one unit cell | 27
Na™ ions in one unit cell 12
Cages available for adsorption | 2 (o and (8)

o cage aperture 4 A

B cage aperture 2.2 A
o cage volume 775 A ’
B cage volume 155 A

clay, to the high purity zeolite powder. The blended clay zeolite mixture is extruded into
cylindrical type pellets or formed into beads. These pellets are then calcined or activated
in steam at around 630 °C in order to convert the clay to an amorphous binder of high
mechanical strength. As binders, clays of the kaolin or metal powders are used. The
typical binder content of a zeolite pellet is 20 wt%, however, it may vary from
manufacturer to manufacturer. The pellets or beads from different manufacturers have
different properties e.g. macropore diffusivity, micropore diffusivity, adsorption capacity.
and pore mouth resistance etc. as a result of differences in severity of hydrothermal

treatment during the pelletization process.

Application of 4A zeolite pellets for drying involves the use of a cyclic batch system
in which the adsorbent bed is alternately saturated and regenerated in a cvclic manner.
The most common examples of such systems are pressure swing adsorption and thermal
swing adsorption. These systems differ in the methods by which the adsorbent is

regenerated during the desorption cycle. In thermal swing operation the bed is
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regenerated by heating, usually with a stream of hot gas, to a temperature at which the
adsorbed species are desorbed and removed from the bed in the fluid stream. In a
pressure swing process, the same task is achieved by reducing the pressure at essentially

constant temperature.

Thermal swing adsorption is probably the most common system for drying of gases.
Since, temperature is a more effective variable than pressure for changing the
thermodynamic potential', thermal swing processes are generally preferred for strongly
adsorbed species such as water on 4A or alumina. However, repeated thermal cycling in
presence of moisture can lead to deactivation of the zeolite adsorbent due to
dealumination and exposure to elevated temperature in presence of reactive hvdrocarbons

during the desorption cycle can lead to coke formation in the adsorbent.

1.3 Objectives of the Study

The main objective of this study is to identify the mechanism of deactivation of +A
zeolite adsorbent and develop a model! to predict the extent of deactivation as a function
of temperature, steam concentration and the time exposed to the steam. Deactivation runs
and analysis of deactivated samples by studying the kinetics will be carried out on 4A

zeolite samples obtained from two different manufacturers namely TOSOH and Uetikon.

1.4 Literature Review

The most widely used technique for studying the kinetics of mass transfer in molecular

sieve adsorbent pellets is by following the transient adsorption or desorption curves. Such
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experiments can be carried out either gravimetrically or volumetrically. As an alternative
to these conventional methods, several column techniques have also been developed.
Column techniques offer the advantage of speed; however, the analysis of data is
somewhat more complex due to the presence of dispersion, which must be taken into
account. In the present study column technique has been used to analyze the deactivated

samples.

In this section we analyze the models available in literature for the breakthrough
curves for adsorption columns, both under isothermal and nonisothermal conditions
followed by the section on review of literature on deactivation of adsorbents. The
available literature on some recent advances for studying the kinetics in zeolites is also
discussed. The following two paragraphs discuss some basic terms. which are frequently

used in our discussion of the literature.

In general, the breakthrough curve measurements are carried out by making an initial
step change in concentration of the fluid stream flowing through a column packed with
adsorbent pellets. If the magnitude of initial step change in concentration is small or
differential then the equilibrium isotherm can be approximated by a straight line and we
have a linear isotherm. However, if the magnitude of the step change is large then we
must take into account the actual shape of equilibrium isotherm. which is nonlinear. An
irreversible or rectangular isotherm is the extreme case of nonlinearity. which is an
idealization for strongly adsorbed species. The Langmuir isotherm approaches the
irreversible isotherm for a concentration step change such that the equilibrium adsorbed

phase concentration approaches the monolayer saturation concentration.

6



1.5 Kinetic Models for Adsorption Columns

In this section, the kinetic models available for adsorption columns are reviewed. The
discussion is restricted to trace systems, i.e., systems in which only traces of adsorbuble
component are present in an inert carrier. The available models can be classified on the
basis of the type of flow, which can be either plug flow or axially dispersed flow. The
models can be further classified on the basis of the kinetic model for a single pellet. In the

following section we discuss the isothermal kinetic models for adsorption columns.

1.5.1 Isothermal Kinetic Models

For a linear equilibrium isotherm, analytic expressions can be obtained for the
breakthrough curve. The references to various models that are available for such systems
are tabulated in Table 1-3. Since, these models are for linear isotherm, the adsorption and

desorption breakthrough curves are mirror images.

When the equilibrium relationship is nonlinear it is generally not possible to
determine a general analytic solution for the breakthrough curve. Theoretical
breakthrough curves for nonlinear systems may be calculated by numerical solution of
the model equations using standard finite difference or collocation methods. Such
soluticns have been obtained by many authors. In most of these studies plug flow is

assumed and the equilibrium isotherm is either Langmuir or Freundlich.

Antonson and Dranoff® have solved the model for micropore diffusion control with

the Langmuir isotherm. They have considered the micropore diffusivity to be constant.
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TABLE 1-3 Summary of analytic solutions for breakthrough curve for linear, isothermal trace component
systems

Flow Model Kinetic Model for Pellet Author
Plug flow No resistance to mass transfer, pellets in | DeVault™
equilibrium with the local bed
concentration
Plug flow Linearized rate expression : Anzelius'!, Walter_'l B,
g . Furnas'*, Nusselt'.
o = k(‘] - ‘1) Klinkenberg'®
Dispersed Linearized rate expression Lapidus and Amundson’".
plug flow Levenspiel and Bischoff'®
Plug flow Macropore resistance controlling Rosen'®- %
Dispersed Macropore resistance controlling Rasmuson and Neretnieks™*
plug flow
Plug flow Macropore and micropore with external | Kawazoe and Takeuchi™
film resistance
Dispersed . Macropore and micropore with external | Rasmuson™
plug flow film resistance

Kyte* solved the same problem for Freundlich isotherm. Garg and Ruthven™ ® ~ have
considered the same problem but taken into account the variation of micropore
diffusivity. The model for macropore diffusion control has been solved by Carter and

Husain® and by Garg and Ruthven’.

Numerical results for nonlinear isotherm models suggest that the adsorption and
desorption curves are mirror images when the isotherm approaches the limit of linearity.

However, the asymmetry between the two increases with increasing nonlinearity.

The earliest solution for the breakthrough curve for an irreversible system appears to

be due to Bohart and Adams™ who used a quasi-chemical rate expression. The cases of

<
-

micropore diffusion control and macropore diffusion control were solved by Cooper”

and by Cooper and Libermann®. A summary of the models for breakthrough curves for
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an irreversible system is given in Table 1-4. All solutions assume plug flow.

TABLE 1-4 Summary of solutions for breakthrough curve for systems with irreversible isotherm

Rate Equation Author
Quasichemical Bohart and Adams™
Linear rate and solid film Cooper25
Linear rate and external film resistance Ruthven'

Micropore diffusion Cooper25

Macropore diffusion Cooper and Libermann™
Macropore diffusion and external film Weber and Chakravorti*’
resistance

1.5.2 Nonisothermal Kinetic Models

A general solution to the nonisothermal adsorption in an adsorption column requires the
simultaneous solution of the appropriate mass transfer rate equation and the energy
balance. subject to the appropriate boundary conditions and equilibrium relationship. Due
to the complex nature of such a general nonisothermal problem, solutions have generally
been restricted to the limiting cases of either isothermal operation for which the energy
equation can be eliminated, or adiabatic operation for which the energy balance attains a
simplified form. The discussion on isothermal kinetic models for adsorption columns has
been presented in the previous section. The nonisothermal Kinetic models for adsorption

columns are discussed in the present section.

For sorption studies in a fixed bed under mass transfer equilibrium, the case of
adiabatic sorption has been considered by Leavitt™, Amundson et al.® and Pan and
Basmadjian®® 3! Pan and Basmadjian have also verified their model with an experimental

study of the adsorption of CO2 on 5A molecular sieve.
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When mass transfer resistance is important the dynamic behavior of an adsorption
column can generally be predicted only by numerical solution of the coupled differential
heat and mass balance equations which describe the system. The earliest general
numerical solutions for a nonisothermal adsorption column with a nonlinear adsorption
isotherm appear to have been given by Carter'>*** | by Meyer and Weber” and by Lee
and Weber®. A summary of these and other similar studies is given in Table 1-5. The
models developed in all of these studies have been tested by one or more experimental
studies which are also listed in the Table. The data used for modeling the adiabatic

adsorption columns is shown in Table 1-6.

These studies indicate that for the isothermal system with a linear isotherm the
adsorption and desorption curves are mirror images. As the nonisothermality of the
system increases a pronounced asymmetry develops between the adsorption and
desorption breakthrough curves. It is seen that the effect of increasing nonisothermality
on the shape of breakthrough curve is much more for the case of desorption than for

adsorption.

For the case of an imreversible isotherm the differential mass balance and mass
transfer rate equations become, to a first approximation, independent of temperature and
therefore independent of heat balance. Under these conditions a formal analytic solution
may be derived for temperature and concentration breakthrough curves. Such solutions

have been obtained by Ozil and Bonnetain®’ and by Yoshida and Ruthven®.
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TABLE 1-5 Summary of numerical solutions for adiabatic adsorption columns with finite mass transfer

resistance.

Author Equilibrium Mass Heat Experimental | Remarks
Isotherm transfer transfer System
Resistance | Resistance
Carter’=>*>> | Freundlich External External H,0-Al-0s, Finite
film + film Silica, 4A difference
Macropore sieve
Weber®>- 3¢ Empirical, External External CH.;-Act. Wall heat
and nonlinear film + film Carbon loss
coworkers Macropore included
Cooney’ Langmuir Linear rate | External — Finite
film difference
Ikeda*® Langmuir Macropore | Thermal CO--5A sieve | Finite
Equilibrium difference
Marcussen*' | Freundlich Macropore | External Ha.O-Alumina | Collocation
film +
Internal
conduction
Raghavan, Langmuir External External H.0-4A sieve | Axial
Duncan an film + film dispersion
Ruthven*? Macropore included,
Collocation

TABLE 1-6 Experimental data used by various authors for modeliing adiabatic adsorption columns.

Author

Model Data

Canera'.’.. 34.33

Weber and
coworkers’>- ¢

Cooney™

Raghavan and
Ruthven*?

(~AH ) = 1250 Buw/lIb (water-alumina), experimentally determined
values of KD/R? at various temperatures. KD independent of
temperature for water-4A zeolite
D. independent of temperature. (~AH ) related to the derivatives of
empirical isotherm.
Hypothetical values of (~AH ). Linear rate model with the overall
resistance independent of temperature.

(-AH X, /C,T, =0.068 for water-4A zeolite system.
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1.5.3 Zero Length Column Technique

A comprehensive review of the measurement of diffusion in porous solids by ZLC
methods is provided by Ruthven and Brandani*® in a recent article. Principles of the ZLC

5.

technique covered in the literature involve analytical solutions for biporous particles™
% nonlinear equilibrium effects”’, heat effects™, a zero length criterion’ for ZLC* and
diffusion in the liquid phase®®. Among the diffusivities reported by this technique are
benzene in NaX’', linear paraffins and benzene in silicalite™. benzene in NaX and CaX™.
n-pentane in pellets of 5A%3, p-xylene and o-xylene in aluminophosphate AIPO4-117",
cyclohexane in ZSM-5%, propane and propylene in pellets and crystals of 5A zeolite™.
benzene and p-xylene in silicalite®® and counterdiffusion of p-xylene/benzene and p-

xylene/o-xylene in silicalite®.

1.6 Deactivation of Zeolite Adsorbents

Deactivation of an adsorbent like that of a catalyst. involving either a loss of adsorption
capacity or an increase in mass transfer resistance, commonly occurs as a result of coke
formation, partial pore closure or slow loss of crystallinity. Such problems are very
common in thermal swing cycles where the zeolite adsorbent is used for drying of gases
or vapors. During thermal regeneration the zeolite adsorbent is exposed to severe
hvdrothermal conditions. i.e. a combination of high temperature and high moisture
concentration. Zeolite X tends to lose its crystal structure under such severe conditions.
Under similar conditions, zeolite A may deactivate by partial closure of micropore
openings termed as partial pore closure or pore mouth closure. Partial pore closure leads
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to an additional resistance to mass transfer. When reactive hydrocarbons such as olefins
are present, slow formation of polymeric species may occur within and outside the zeolite
crystals. On thermal regeneration these species are converted to coke, leading to a decline

in adsorbent capacity and micropore and/or macropore diffusivity.

As discussed above, under actual hydrothermal conditions in thermal regeneration
zeolite 4A does not lose its crystal structure. Therefore, in the present section we restrict

our discussion to deactivation caused by partial pore closure or coke formation.

Unlike catalysis, the literature on deactivation of adsorbents is rather limited. There
have been a number of experimental studies, which demonstrate that the adsorbents do
tend to deactivate under severe hydrothermal conditions. Kondis and Dranoff’® showed
that the uptake rate of ethane on severely hvdrothermally pretreated zeolite 4A cryvstals
was much lower than in crystals which had been carefully pretreated. Ruthven' has
reported a set of accelerated aging tests on zeolite 13X and 4A. The results show that

even under the relatively milder conditions of experiments these two zeolites tend to lose

their adsorption capacity as a result of deactivation.

There are, in principle, two distinct ways in which the sorption kinetics may be
retarded by hydrothermal pretreatment; either the pore entrances at the crystal surface
may be obstructed or the windows in the interior of the pores may be blocked. The
former is equivalent to a surface barrier or pore mouth resistance while the latter leads to
a decrease in micropcre diffusivity. Mass transfer across the pore mouth is a rate process

and window blocking leads to a decrease in micropore diffusivity without significantly
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altering the activation energy for diffusion® . Thus, the two mechanisms are, at least in

principle, kinetically distinguishable.

Kinetic uptake rate measurements of n-decane in various hydrothermally pretreated
samples of 5A zeolite show that the pore mouth resistance increases with increasing

severity of hydrothermal treatment®®- &

. However, the extensive uptake rate data reported
by Kondis and Dranoff® ¢ for ethane in hydrothermally treated samples of 4A zeolite as
well as the data of Ruthven and coworkers®® %% for linear paraffins in commercial

samples of zeolite 5A indicate that the micropore diffusivity decreases with increasing

hydrothermal severity and that pore mouth resistance is not present.

The effect of hydrothermal treatment has also been studied by NMR methods.
Micropore diffusivity and the pore mouth resistance can be directly determined by NMR
methods. NMR studies on severe hydrothermal dehydration of 5A zeolite, with methane
as the probe molecule, give a clear evidence of the development of a pore mouth
resistance®® - The magnitude of the pore mouth resistance increases with increasing
severity of hydrothermal treatment whereas the micropore diffusivity remains almost a
constant®. This effect has been confirmed using several different probe molecules’®.
The NMR results are supplemented by X-ray photoelectron spectroscopy studies which
reveal a decrease in the Al/Si ratio at the crystal surface resulting in a narrowing of the

pore mouth’".

The kinetic behavior of CaMNaA-type zeolites is deteriorated by hydrothermal

treatment but the adsorption isotherm remains unchanged’ . The diffusion of adsorbed
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molecules is drastically hindered due to the development of surface barrier. Thermal
frequency response method and pulsed field gradient NMR have been used to study water
diffusion in zeolite NaX”® . A significant change in the diffusion behavior of water

molecules is observed in severly hydrothermally treated samples.

The mass transfer properties of a commercial 5A adsorbent, used in a petroleum
refinery, have been investigated, as a function of the time on stream, using the NMR

. .74
technlque69 7

. The results indicate a continuous increase in pore mouth resistance with
very little change in micropore diffusivity. It seems clear that the slow buildup of

carbonaceous deposits leads to the observed increase in pore mouth resistance.

Therefore, both uptake rate measurements and NMR results show a loss in adsorbent
activity when exposed to severe hydrothermal conditions. However. the results of
sorption rate and NMR measurements are somewhat in conflict as the former suggests
that the primary mechanism of deactivation is that of window blocking leading to a
decrease in micropore diffusivity while the latter suggests that pore mouth resistance is

the dominating effect.

Diffusion of water molecules has been studied in NaCaA zeolites using quasi-elastic
neutron scattering (QENS) and PFG-NMR™. It is found that both techniques exhibit
similar trends of increasing water diffusivity with increasing loading and with decreasing
calcium content. Mass transfer of alkanes in zeolites has been studied using positron-

emission profiling®- 7" .
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1.7 Layout of Dissertation
This dissertation is arranged as follows:

1. A pore blockage model is proposed in chapter two to predict the kinetic behavior of a

deactivated 4 A zeolite crystal.

!\)

In chapter three, modeling for breakthrough curves for a dual site isotherm is

presented and experimental data is fitted to the model.

3. Experimental study on deactivation of 4A zeolite pellets is presented and discussed in

chapter four.

4. Conclusions and recommendations are presented in chapter five.
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2

KINETICS OF SORPTION IN DEACTIVATED
ZEOLITE CRYSTAL ADSORBENTS

Zeolites are widely used for catalytic and adsorptive applications. Adsorptive
applications include drying, hydrocarbon separation, separation and purification of
industrial streams. One of the main industrial adsorption processes, based on 4A zeolite.
is the drying of process streams. One major problem encountered in using 4A zeolite for
drying is that it deactivates with time. Deactivation of 4A zeolite involves either a loss of
adsorption capacity or an increase in mass transfer resistance, commonly occurring as a
result of coke formation, or partial pore closure. Coke formation in zeolites results due to
the presence of hydrocarbon gases or vapors78 . Partial pore closure results due to
preferential closure of micropore openings in presence of water at high temperature such
as 350 °C8-61-60.68.67.66.71.73.69.70 11 general, both of these mechanisms may lead to

the blockage of a fraction of the crystal surface, thereby decreasing the surface area

available for mass transfer.

There is qualitative evidence available in the literature, which indicates that one or
both of these two mechanisms is responsible for the deactivation of 4A zeolite. However.

no atternpt has yet been made to quantitatively model the phenomenon of deactivation or
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the impact of deactivation on sorption characteristics of 4A zeolite. Present work deals
with the second part of the problem. A mathematical model has been developed to
investigate the effect of partial surface blockage of a crystal particle of cylindrical shape
in lieu of the cubic crystal for simplicity. The mathematical model is solved numerically

using the orthogonal collocation technique.

2.1 Theoretical Model for a Crystalline Particle

Consider a zeolite crystal particle, of cylindrical morphology. having radius r.. Attimer
= 0 a large step change is applied in surface concentration. Further. assume that a
fraction A, of the surface is blocked and hence the radial flux in this region of the surface

is zero. The mathematical statement of this problem is

dg 1o dg) 1 o dq
A2 ,p A\ |p. 2 2-1)
ar rar(’ Car] = ae( ©36 (
with the initial condition
q(r.6.0)=gq, (22

and boundary conditions
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q(r 0,t)= q(r,.?.ﬂ t)

( 0, r)-— (r 2m.1)
lim { a—f(r,e,x)de =0 (2-3)

q(r..6.t)=q, in the exposed region of the surface (1- A, )and
g—q(rc ,6,1)=0 in the blocked region of the surface (4, )
r

where D, is the intracrystalline diffusivity, g is the adsorbate concentration. g, is the

adsorbate concentration at the outside surface of the crystal, and r. 8, and r are the radial.
polar, and time coordinates, respectively. The proof of integral boundary condition in

Eq. 2-3 is presented in the following section.

2.1.1 Proof of Integral Boundary Condition

Assume a solid cylinder of radius r, <r.. An unsteady state material balance over this

cylinder gives us

__._____—_-_ 24
JLr( carJ dé (2-4)

where g is the concentration averaged over the solid cylinder, all other variabies have

their usual meaning defined earlier. Simplification of Equation 2-4 gives

9g D, 1 Jq )
. _Z d6 2-
a  m '!.-(l—q/qmx ar)r’ =)

In the limit r, —» 0, we will have g =g, and g independent of 6 . Therefore, we get
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L —, do (2-6)
50 (1- g/ qw)ﬂn

Thus, for the concentration to be finite at the center the integral term must approach zero

atleast as fast as the denominator, i.e. r, or

lim a—ql 46 =0 (2-7)
R0 orf,

This is the general boundary condition required at the center of a cvlinder. The symmetry
boundary condition is a special case of Eq. 2-7 for a case where for physical reasons the

flux or dg/dr can be expected to be independent of & . Since, in the present study. the

flux is not independent of 6 at the crystal surface, it is likely that it will be so even at the
center of the cylinder. For example, consider a cylinder with 359° insulated, and only 1°

exposed to the adsorbate.

If the step change in concentration is large then the concentration dependence of the
intracrystalline diffusivity must be taken into account' . For 4A zeolite this relationship is

given as

_~ dng
€ “dinc

(2-8)

where D, is an intrinsic diffusivity. Therefore, for Langmuir isotherm the dependence of

D. on concentration becomes



-1
D,=D,1--2 (2-9)
QI(I’

79.5.1

where g5, is the adsorbate concentration at monolayer saturation . Thus, it can be

seen that the intracrystalline diffusivity becomes very large as ¢ — gs. In such cases
other mass transfer mechanisms like pore mouth resistance or mass transfer at the surface

may become the limiting factor.

The normalized form of Eq. (2-9) is
Dc =Do[1-/:'i-(/lx _./.!'ih.]..l (2-10)

The normalized form of the model equations given above is

% Lof o .a":]+ L o 1%y,
" r’or kl-/t‘.—(/l,—/ti)q or | 4zt 00 LI—A,—(&—/.,.)q 36"
with the initial condition
q'(r.6°0)=0 (2-12)
and the boundary conditions
¢’ or)=q( L) (2-13)
g% r ,o,:'):%(r‘,l,z') (2-14)



r. -0

lim ji(r‘ 0"t 6" =0 (2-15)
0 OF

q (l. g .t )= 1 in the exposed region of the surface (1 - 4, )and
(2-16)

3i,(1, 6.t )= 0 in the blocked region of the surface (A, )
r

where q' = (g-9:)qs-q:), rr=r/r, 8 =62 and1r = tD,Jr.” are dimensionless adsorbed
phase concentration, radial, polar, and time coordinates, respectively. Parameters 2.; and
A in Eq. (2-11) are defined as A; = qi/gsa, and A; = q/gsa, Tespectively. The difference
between these parameters is a measure of the nonlinearity of the Langmuir isotherm.

A, - 4,

— Ocorresponds to the case of a linear isotherm and |4, — 4| — 1 corresponds to

the case of an irreversible or rectangular isotherm.

Two key parameters in solving the above model equations are the total fraction of
crystal surface blocked, A, and its distribution. For a fixed value of A, the blocked
surface can be distributed as infinitely long strips or patches on the surface of the
cylinder. The blocked area may be distributed equally among these patches or may be
governed by some kind of distribution. In the present study we assume that the blocked
area is distributed equally in n, patches. We may, therefore, describe the distribution of
blockage in terms of the number of patches, n,. Thus, for a given value of A, the blocked
surface may be distributed uniformly in one, two or more equal patches as illustrated in
Figure 2-1. n, = 1 corresponds to the case when blockage is concentrated in one part of
the cylinder surface and n, — o corresponds to a completely uniform distribution of

blockage.
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FIGURE 2-1 Illustration of the distribution of blocked area on the surface. Solid line corresponds to the
blocked region and the dashed line corresponds to the exposed region.

2.2 Numerical technique

The model equations 2-11, through 2-16 for sorption in the crystal are solved using the
orthogonal collocation techniqueso . To solve the model equations for the crystal. a sector
of surface with angle A@" = 1/2n, was considered. The sector was chosen in such a way
that it included half of one patch of the blocked area and half of one patch of adjacent
exposed area with areas Ay/2n, and (1-A,)/2n,, respectively. In this way the solution over
the selected sector will represent that over the entire cylindrical crystal due to symmetry.

An illustration of this is shown in Figure 2-2. The boundary conditions at § =0 and 2%

are replaced by the symmetry conditions at 8 =0 and 8 = 1/2n,, as shown in the figure.



FIGURE 2-2 A symmetric sector of angle 1/2n,. Dashed line corresponds to the exposed region and solid
line corresponds to the blocked region. The area of exposed region is (1-4;)/2n, and that of the blocked
region is Ay/2n,. The &fluxes at the two boundaries are zero due to symmerry.

The model Egs. 2-11, 2-12, and 2-16 are rewritten and renormalized separately for
both blocked and unblocked elements of the representative sector. The resulting partial

differential equations for each element are

dg, _1 9 ( r dq,
o r ar°L1—i.i -2, -4 ), or

s 1 9 1 dq;
”(I’Ab) r'l aex‘kl—'ii—(’i:—;ﬁh; ael.

9: _1 a3 r dq.
a’ r ar'kl—fz.l. -, -4 ) or

(2-17)

o e 1 a( 1 aq.
m, | 796\ 1= %~ Ch — 4 ). 96

with the initial conditions



0
(2-18)
0

and the boundary conditions

i “0 )
26" (r .0.!) 0

a (L )= q:(r' 0.r7)

aq,( Li ) (r 0.r°)

2 6 )=o (+19)
4 (1 91.".)=1

g"’(la ) 0

(- A)j 09 116! +(4, jg"’( 6;.1" He; =0

0

where all the symbols with a subscript 1 are the corresponding properties calculated in

the element 1, and those with a subscript 2 are the corresponding properties calculated in

the element 2 of the sub sector. Polar coordinates 8, , and 6, are defined as

(2-20)

b Ab

In principle, the above model equations can be solved numerically to obtain the uptake

curves in the crystal. However, as [zl, —A‘.I becomes large i.e. approaches 1, the model

equations become increasingly stiff and the computation time increases rapidly.
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Therefore, a transformation of the model Egs. 2-17, 2-18, and 2-19

introducing a transformation variable u, defined as
= lnh-/li "(;*x —2'.')7..'

The transformed model equations are

éﬁ:e-u‘ 1 a( du, M : 1 9%
o For or ) |\ 70-4)) 7 ag”

du, L3 o) () L 3%,
——.'=€ + S 3
ot arL ar | \m, ) rt a6’

with the transformed initial conditions

u,(r.6,.0)=u,(r".6:.0)=In(l - 4)

and the transformed boundary conditions

aux( o )

(r At )-u,( 0,r°)

Sl )= 3 or)

au' ( Lt )=
ul(wI 2 )=In(-4,)

%(I.BQJ'):O

Ld ST ¥ 7 A
(1-Ab)£ g‘ri:-(o,e‘ £ M6, +A,,£%§:—(o,ez,x Y6 =0
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In order to solve the transformed model Egs. 2-22, 2-23, and 2-24, it is necessary to
select the collocation points both in radial and polar coordinates of both the elements of
the sector. Collocation points in the polar coordinates are chosen to be the roots of
Legendre éolynomials. Collocation points in the radial direction are chosen to be the

roots of Jacobi polynornials81 Gn(p,gx) withp=g=2.

Grid independent results are obtained for sixteen collocation points in radial direction
and eight collocation points in polar direction in each of the subsectors. Further increase
in collocation points did not improve the solution. Collocation scheme leads to
approximately 256 coupled ODEs which were solved using odelSs in Matlab on a PIII

IBM with 128 Mb RAM. The differential equations become increasingly stiff as the

nonlinearity of isotherm i.e. [lk. -A,| is increased. The differential equations for

adsorption took considerably longer time to solve than for desorption for a nonlinear
isotherm. The computation time for adsorption varied from 10 to 30 min depending upon
the value of n, and nonlinearity of isotherm taking longer for large values of n,. The
computation time for desorption was approximately 5 min for all cases and had little

effect of either the value of n, or the nonlinearity of isotherm.

2.3 Results and Discussion

The dimensionless adsorbed phase concentration profiles, g, are plotted in Figure 2-3.
As the fracuonal blockage, A;, increases diffusion to the inner core of the cylinder gets

slower resulting in a low uptake rate. The uptake curves for adsorption and for a linear



isotherm i.e. |A, -/1,.[—>O, are plotted in Figure 2-4. In the figure m, is the mass of

adsorbate adsorbed at any time ¢” and m.. is that at t” — . It can be seen from the figure
that as the blocked area A, increases the uptake rate decreases. All the uptake curves
show a linear long time behavior on a semilog plot. The uptake curves for desorption, for

a linear isotherm are identical to the uptake curves when m, and m.. are defined as the

mass desorbed at time ¢” and 1" — oo, respectively.



(©) (d)
FIGURE 2-3 Adsorbed phase concentration profiles in the crystal at +* = 0.10. Profiles have been
obtained for various values of 4, as specified in the figures, n, = 1, |4,-4] = 0, and during adsorption.
Only half of the cylindrical cross section has been shown due to symmetry. 4, = 0.0 for (a), 4, = 0.30 for
(b), 45 = 0.60 for (c), A, = 0.90 for (d).

Effect of varying n, on the uptake rate is illustrated in Figure 2-5, obtained for
Ap=0.99. It can be seen from the figure that an increase in 7, significantly increases the
uptake rate. This is due to a decrease in diffusion length in 6 direction with an increase in

n, or the uniformity of blockage distribution. As n, is increased to a very high value an
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asymptotic behavior is obtained which corresponds to the completely uniform blockage
distribution. This asymptotic behavior is obtained for n, > 32 as is evident from the

figure.

Ratio of time required for 99% adsorption at a given A to that at A, = 0 are plotted in
Figure 2-6. The curves are obtained for a linear isotherm and for various values of 1, as
indicated in the figure. As can be seen from the figure, the ratio of adsorption times
increases rapidly as A, is increased beyond 0.8. However, as A, is distributed more
uniformly i.e. n, is increased, the adsorption time decreases very rapidly. For a given A,,
the lowest adsorption time will be attained when the blockage is completely uniformly
distributed i.e. n, — =. Numerically, this limit is approached for n, > 32. All the curves

in Figure 2-6 could be fitted to an equation of the form

-

. A a Y
f9 o 1+aA, +bAS +cA} +d—2t—+ o 2 (2-25)
(t99),;,=o 1-4, 1-4,

The parameters a, b, ¢, d, and e for each curve are listed in Table 2-1.

TABLE 2-1 Values of parameters used in Eq. ( 2-25 ), obtained by fitting the equation to the numerical
values.

np a b c d e Max. Rel. Error
1 0.2289 | 6.7462 4.1717 |0.4002 |-2.3626e-3 2.88 %
2 0.1297 | 1.6149 3.7869 | 0.1967 |-1.1321e-3 202 %
4 0.1686 | -6.6711e-3 25193 |0.0997 |-5.2333e-4 1.21 %
512 [0.0330 |-0.0782 0.0534 |0.0210 | 3.4153e-5 0.39 %

The uptake curves both for adsorption and desorption for a nonlinear isotherm i.e.
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A, - lil >0 are plotted in Figure 2-7. It can be seen that as nonlinearity is increased both

adsorption and desorption rates increase. This is because intracrystalline diffusivity for a

nonlinear isotherm is always greater than that for a linear isotherm wherein D, = D,.

However, for a given value of

A, — ;| adsorption is always faster than desorption and

adsorption increases much more rapidly than desorption. This is because during
desorption there is low concentration in the outer shell which slows down the mass

transfer due to low intracrystalline diffusivity. Furthermore, it can be seen from the figure
that for large values of H., -/1,.| adsorption uptake curves show two regions of linearity
on a semilog plot corresponding to the intermediate and long range of ¢. For an anti-
Langmuir isotherm where D, =D, (1-q/q,, )the rate of desorption will be faster than the

adsorption.
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FIGURE 2-4 Uptake curves for various values of
A, as specified in the figure. All the curves are

obtained for a linear isotherm i.e. H,, - /1,.[ -0

and forn, = 1.

too! (loghy o

FIGURE 2-¢ Ratio of time required for 99 %
adsorption at a given A, to that at A, = 0. Curves
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FIGURE 2-5 Effect of varying n, on the uptake
curves. Uptake curves have been obtained for a
linear isotherm with A, = 0.99.
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FIGURE 2-7 Adsorption and desorption rate
curves for nonlinear isotherms. The curves have
been obtained for A, = 0.5 and 1, = . Solid lines
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2.4 Conclusions

Pore mouth closure is modeled as complete blockage of a fraction of the crystal surface.
This model can also be used for modeling the sorption in a crystal deactivated due to
coking. A concentrated blockage of a fraction of a cylindrical crystal can significantly

reduce the rate of mass transfer in a crystal.

33



3

MODELING OF BREAKTHROUGH CURVES FOR
DUAL SITE ISOTHERMS OF 4A MOLECULAR
SIEVE PELLETS AT INTERMEDIATE
TEMPERATURES

Experimental kinetic data for zeolitic systems obtained by gravimetric, volumetric, or
breakthrough curve measurement technique is fitted to theoretical curves to derive the
kinetic parameters like macropore/micropore diffusion coefficients or mass transfer
coefficient for diffusion across micropore pore openings (also called pore mouth
resistance). The speed and simplicity of experimentation offered by the breakthrough
curve measurement technique makes it especially suitable for the present work. However.
the analysis of experimental data may be complicated by intrusion of dispersion and
external fluid film resistance effects. The analysis of experimental kinetic data obtained
by the techniques mentioned above may be further complicated by the nonlinearity of

adsorption isotherm.

Analytic expressions can be obtained for breakthrough curve when the adsorption

10-23

isotherm is linear and under isothermal conditions. Theoretical breakthrough curves

for nonlinear systems have been calculated by numerical solution of the model equations
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using standard finite difference or collocation methods. In most of these studies plug flow
is assumed and the equilibrdum isotherm is either Langmuir or Freundlich® ~° . The
earliest solution for the breakthrough curve for an irreversible system is due to Bohart
and Adams® who used a quasi-chemical rate expression. The cases of micropore
diffusion control and macropore diffusion control were solved by Cooper25 and by
Cooper and Libermann® . All the literature available on water-4A zeolite system assumes

34.32.33 . .y 82
h** -3+ or irreversible®

the adsorption isotherm to be single site L::).ngmuir42 , Freundlic
isotherm. This is generally true only at high surface coverage. The water-4A zeolite
isotherm data sheets published by Linde and Zeochem cannot be fitted to these single site

adsorption isotherms especially at low to intermediate surface coverage.

In water4A zeolite systems micropore diffusion is very rapid in comparison to other
mass transfer mechanisms and is not significant, especially in commercially available 4A
zeolite pellets. Macropore resistance is generally the controlling mass transfer resistance
in fresh 4A zeolite pellets. However, with the passage of time the mass transfer regime
shifts from a single resistance to a dual resistance regime due to deactivation where mass

transfer is controlled by both macropore diffusion and the pore mouth resistance.

In order to analyze the experimental kinetic data, equilibrium effects must be
separated from the kinetic effects. Equilibrium behavior of any adsorption system is
represented in terms of an isotherm which basically relates the concentration or partial
pressure of the sorbate in fluid stream to its concentration in the sorbed phase. Separate
experiments need to be performed to determine adsorption isotherm, especially if the

isotherm is of a complex nature as in water-4A zeolite systems. The mathematical model
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to calculate the theoretical breakthrough curves is presented in the next section followed
by sections on experimental details for determining equilibrium isotherm, pore size

distribution, particle size distribution and breakthrough curve measurements.

3.1 Mathematical Model

Consider a column packed with spherical adsorbent pellets. The adsorbent consists of 4A
zeolite crystals compacted together with binder to give a biporous adsorbent pellet.
Assume that the intraparticle resistance to mass transfer is due to diffusion in the
macropores and due to diffusion across the micropore pore openings. We also assume
that the adsorption takes place under isothermal conditions. Flow through a packed bed

may generally be adequately represented by the axial dispersed plug flow model:

a’c,,.a e, )+ ac,,.l £, 09 _ -0

“Pga T oz g Ot

For a single component trace system such as involving dehydration. v is

approximately a constant so that the model simplifies to

d%c, L +ac,, L1-6097 _0

-D
Y3 e e g ar

Diffusion in the macropores of a spherical pellet can be described by the Fickian

diffusion equation:

de, l—g, dg _ 1 9 (
m D,R*—= 3-
& &, o ROR| ° aza) -9

4
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where D, is the macropore diffusivity and is approximately independent of the macropore

concentration. Therefore, the macropore diffusion equation simplifies to

(3-4)

(8]

dc, 1-€,3g _D, 3 (o
&* £ O R aRL

4

Diffusion across the micropore pore openings can be described in terms of a rate

equation:

dq 3L -
Initial and boundary conditions for these differential equations are:
¢,(zr=0)=c, c, (z.Rt =0)=c, ¢(z,R.t=0)=g, (3-6)
ac,, -
So(e=0.1)=ve, -, (= 0.1)] (3-7)
% (2= L,1)=0 (3-8)
dz
dac,,

—(,R=0,r)=0 3-9
R )= 9

Cp :,R=Rp,t)=c,,(:,t) (3-10)

The model equations 3-2, 34, and 3-5 can be normalized to give the following

dimensionless differential equations:
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mat-can a Cb acb acb aa.

B +amac-con ° S = 0
Pe 09z™ oz’ Bb a:

dc., 9q¢° 1 0 ( .. dc,
m - R - m
O 3R | aR'}

The corresponding dimensionless initial and boundary conditions are:

c;(z',f =0)=c,.'. c.\" Rt =O)= c;, q R0 =0)= q;

—;}Z%?”- —0,t')=c;—c;(z'=0,t.)
ac" (z =1,z ) 0
dc,, _ _
SR =0 )=0

@R =1 )=c( )

3-11)

(3-12)

(3-14)

(3-16)

(3-17)

(3-18)

@ pe-con 1N EQ. 3-11 is the ratio of macropore time constant to convection time constant.

It is an indication of the significance of mass transfer limitations due to macropore

resistance relative to that due to convection. Mass transfer limitation due to convection is

not significant when a,, .. >10 and macropore resistance is not significant when
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a <1. Similarly, & in equation 3-13 is the ratio of macropore time constant

mac—con mac-pm

to pore mouth time constant £, in Eq. 3-11 is the ratio of sorbate capacity of the fluid

phase in the bed to the sorbate capacity of adsorbent calculated at equilibrium i.e.at 7 =0

for desorption and at t — o for adsorption. Similarly, f, in Eq. 3-12 is ratio of sorbate

P

capacity of the macropores to the sorbate capacity of the solid phase in the pellet. The

parameters f§, and f,, in equations 3-11 and 3-12 respectively, are of the order of 107

making the corresponding fluid phase concentration transient terms in these equations
negligible. g. in equation 3-5 is in equilibrium with the local fluid phase concentration

and is given by the adsorption isotherm equation of the form
q. =f(c) (3-19)

The exact relationship between g, and ¢ needs to be determined experimentally.
Experimental determination of the adsorption isotherm is discussed in the following

section.

Model equations 3-11 through 3-18 are solved numerically using the method of lines
by finite differencing in both radial direction of the pellet and axial direction of the
adsorption column. Resulting ordinary differential equations are solved using ode453
subroutine in matlab. Grid independent results are obtained for ten points in the pellet and
eighty points in the axial direction of the bed. Average computation time for adsorption
breakthrough curve was fifteen minutes and that for desorption breakthrough curve was

10 minutes on a Compaq P4 (2GHz) PC.
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Initially, orthogonal collocation was attempted to solve the model equations but it
invariably makes the differential equations stiff especially close to initial condition for
the case of adsorption breakthrough curve. This requires use of stiff ode solver like
odelSs which involves calculation of the jacobian. Some terms of the jacobian will
involve derivative of g, with respect to p. As discussed later in this chapter dg, /dp has
negative power dependence on p. Therefore, close to initial condition the jacobian blows
up and integration fails. Setting the corresponding terms of jacobian to a large value also

did not solve the problem.

Macropore diffusivity D, in Eq. 3-4 is calculated as

L 4Lt (3-20)
D, |D, D,

where D, is the molecular diffusivity which, for gaseous systems, may be estimated with

confidence from Chapman-EnsI\'og83 equation. For a binary gas mixture

- 32 2
D = 0.00158T ‘(1/M‘ + M, Y ems) G320
PoQ(g/kT)
Dg the Knudsen diffusivity may be estimated from the expression84
T 0.5
Dy =9700{EJ (ems™) (3-22)

Tortuosity factor z is treated as an empirical constant which 1s determined

experimentally for any particular adsorbent' .
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Dispersion in gaseous systems has been reviewed by Langer et. al®

. Ignoring the
effects due to nonuniformity of packing there are two main mechanisms which contribute
to axial dispersion: molecular diffusion and and turbulent mixing arising from the
splitting and recombination of flows around the adsorbent particle' . To a first

approximation these effects are additive so that the dispersion coefficient may be

represented by

D, =y,D,+7:2Rpv (3-23)

where 7, and ¥, are constants which normally have values of about 0.7 and 0.5. More

detailed investigation reveals that y,.is related to bed voidage as'
¥, =0.45+0.55¢, (3-24)

A simple model of the bed as a series of mixing chambers, separated on average by the

mean particle diameter® leads to y, =0.5.

3.2 Experimental Apparatus

The equilibrium sorption data for water-4A zeolite system was obtained using a constant
volume apparatus operating under vacuum and the kinetic data was obtained using a

breakthrough curve measurement apparatus.

A schematic diagram of the constant volume apparatus is shown in Fig 3-1. A
stainless steel cell, VC, of 710.00 cc volume is connected to a high vacuum line and a

flask, DW, filled with distilled water. The cell can be opened to vacuum or to water vapor
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line by opening and closing valve A and control valve C. A small sample of 4A zeolite
pellets is kept inside a stainless steel tube and placed in a furnace with a temperature
controller. Sample tube volume is approximately 0.5 % of the volumetric cell. The
sample tube is connected to the volumetric cell VC across valve D. The lower end of the
sample tube is connected to the high pressure end (P1) of a Datametrics barocell across
valve E. Volumetric cell, VC, is also connected to the barocell through a valve F.
Pressure inside the volumetric cell alone can be measured by closing valves E and D and
opening valve F. Pressure inside the sample tube alone can be measured by closing valve
F and opening valve E. Valve D is used to either evacuate the sample tube or let the flow
of water vapor into the sample tube. Low pressure (P2) end of the barocell is evacuated
and sealed to allow us to read the absolute pressure. All the lines of the constant volume
apparatus are insulated but not heated. Volumetric cell, VC, is placed inside an insulated
chamber. Insulation is provided to minimize the effect of ambient temperature
fluctuations. Effect of ambient pressure fluctuations is minimized by reading absolute
pressure instead of relative pressure. A dual stage vacuum pump is used to obtain a

vacuum of better than 10°® mbar.

A schematic diagram of the breakthrough curve measurement apparatus is shown in
Figure 3-2. Helium is used as carrier gas. Dry helium first passes through the reference
side of a thermal conductivity detector cell. The carrier gas is saturated to a known
moisture concentration by passing it through a bubbler maintained at a constant
temperature. The gas is then passed through a column of glass beads to remove any

entrainment. The saturated gas then passes through a column packed with the 4A zeolite
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FIGURE 3-1 Schematic diagram of the constant volume apparatus used for generating isotherm data.

adsorbent pellets. The adsorption column is kept inside a furnace maintained at a constant
temperature. The bubbler can be bypassed to let the dry helium pass through the column.

The values of various experimental parameters is listed in Table 3-1.

3.3 Experimental Procedure

In this section we first discuss the experimental procedure for generating equilibrium

sorption data and then the breakthrough curve measurement.

3.3.1 Equilibrium Sorption Studies

Initially, constant volume apparatus is at atmospheric pressure and isolated by closing
valves E and F. Distilled water in flask DW is first deaerated for 4 hrs at 60 °C by
opening valves A and C and closing valve B. After deaeration flask DW is isolated by

closing valve C. Volumetric cell is then evacuated by slowly opening valve B. This
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TABLE 3-1 Details of adsorption column

Parameter Uetikon | TOSOH
A (cm”) 0.8992 | 0.8992
L (cm) 15.9 14.1
£, (%) 0.5571 | 0.5530
£, (%) 35.7395 | 27.9773
V (cc/min at NTP) 120 120
p, (gm/cc) 0.5910 | 0.6665
Mggs (SM) 8.45 8.45
R, (cm) 02125 |0.2115
D, (cmYsec) 175°C | 75.887 | 77.190
L 200°C | 79.395 | 80.516
, 175°C | 0076 | 0.091
D, (cm?/
p (cm/sec) | )nec | 0073 | 0.095

evacuation step continues until a constant base line is obtained on the recorder. A small
sample (1.00 gm) of fresh 4A zeolite pellets is placed in a stainless steel tube and
connected across valves E and D. Valve E is opened and valve F is closed in order to
allow the measurement of pressure inside the sample tube. The sample tube is evacuated
by slowly opening valve D to prevent the zeolite pellets from flying off. The sample
temperature is slowly increased from ambient temperature to 350 °C in 2 hrs. The
sample is regenerated at this temperature for 12 hrs at the end of which a constant base

line is obtained.
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FIGURE 3-2 Schematic diagram of the experimental setup for the determination of the breakthrough
curve.

At the end of regeneration step the sample is cooled to the desired temperature and

isolated by closing valves E and D. Volumetric cell VC is also isolated by closing valve
A and filled to a known pressure P’ of water vapor by setting the desired pressure on

pressure controller. Control valve C is set to closed position after the pressure in
volumetric cell has reached its steady state value. Water vapor is now adsorbed on the

zeolite sample by opening valves E and D and closing valve F. The system is allowed to

reach the steady state pressure P’ . The amount of water adsorbed, m;, on the zeolite

sample in equilibrium with water vapor pressure P/ is calculated as:

i _pf
m =M, Qj‘—% (3-25)

a

Here sample tube volume is neglected in comparison to cell volume, V... Volumetric cell
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is similarly filled to pressures P/, P/, P; ... and the corresponding equilibrium
pressures P/, P/, P/ ... are recorded. Mass of water adsorbed, m,., in each step can

be calculated as

m.,, = Er:mj +M, (P’i“ ~ P )/“" r=1...n (3-26)
l RT,

Experimental isotherm data is generated at 175 °C and 200 °C for Uetikon and
TOSOH adsorbent pellets. Dry weight of zeolite sample is approximately 0.85 gm. The
range of water vapor pressure that could be covered is limited by the vapor pressure of
water at ambient temperature which is 30 mbar at 25 °C. Therefore, isotherm data is
generated for water vapor pressure ranging from 0 to 20 mbar to avoid condensation in

the system.

3.3.2 Breakthrough Curve Measurement

8.5 gm of fresh 4A zeolite adsorbent pellets is placed in a stainless steel tube of 1.07 cm
diameter. Dry helium is passed through the adsorption column at around 120 cc/min. The
column temperature is slowly raised from ambient temperature to 350 °C in 2 hrs. The
sample is regenerated at this temperature for 12 hrs. A constant baseline is obtained at the
end of the regeneration step. Cooling the column to ambient temperature and waiting for
6 hrs does not alier the baseline. Reheating the column to 350 °C also does not affect the

baseline. This indicates that the moisture content present in the helium from the cylinder

is negligible within the sensitivity level of the thermal conductivity detector used.

46



Adsorption is carried out at a constant temperature and constant inlet moisture
concentration obtained by passing the dry helium through the bubbler maintained at
10 °C. Breakthrough curves were recorded at 175 °C, and 200 °C. The temperature of the
two ends of the adsorption column differed by less than 2 °C. The carrier gas flow rate
was approximately 120 cc/min. Carrier gas flow rate was manually controlled using
metering valves. For a few runs in the beginning the flow rate was frequently monitored
using the soap bubble flow meter. It was found that the flow fluctuations were less than
2 %. For subsequent runs flow rate was measured only in the beginning and end of the
adsorption run and the actual flow rate was taken to be the average of these two. The
average duration of one adsorption run is 6 hrs. The desorption breakthrough curve is

recorded for upto 3 hrs after which the sample is regenerated again as described earlier.

3.4 Results and Discussion

In this section we first discuss the experimental determination of water-4A zeolite

adsorption isotherm and then the breakthrough curve measurement.

3.4.1 Equilibrium Sorption Studies

The present study was carried out using commercial 4A zeolite pellets from TOSOH and
Uetikon. Isotherm data was generated for water-4A zeolite system at 175 °C and 200 °C.
Most of the experimental isotherm data was generated for Uetikon pellets because both
Uetikon and TOSOH pellets showed identical adsorption capacity at several experimental

points generated at 175 °C.
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The tetrahedron arrangement in 4A zeolite crystals gives rise to @ and f cages with
4.0 and 2.2 A openings, respectively. Water has a kinetic diameter of approximately 2.5
A and can enter both @ and f§ cages. The volume of @ and § cages is 775 and 155 A%,
respectively. It is therefore clear that in 4A zeolite there are two different types of
adsorption sites for water molecules. Thus, the water-4A zeolite adsorption isotherm

must be a dual site adsorption isotherm.

A dual site Freundlich Langmuir isotherm of the form

PG S SPI (Y.) (3-27)

QJ 1 (L )”‘ [1+(k;py'

is fitted to the experimental data. First term in Eq. 3-27 represents the sorption in 6

cages and the second term represents the sorption in a cages. Parameter f; is the fraction

of total sites in S cages. If we assume the number of sites to be proportional to the

volume of cages then f, =0.1667.

The monolayer saturation capacity of water on 4A zeolite crystals2 is 0.27 gm/gm. In
commercial adsorbent pellets approximately twenty weight percent binder is used for
pelletization. Thus, the saturation capacity of 4A zeolite pellets without hydrothermal
treatment will be approximately 0.216 gm/gm. However, hydrothermal treatment during
the pelletization process leads to slight decrease in saturation capacity. Ruthven' has
reported saturation capacity of water on three commercial 4A zeolite molecular sieves.

The saturation capacity of these molecular sieves is found to be 0.20, 0.19, and
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0.185 gm/gm. Smith® reported the saturation capacity of water on commercial 4A
zeolite pellets as 0.20 gm/gm. Thus, the monolayer saturation capacity, ¢s, is taken to be
0.20 gm/gm. Other parameters are obtained by fitting Eq. 3-27 to the experimental data
using the nonlinear curve fitting subroutine curvefit in Matlab. The fitted value of
is 1.50 with root mean square error equal to 3.4e-4 at 175 °C and 3.7e-4 at 200 °C.
However, for a Langmuir-Freundlich isotherm n, should be less than one. Enough
experimental data is not available in the high water vapor pressure range to accurately
calculate the value of n» by fitting. An equally good fit can be obtained by setting n> = 1.0
with root mean square error equal to 5.0e-4 at 175 °C and 4.2e-4 at 200 °C. Values of
other fitting parameters are listed in Table 3-2. A comparison of the experimental and
fitted data is shown in Figures 3-3 and 3-4. Errors in prediction based upon 93 %

confidence interval are also plotted in the figures.
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FIGURE 3-3 Experimental (symbols) and fitted (smooth lines) isotherms at 175 °C (®) and 200 °C (A).
Dashed lines are predictions in 95 % confidence interval for the corresponding theoretical isotherm. Open
circles correspond to the experimental isotherm points for TOSOH pellets at 175 °C.
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FIGURE 3-4 Experimental (symbols) and fitted (smooth lines) isotherms at 175 °C (@) and 200°C (A ) on
log-log scale. Dashed lines are predictions in 95 % confidence interval for the corresponding theoretical
isotherm. Open circles correspond to the experimental isotherm points for TOSOH pellets at 175 °C.

3.4.2 Breakthrough Curve Measurement

Breakthrough curves were measured for both Uetikon and TOSOH pellets at 175 °C and
200 °C. Typical adsorption and desorption breakthrough curves for Uetikon and TOSOH

pellets at 175 °C and 200 °C are shown in Figures 3-5 and 3-6.
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TABLE 3-2 [sotherm parameters obtained by fitting experimental data for Uetikon pellets to the theoretical
isotherm equation.

Parameter Value
nl 0.2873
n2 1.0
k; (175°C) 3.335 mbar™!
ks (175°C) 0.0030 mbar™
k; (200 °C) 0.9150 mbar™
k2 (200 °C) 0.0014 mbar™
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FIGURE 3-5 Adsorption and desorption breakthrough curves for Uetikon pellets at 175 °C and 200 °C.
Symbols correspond to the experimental adsorption data at 175 °C (4), 200 °C (V) and desorption data at
175 °C (Q), and 200 °C (0J). Solid and dashed lines correspond to the fitted adsorption and predicted
desorption breakthrough curves respectively.
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FIGURE 3-6 Adsorption and desorption breakthrough curves for TOSOH pellets at 175 °C and 200 °C.
Svmbols correspond to the experimental adsorption data at 175 °C (£.), 200 °C (V) and desorption data at
175 °C (O), and 200 °C (0O3). Solid and dashed lines correspond to the fitted adsorption and predicted
desorption breakthrough curves respectively.
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FIGURE 3-7 Cumulative pore size distribution of TOSOH (solid line) and Uetikon (dashed line) pellets.

3.4.2.1 Pore Size Distribution

Mass transfer regime in the macropores can be either purely molecular diffusion or
Knudsen diffusion or a combination of both depending upon the macropore pore size
distribution of the pellet. Pore size distribution for both TOSOH and Uetikon pellets was
determined using the mercury porosimeter. Cumulative pore size distribution for both
TOSOH and Uetikon pellets is shown in Figure 3-7. Intrusion data summary is given in

Table 3-3.
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TABLE 3-3 Intrusion data obtained by mercury porosimetry

Property TOSOH Uetikon
Median pore diameter (A) | 1267 798
(volume)
Total intrusion volume 0.1876 0.2678
(mL/g)
Bulk density (g¢/mL) 1.4911 1.3344
Skeletal density (g¢/mL) 2.0703 2.0766
Porosity (%) 27.9773 35.7395

3.4.2.2 Particle Size Distribution

Macropore time constant z,,. is directly proportional to R}, the particle radius. Particle

size distribution for both TOSOH and Uetikon pellets is measured by taking a random
sample of 100 pellets each, and measuring the diameter with a micrometer accurate to
0.005 cm. The distribution for original pellets was found to be very wide therefore. a
narrower cut from 4.00 to 4.75 mm was obtained by sieving. The particle size
distributions for both TOSOH and Uetikon pellets are shown in Figure 3-8. Its clear from
the figure that TOSOH pellets have a relatively narrow particle size distribution in
comparison to Uetikon pellets. Average particle diameters of TOSOH and Uetikon pellets

are 4.23 and 4.25 mm, respectively.

3.4.2.3 Parameter Estimation

The experimental adsorption breakthrough curves obtained as described in the previous

section are fitted to the theoretical ones to determine the unknown parameters 7, . and

pellet tortuosity z . All the other parameters can be calculated a priori. Since, the flow rate
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FIGURE 3-8 Particle size distribution of TOSOH (solid line) and Uetikon (dashed line) pellets. f is the
number fraction of particles and d, is the pellet diameter. Dotted line corresponds to particle size
distribution of a sample of TOSOH pellets as supplied by the manufacturer. Solid and dashed lines are
obtained after sieving the original TOSOH and Uetikon samples.

of carrier gas through the bubbler is very high (120 cc/min) it was suspected that the
carrier gas coming from the bubbler will not be saturated. Therefore, the partial pressure
of water vapor in the carrier gas needs to be calculated. This is done by simultaneously
solving the material balance equation obtained by integrating the experimertal
breakthrough curve and the equilibrium isotherm equation to solve for the amount of

water adsorbed and the corresponding water vapor partial pressure.

Mass of water adsorbed per unit mass of adsorbent in the adsorption column can be

calculated as
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—_ Vwaw(tmax - A)
N RT,w,

(3-28)

where t,,,. is the time at which outlet partial pressure of water vapor approaches the inlet
partial pressure of water vapor and A is the area under the breakthrough curve and can be

calculated as

Equations 3-27 and 3-28 can be solved simultaneously to give g and p.. However. due 1o
the uncertainties iq\'olved in the experimental isotherm only ranges of theses two
quantities can be estimated. The graphical procedure for estimating range of p.. is shown
in Figure 3-9. As shown in the figure, pw is bounded in the interval [8.2-10.2] in 95 %
confidence interval. The exact value of p, is also determined by fitting the theoretical

breakthrough curves to experimental ones.

For fresh Uetikon and TOSOH adsorbent samples 7, 7, and p _ are the optimized

pm?

are the fixed or calculated

or fitting parameters and A, Pe, §,, 6,, 1,,, and 7,
parameters. The values of fitting parameters are obtained by minimizing the average least
square error between the theoretical adsorption breakthrough curve and the experimental
adsorption ‘curve. Matlab subroutine £mins in optimization toolbox has been used for
fitting the data. This subroutine uses the Nelder-Mead simplex algorithm to search for a

local minimizer in the neighborhood of an initial guess. The average computation time

for each fitting run is approximately 7.5 hrs on a Compaq P4 (2 GHz) PC.
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3.4.2.4 Effect of Dead Volume

Effect of the dead volume of the system on breakthrough curves was estimated by
measuring . the system’s response to a step change in inlet concentration. The
breakthrough curve for an empty adsorption column was obtained. The breakthrough
time for the empty adsorption column was less than 15 seconds and the outlet
concentration approached the inlet concentration in less than 1 min. Therefore, total
response time for an empty adsorption column is negligible in comparison to the response
time of adsorption column filled with adsorbent where the breakthrough time is of the
order of 3-4 hrs. Thus, the effect of dead volume of the system is neglected in all the

breakthrough curve measurement runs.

Values of various fitting parameters for fresh 4A zeolite samples are listed in
Table 3-4. All the values are obtained by fitting the expenimental adsorption
breakthrough curves to the theoretical curves. Only first 95 % of the breakthrough curve
is used for fitting to avoid reading off errors and effects of particle size distribution. All
the other parameters required to calculate the theoretical breakthrough curves are listed in

Table 3-5.
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FIGURE 3-9 Graphical procedure for the estimation of p,. Material balance line is given by Eq. 3-28.
Dashed lines correspond to 95 % confidence interval for equilibrium isotherm predictions.

TABLE 3-4 Values of fitting parameters for the fresh 4A zeolite pellets.

Run | Sample | Temperature | z_ (min) | ? p,. (mbar)
1 Uetikon | 175 °C 8.15 4.06 | 9.38

2 Uetikon | 200 °C 5.27 4.42]9.34

3 TOSOH | 175°C 7.84 4.8419.95

4 TOSOH | 200 °C 6.85 4.90 | 10.05

TABLE 3-5 Values of parameters used to calculate theoretical breakthrough

curves.
Run A Pe b, B, 7, (min) | 7, (min)
1 0.1426 | 74.80 | 1.53e-4 | 4.26e-5 | 232.00 202.02
2 0.1189 | 74.80 | 1.72e4 | 4.81e-5 | 213.40 246.99
3 0.1446 | 67.12 | 1.41e-4 | 3.12e-5 | 263.07 276.09
4 0.1205 | 67.12 | 1.62e-4 | 3.58¢-5 | 219.62 23047
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A comparison of fitted and experimental breakthrough curves is shown in Figure 3-3
for Uetikon pellets and in Figure 3-6 for TOSOH pellets. It can be seen that the fit for
adsorption breakthrough curves is excellent. The value of p,, as shown in Table 3-4 is
well within the 95 % confidence limit. The tortuosity of pellet slightly increases with an
increase in temperature. This is probably because the kinetic energy of molecules
increases with the temperature and the effect of pore size structure is felt more strongly at
high molecular velocity. In each case the tortuosity factor is within the range 2-6 as

reported in literature’ .

The value of pore mouth time constant,z ,,, is much smaller than both macropore

om
time constant and the convection time constant. Therefore, it is a reasonable assumption
to neglect the pore mouth resistance in the fresh 4A zeolite adsorbent pellets. The pore
mouth time constant decreases with an increase in temperature because at high
temperature more molecules will have sufficient energy to jump across the pore

openings.

It can be seen from Table 3-5 that the value of A or percent saturation is always less
than 15 %. At this low coverage large asymmetry between the adsorption and desorption
breakthrough curves cannot be explained by a single site adsorption isotherm. Based
upon the difference in shapes of adsorption and desorption breakthrough curves we can
conclude that the adsorption isotherm is highly favorable for adsorption and thus

unfavorable for desorption.

Area above the adsorption breakthrough curve is directly proportional to the mass of
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water adsorbed on the adsorbent during the adsorption step. Mass of water removed
during the desorption step is proportional to the area undemeath the desorption
breakthrough curve. Therefore, for the similar experimental conditions the areas above
the adsomﬁon breakthrough curve and that underneath the desorption breakthrough
curves should be equal. However, in the present study adsorption isotherm is highly
unfavorable for desorption leading to a very long tail in desorption breakthrough curves.
Therefore, within the recording time for desorption curves, desorption did not approach
completion leading to a considerable amount of residual moisture in the adsorption
column. This was confirmed by ramping up the temperature from 175 °C (or 200 °C) to

350 °C in steps of 25 °C and recording the peaks at each temperature.

The values of fitted parameters, obtained by fitting the adsorption breakthrough
curves, are used to calculate desorption breakthrough curves. It is found that there are
large differences between the experimental and theoretical desorption breakthrough
curves. However, as the pore mouth time constant is decreased agreement between the
experimental and theoretical desorption curves becomes better. A comparison between
the experimental and theoretical desorption breakthrough curves is shown in Figures 3-3
and 3-6. The theoretical desorption curves are obtained assuming that there is no pore

mouth resistance or z,, — 0. It is found that generally the predictions are good for
p/p, >020. Lower part ( p/p, <0.20) of the experimental desorption curve always
lies below the theoretical curve. This part of the curve is found to be very insensitive to
changes in kinetic parameters like 7z, ., 7., Pe etc. and sensitive to equilibrium

isotherm parameters. Therefore, the differences between the experimental and theoretical
61



desorption breakthrough curves can be attributed to the errors associated with

determination of isotherm parameters.

The adsorption and desorption breakthrough curves are mirror images for a linear
isotherm i.e. small values of A (<0.15)'°"* . The asymmetry between the adsorption and
desorption breakthrough curves increases as the nonlinearity of the adsorption isotherm is
increased® ~° . For an irreversible isotherm, which is an extreme case of the nonlinearity
for a single site isotherm, the degree of asymmetry between the adsorption and desorption
is the largest24 . The irreversible isotherm is an idealization for strongly adsorbed species
and is widely used for modeling the adsorption of water on 4A zeolite**%*. In the present
study a high degree of asymmetry is observed even though the value of A is always less
than 0.15. At this low coverage large asymmetry between the adsorption and desorption
breakthrough curves cannot be explained by a single site adsorption isotherm. However,
the dual site Freundlich-Langmuir isotherm can satisfactorily explain the observed

asymmetry between the adsorption and desorption breakthrough curves.

3.5 (Conclusions
Based on the discussion presented in the preceding section following can be concluded

1. water-4A zeolite (TOSOH and Uetikon) adsorption isotherm can be satisfactorily

represented by Langmuir-Freundlich dual site adsorption isotherm.

2. The asymmetry between the experimental adsorption and desorption breakthrough

curves cannot be explained using a single site adsorption isotherm equation.
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3. Theoretical adsorption breakthrough curves can be fitted to the experimental ones to
obtain the pore mouth time constant which is very small for the case of fresh 4A

zeolite pellets.
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4

DEACTIVATION MODELING OF 4A ZEOLITE
ADSORBENTS

Thermal swing adsorption is probably the most common system for drying of gases.
Since, temperature is a more effective variable than pressure for changing the
thermodynamic potentiall, thermal swing processes are generally preferred for strongly
adsorbed species such as water on 4A or alumina. However, repeated thermal cvcling in
presence of moisture can lead to deactivation of the zeolite adsorbent due to
dealumination and exposure to elevated temperature in presence of reactive hydrocarbons

during the desorption cycle can lead to coke formation in the adsorbent.

There have been a number of experimental studies which demonstrate that the
adsorbents tend to deactivate under severe hydrothermal conditions' *%8-90-61.62.65.6¢.65
These studies are performed using the uptake rate measurement technique. Some of these
studies indicate that the pore mouth resistance increases as a result of deactivation while
others indicate that the micropore diffusivity decreases with increasing hydrothermal
severity. NMR studies on severe hydrothermal dehydration of SA zeolite give a clear

66, 67. 68

evidence of the development of pore mouth resistance which increases with

increasing severity of hydrothermal treatment® . These studies indicate that micropore
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diffusivity remains almost a constant. These results are supplemented by X-ray
photoelectron spectroscopy studies which reveal a decrease in the Al/Si ratio at the

crystal surface resulting in a narrowing of the pore mouth’" .

Available literature on deactivation of adsorbents provides strong evidence in favor of
the deactivation due to increase in pore mouth resistance by preferential dealumination of
the pore openings. However, almost none of the studies indicate any loss in adsorption
capacity as a result of deactivation. No model has been developed to predict the extent of

deactivation as a function of hydrothermal conditions or as a function of exposure time.

In the present study experimental deactivation runs are carried out in a batch system

for 4A zeolite adsorbents obtained from two manufacturers, viz., TOSOH and Uetikon.

4,1 NMR for Deactivation Studies

NMR techniques have been very widely used for measuring the intracrystalline
diffusivities and presence of surface barrier or pore mouth resistance in many zeolitic
systems. NMR studies on severe hydrothermal dehydration of 5A zeolite, with methane
as the probe molecule, give a clear evidence of the development of a pore mouth
resistance® %" - % The magnitude of the pore mouth resistance increases with increasing
severity of hydrothermal treatment whereas the micropore diffusivity remains almost a
constant®. This effect has been confirmed using several different probe molecules™.
The NMR results are supplemented by X-ray photoelectron spectroscopy studies which
reveal a decrease in the AYSIi ratio at the crystal surface resulting in a narrowing of the

pore mouth”! .
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The mass transfer properties of a commercial 5A adsorbent, used in a petroleum
refinery, have been investigated, as a function of the time on stream, using the NMR
technique“‘ " The results indicate a continuous increase in pore mouth resistance with
very little change in micropore diffusivity. It seems clear that the slow buildup of

carbonaceous deposits leads to the observed increase in pore mouth resistance.

All the studies discussed above deal with the hydrocarbons and use customn built
NMR apparatus. Recently, a study has been reported in which diffusion of water has been
studied in NaCaA zeolite samples with varying Ca content®® . In the present study. an
attempt has been made to study the diffusion of water in 4A zeolite using NMR
technique. Various samples of water adsorbed on 4A zeolite had been prepared at low
water loadings. However, no signal could be detected using the standard NMR apparatus
available in the chemistry department. It was postulated that this is due to formation of a
highly immobilized structure of water in the 4A zeolite micropores. Kérger et. al.”® have
used a home built NMR equipment (FEGRIS) for the deactivation studies thus. the use of
NMR technique to measure the pore mouth resistance would require the use of a custom

built NMR apparatus.

4.2 Nuclear Microscopy for Dealumination Studies

The 3 MV Tandetron accelerator at King Fahd University of Petroleum & Minerals.
Dhahran has been used extensively for the applications of sensitive and non-destructive
nuclear techniques in a wide variety of materials including petrochemical catalysts. This

technique can be used in a wide variety of applications involving fresh and spent
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catalysts. The technique is found to be useful in determining agglomeration or sintering
of active metals on the catalyst supports as well as trace element impurities. Such data are

not obtainable by conventional techniques.

Nuclear analytical techniques are among the few highly sensitive techniques which
allow simultaneous determination of elemental concentrations and their distribution
profiles at parts per million levels in a sample non-destructively. In particular, Proton
Induced X-ray Emission (PIXE) technique has been used in a wide variety of fields for
rapid, multielement analysis. In this technique, energetic protons from an accelerator are
allowed to strike a sample which then produce characteristic X-rays from the elements
present in the sample. By measuring the energies and the intensities of these
characteristic X-rays, one can identify and quantify the concentrations of the elements
producing the X-rays. The Micro-PIXE technique, as it is called when the PIXE
technique is used with a focussed proton beam of micrometer dimension, allows scanning
of a sample with micrometer spatial resolution to check for uniformity of elemental

distribution profiles.

The micro-PIXE analytical technique is available in the Tandetron accelerator
laboratory at the Center for Applied Physical Sciences (formerly Energy Research Lab)
of the Research Institute, King Fahd University of Petroleum & Minerals, Dhahran
(KFUPM). This nuclear technique has been successfully applied in a wide variety of
fields such as materials science®, supercoductivitygo, geology9 ! and in catalyst analysis®"
.93,

54.95.9% In particular, nuclear microscopy can be used to quantify the aluminum

concentration and its distribution in 4A zeolite samples. Therefore, this technique is a
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direct way of determining whether the deactivation of 4A zeolite samples is due to
preferential dealumination of pore mouths. However, unfortunately the Tandetron
accelerator in CAPS/RI is currently out of order and due to time constraints these studies
could not be performed. However, the deactivated samples have been retained and

labeled for future investigations when the Tandetron accelerator is operable.

4.3 Experimental Apparatus

Deactivation runs are carried out by exposing a regenerated 4A zeolite sample to a known
concentration of water vapor and temperature for a known duration of time. The constant
volume apparatus (presented in Figure 3-1) is slightly modified for regenerating and
saturating the zeolite sample to a known moisture concentration. In the present study a
twenty centimeter long column is used as against seven centimeter column used for

isotherm measurement in chapter three.

The schematic diagram of the experimental apparatus used for deactivation studies is
shown in Figure 4-1. A twenty centimeter long and 1.07 cm diameter sample tube made
of stainless steel is sealed at its ends with the aid of two valves as shown in the figure.
The tube is placed inside a furnace with a temperature controller. The valves and other
fittings which were protruding out of the fumace were well insulated. A new sample tube

with new fittings and valves was used for each run.
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FIGURE 4-1 Schematic diagram of the apparatus used for deactivating the zeolite samples.

4.4 Experimental Procedure

Approximately ten grams of fresh 4A zeolite sample was placed inside a column, the
column was then connected to constant volume apparatus and slowly evacuated to a
vacuum better than 10 mbar. The sample temperature was then slowly raised from
ambient to 350 °C in approximately 2 hrs. The sample was allowed to regenerate at this
temperature for about twelve hours at the end of which a constant base line was obtained
on the recorder. At the end of regeneration, the sample was brought to the desired
temperature and saturated to a known pressure of water vapor by appropriately setting the
desired pressure value 21 mbar on the pressure controller and adding the water from the
distilled water flask. Two temperature settings, viz. 100 °C and 200 °C were used to give
two moisture concentration levels. The saturation step takes upto 10 hrs after which the
column is sealed and transferred to the deactivation apparatus. The column was brought
to the desired deactivation temperature and allowed to deactivate for a known duration.

Two deactivation temperature settings, viz. 350 °C and 400 °C have been used. The exact
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duration of each deactivation run was recorded. Three deactivated samples each for
Uetikon and TOSOH 4A zeolite pellets were prepared at each of the deactivation

temperature and moisture concentration levels.

The deactivated samples were analyzed by measuring the adsorption and desorption
breakthrough curves at 175 °C and 200 °C. The isothermality in the breakthrough curve
measurement experiments was confirmed as described in chapter 3. A six letter
alphanumeric coding of the form A;A:A3A3AsAs was assigned to each of the
breakthrough curves to uniquely identify the run conditions. The meaning of each of the

letters is explained in Table 4-1.

TABLE 4-1 Six letter coding system for the experimental breakthrough curves.

Letter Run Parameter Parameter Value Value
Ay Deactivation temperature 350°C L
400°C H
As Moisture concentration level Low ( 0.05 gm/gm) L
High (0.16 gm/gm) H
Az Pellet manufacturer Uetikon 8]
TOSOH T
Ay Duration of deactivation Fresh F
approximately 100 hrs | 1
approximately 200 hrs | 2
approximately 300 hrs | 3
As Breakthrough curve temperature | 175°C L
200 °C H
As Breakthrough curve type Adsorption A
Desorption D
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4.5 Results and Discussion

Adsorption and desorption breakthrough curves for all the deactivated Uetikon and
TOSOH 4A zeolite samples are plotted in Figures 4-2 through 4-17. All the plots are
grouped according to the pellet manufacturer, deactivation conditions and breakthrough
curve temperature as discussed in the previous section. For example, experimental and
theoretical breakthrough curves obtained at 175 °C and 200 °C for Uetikon pellets
deactivated at high moisture concentration and 400 °C are plotted in Figures 4-2 and 4-3.
respectively. It can be seen from the figures that in general, the adsorption breakthrough
curves tend to become more dispersive leading to an early breakthrough with an
increasing deactivation time. The desorption breakthrough curves do not change as a
result of deactivation indicating that the deactivation does not have a significant effect on
desorption. It can be seen by comparing Figures 4-2 and 4-3 that both adsorption and
desorption breakthrough curves show an early breakthrough as a result of decrease in

sorption capacity at high temperature.

The partial pressure of water vapor in the carrier gas fluctuated by approximately five
percent variation from the average value. These pressure variations may contribute to the
spread in both adsorption and desorption breakthrough curves. Therefore, the exact cause
of observed differences needs to be established by fitting the experimental breakthrough
curves to theoretical ones to calculate the kinetic parameters. However, some general

observations can be made which are discussed in the following paragraphs.

The breakthrough curves at 175 °C and 200 °C for Uetikon pellets deactivated at
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400 °C and low moisture concentration are plotted in Figures 4-4 and 4-5, respectively. It
can be seen by comparing the Figures 4-2 and 4-4 that the spread of adsorption
breakthrough curves is narrower in Figure 4-4 indicating a relatively less degree of
deactivation at these deactivation conditions. Similar conclusion can be drawn by
comparing the Figures 4-3 and 4-5. It can also be seen that the dispersive behavior also

changes as the samples are deactivated.

The breakthrough curves at 175 °C and 200 °C for Uetikon pellets deactivated at
350 °C and high moisture concentration are plotted in Figures 4-6 and 4-7, respectively.
It can be seen by comparing Figures 4-2, 4-4, and 4-6 that the spread of desorption
breakthrough curves is widest in Figure 4-6 indicating that the effect of water vapor
partial pressure variations are highly significant for this case. Besides deactivation, these
water vapor partial pressure fluctuations also contribute to spread in adsorption
breakthrough curves observed in these figures. It can be concluded that the spread in
adsorption breakthrough curves in Figure 4-6 is greater than the spread in Figure 4-4.
This indicates that high moisture concentration is relatively more significant parameter

than the temperature for deactivation.

The breakthrough curves at 175 °C and 200 °C for Uetikon pellets deactivated at
350 °C and low moisture concentration are plotted in Figures 4-8 and 4-9, respectively. It
can be seen that among Figures 4-2, 4-4, 4-6, and 4-8 the spread of adsorption
breakthrough curves is the narrowest in Figure 4-8 indicating that the combination of low
deactivation temperature with a low moisture concentration leads to a low degree of

deactivation.



The adsorption and desorption breakthrough curves for fresh and deactivated TOSOH
zeolite samples are plotted in Figures 4-10 through 4-17. It can be seen that in general the
adsorption breakthrough curves are more dispersive for deactivated sample than that for
the fresh sample. A comparison of adsorption breakthrough curves plotted in Figures
4-10, 4-12, 4-14, and 4-16 reveals that the spread in adsorption breakthrough curves
decreases in the order of Figures 4-10 > 4-14 > 4-12 > 4-17. This indicates that a
combination of high deactivation temperature and a high moisture concentration leads to
the highest degree of deactivation and a combination of low deactivation temperature and
a low moisture concentration leads to the lowest degree of deactivation. Among the two
intermediate deactivation conditions one with the high moisture concentration (Figure
4-14) leads to a higher degree of deactivation. Similar conclusions can be drawn by
comparing the breakthrough curves at 200 °C plotted in Figures 4-11, 4-13, 4-15, 4-17.
These conclusions are consistent with observations made for Uetikon pellets.
Furthermore, a comparison of plots obtained for Uetikon pellets and those obtained for
TOSOH pellet indicate that at the same deactivation conditions the spread in adsorption
breakthrough curves for TOSOH pellets is more than that for Uetikon pellets indicating a

faster rate of deactivation for TOSOH pellets.

The methodology used for fitting the experimental breakthrough curves to theoretical
ones is described in the previous chapter. It is assumed that tortuosity, 7 , is not affected
as a result of deactivation and is therefore taken to be same as that of a fresh 4A zeolite
sample listed in Table 3-4. We also assume that the adsorption isotherm does not change

as a result of deactivation.
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There are only two fitting parameters, viz. pore mouth time constant,7 ,,, and the

partial pressure of water vapor, p,. These parameters are obtained by fitting the
experimental adsorption breakthrough curves. Values of fitting parameters for various
runs are listed in Table 4-2. Since, the value of inlet water vapor pressure p,. is well
within the 95 % confidence limits described in chapter 3, we conclude that the adsorption
capacity has not changed as a result of deactivation. In general, agreement between the
experimental and theoretical adsorption breakthrough curves is excellent. The desorption

breakthrough curves could be accurately predicted with 7, — 0 indicating that the pore

mouth resistance is not significant during desorption. A comparison of experimental and

fitted adsorption and predicted desorption curves is shown in Figures 4-2 through 4-17.
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TABLE 4-2 Values of fitting parameters obtained by fitting the experimental adsorption curves to
theoretical ones.

As
Run L H
7, (min) pw (mbar) 7, (min) P (mbar)

HHUFASA 8.15 9.38 5.27 9.34
HHU1AsA 18.39 9.61 15.27 9.36
HHU2AsA 26.45 9.54 15.29 9.66
HHU3AsA 22.75 9.38 15.06 9.60
LHU1AsA 17.44 9.45 12.37 9.28
LHU2A5A 18.35 10.17 12.12 10.08
LHU3AA 17.57 10.19 13.99 9.8 %
HLUIAA 11.20 10.03 7.46 9.62
HLU2ASA 13.67 9.47 8.95 10.04
HLU3AsA 12.69 10.10 8.38 9.77
LLUIAsA 9.36 9.47 6.11 9.31
LLU2ASA 9.97 9.51 6.41 9.45
LLU3AsA 10.08 9.57 6.57 9.50
HHTFAA 8.06 9.58 7.22 9.42
HHT1AA 26.44 9.68 22.34 9.54
HHT2AsA 31.00 9.66 26.57 9.48
HHT3AsA 33.46 9.63 36.31 9.55
LHT1AsA 22.71 9.49 18.57 9.31
LHT2AA 31.40 9.46 24.72 9.62
LHT3AsA 30.28 9.68 25.22 9.54
HLT1AsA 19.63 9.39 15.40 9.60
HLT2AsA 22.11 9.67 16.78 9.68
HLT3AsA 26.44 9.37 20.87 9.67
LLT1AsA 13.79 9.66 12.20 9.48
LLT2AsA 18.40 9.67 16.34 9.48
LLT3AsA 17.98 9.63 15.51 9.55
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t (min) x 102

FIGURE 4-2 Experimental (symbols) and fitted adsorption (solid line) and desorption (dashed line)
breakthrough curves for HHUFL (O). HHUIL (), HHU2L (A), and HHU3L (V).

pip,

t (min) x 102

FIGURE 4-3 Experimental (symbols) and fitted adsorption (solid line) and desorption (dashed line)
breakthrough curves for HHUFH (O), HHU1H (O), HHU2H (A), and HHU3H (V).
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t (min) x 102

FIGURE 4-4 Experimental (symbols) and fitted adsorption (solid line) and desorption (dashed line)
breakthrough curves for HLUFL (O), HLUIL (0J), HLU2L (A), and HLU3L (V).

PP,

t (min) x 1072

FIGURE 4-5 Experimental (symbols) and fitted adsorption (solid line) and desorption (dashed line)
breakthrough curves for HLUFH (O), HLU1H (0), HLU2H (A), and HLU3H (V).
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pip,,

t(min) x 1072

FIGURE 4-6 Experimental (symbols) and fitted adsorption (solid line) and desorption (dashed line)
breakthrough curves for LHUFL (O), LHUIL (0J), LHU2L (A), and LHU3L (V).

pip,,

f (min) x 1072

FIGURE 4-7 Experimental (symbols) and firted adsorption (solid line) and desorption (dashed line)
breakthrough curves for LHUFH (O), LHUIH (O), LHU2H (2), and LHU3H (V).
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pip,

t (min) x 1072

FIGURE 4-8 Experimental (symbols) and fitted adsorption (solid line) and desorption (dashed line)
breakthrough curves for LLUFL (O), LLUIL (O), LLU2L (A), and LLU3L (V).

pip,,

t (min) x 102

FIGURE 4-9 Experimental (symbols) and fitted adsorption (solid line) and desorption (dashed line)
breakthrough curves for LLUFH (O), LLUIH (O), LLU2H (A), and LLU3H (V).
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FIGURE 4-10 Experimental (symbols) and fitted adsorption (solid line) and desorption (dashed line)
breakthrough curves for HHTFL (O), HHTIL (O), HHT2L (A). and HHT3L (V).

pip,

t (min) x 102

FIGURE 4-11 Experimental (symbols) and fitted adsorption (sclid line) and desorption (dashed line)
breakthrough curves for HHTFH (O), HHT1H (0J), HHT2H (A). and HHT3H (V).
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pip,,

t (min) x 1072

FIGURE 4-12 Experimental (symbols) and fitted adsorption (solid line) and desorption (dashed line)
breakthrough curves for HLTFL (O), HLTIL (0O), HLT2L (A). and HLT3L (V).

1.0

0.8

0.6

p/ Dy,

0.4

0.2

004

0 1 e 3 a
t (min) x 1072

FIGURE 4-13 Experimental (symbols) and fitted adsorption (solid line) and desorption (dashed line)
breakthrough curves for HLTFH (O), HLT1H (J), HLT2H (A), and HLT3H (V).
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PPy,

t (min) x 102

FIGURE 4-14 Experimental (symbols) and fitted adsorption (solid line) and desorption (dashed line)
breakthrough curves for LHTFL (O), LHTIL (O), LHT2L (A), and LHT3L (V).

pip,,

t (min) x 102

FIGURE 4-15 Experimental (symbols) and fitted adsorption (solid line) and desorption (dashed line)
breakthrough curves for LHTFH (O), LHT1H (0O), LHT2H (£.), and LHT3H (V).



pip,

t (min) x 1072

FIGURE 4-16 Experimental (symbols) and fitted adsorption (solid line) and desorption (dashed line)
breakthrough curves for LLTFL (O), LLTIL (), LLT2L (A). and LLT3L (V).

pip,

t(min) x 102

FIGURE 4-17 Experimental (symbols) and fitted adsorption (solid line) and desorption (dashed line)
breakthrough curves for LLTFH (O), LLTIH (0), LLT2H (), and LLT3H (V).
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The mass transfer coefficient for jump across the pore mouth openings, &, is

proportional to 1/z . , thus

L= .m0 (4-1)

where k;, and 7 omo 4T€ poOTe mouth mass transfer coefficients and pore mouth time

{4
constants, respectively, for fresh 4A zeolite samples. The ratio of pore mouth time
constants is plotted as a function of deactivation time in Figures 4-18 through 4-21. It can

be seen from Figure 4-18 obtained for Uetikon pellets at 175 °C that &, /k_, sharply

deacreases with deactivation time and finally approaches a constant equilibrium value.
Further, it can be seen that the maximum decrease in pore mouth time constant is
observed for the deactivation conditions corresponding to the most severe hydrothermal
conditions (HH) and least decrease is observed for the least severe hydrothermal
conditions (LL). It can be further seen that among the two intermediate hydrothermal
conditions (HL and LH) one comresponding to the higher moisture concentration (LH)
causes greater decrease in k, [k, . These conclusions are consistent with the observations
made earlier in this section. Similar trend is observed at 200 °C for Uetikon pellets and
for TOSOH pellets at both 175 °C and 200 °C. A comparison of trends observed for

Uetikon and TOSOH pellets reveals that TOSOH pellets deactivate faster than the

Uetikon pellets.
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4.5.1 Deactivation Mechanism

As mentioned earlier in this chapter the deactivation of 4A zeolite crystal is probably due
to preferential dealumination of micropore pore openings. We therefore, propose that the
deactivation takes place by preferential removal of framework aluminum from micropore
pore openings in presence of adsorbed water. A possible mechanism of deactivation can

be given as
Z, =27, (4-2)

where Z, is the fresh or active zeolite, W is the water in adsorbed phase, Z; is the
deactivated zeolite, and Al is non-framework aluminum resulting from the dealumination

of 4A zeolite. The rate expression for deactivation reaction 4-2 can be given as

dc,,

e ti{e.%)

where C’s are the concentrations of species given by the subscripts, g is the concentration
of water in adsorbed phase, k5 is the forward reaction rate constant, and K is the
concentration equilibrium constant. It is well known that for nonideal mixtures
concentration equilibrium constant can be a function of concentration besides
temperature. In a closed batch system, as used in the present study, the total zeolite

content C. is constant. Therefore, we have

C.=C,_+C, (4-4)
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At equilibrium Eq. 4-3 becomes

e

C: 2 (4-5)

where C; is the active zeolite concentration, and C;, is the deactivated zeolite

concentration at equilibrium. Substituting Eq. 4-5 in Eq. 4-4, we get
C,=CLl+K)-C, (4-6)
Substituting Eq. 4-6 in Eq. 4-3, we get

dc., 1+K , .

— - kT (€.-cz) 4-7
If the pore mouths are completely blocked in deactivated portion of the zeolite then the
overall pore mouth mass transfer coefficient k; will be proportional to the concentration

of active zeolite, C., or

£ =—3= (4-8)
where £;, is the pore mouth mass transfer coefficient at time z = 0 or for the fresh zeolite

sample. Thus, Eq. 4-7 can be written in terms of &; as

&, ——-“I'(K "k, -k, ) 4-9)

where kg is the final equilibrium value of pore mouth mass transfer coefficient &; and can
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be a function of deactivation temperature and moisture concentration. Forward reaction

rate constant k; is assumed to have the usual Arrhenius type dependence upon
temperature, thus k, =k, exp(- £ ./ RT). Using Eqs. 4-4, 4-5, and 4-8 ky can be written

as

o

sf = 1
k 1+ X

3o

(4-10)

Integrating Eq. 4-9 at constant temperature and water concentration, we get

: k k
K (122 fexg = |+ 22 (4-11)
kxa km Td k:o .

where 7, =/[k, I;{K q"), is the deactivation time constant. The values of 7, and

k, [k,, are obtained by fitting the experimental data plotted in Figures 4-18 through 4-21.

The values of deactivation time constant and limiting pore mouth mass transfer
coefficient obtained by fitting the experimental data to model Eq. 4-11 are listed in Table
4-3. The corresponding deactivation curves are plotted and compared with the

experimental data in Figures 4-18 through 4-21.
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TABLE 4-3 Deactivation time constant and ratio of limiting pore mouth mass transfer coefficient obtained
by fitting the experimental data to model equation.

Deactivation Pellet 175 (°C) 200 (°C)
Conditions Manufacturer 7, (hr) k. / k, z,, (hr) k, / k.
HH Uetikon 54.02 0.33 2.59 0.35
LH Uetikon 26.58 0.45 31.28 0.40
HL Uetikon 82.60 0.61 76.02 0.60
LL Uetikon 96.74 0.80 92.70 0.80
HH TOSOH 40.92 0.25 50.61 0.23
LH TOSOH 48.87 0.26 52.34 0.28
HL TOSOH 49.38 0.33 55.15 0.38
LL TOSOH 102.01 0.41 98.90 0.43
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0.0 L 'l 'l

t, (hr) x 10

FIGURE 4-18 Ratio of pore mouth mass transfer
coefficients for Uetikon pellets obtained at 175 °C
and plotted as a function of deactivation time.
Deactivation conditions: HH (Q), LH (@), HL. (0O),
LL (IB). Smooth lines are fitted deactivation curves.

kJlk,,

0.0 L 4 .

t, (hr) x 10

FIGURE 4-20 Ratio of pore mouth mass transfer
coefficients for TOSOH pellets obtained at 175 °C
and plotted as a function of deactivation time.
Deactivation conditions: HH (O), LH (@), HL (O).
LL (B3).Smooth lines are fitied deactivation curves.

89

1.0
-
08p . TR
\\ “a.
N g O
\\
oaf e———f-——ry
02F
0.0 ; : l
0 1 2 ’ 4

t, (hr) x 102

FIGURE 4-19 Ratio of pore mouth mass
ransfer coefficients for Uetikon pellets
obtained at 200 °C and plotted as a function of
deactivation time. Deactivation conditions:
HH (O). LH (@), HL (O), LL (H). Smooth
lines are fitted deactivation curves.
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t, (hr) x 10

FIGURE 4-21 Ratio of pore mouth mass
transfer coefficients for TOSOH pellets
obtained at 200 °C and plotted as a function of
deactivation time. Deactivation conditions: HH
(O),LH (@), HL (O), LL (M).Smooth lines are
fitted deactivation curves.



As mentioned earlier in this chapter, experimental breakthrough data has been
generated using a batch system. It is well established in catalysis literature that
continuous steaming of zeolite catalysts like X, and Y zeolites under severe hydrothermal
conditions leads to dealumination of these zeolites and this phenomenon is widely used to
control the acidity of zeolite catalysts97 . Therefore, if we assume that the deactivation of
4A zeolite is also due to dealumination then in a batch system fluid phase aluminum
concentration will increase as a result of deactivation. Furthermore, if the deactivation or

dealumination reaction is reversible then the equilibrium will be established probably

before the value of ks becomes very small. The fitted values of &, /k,, are much greater

than zero and probably indicate that the dealumination reaction is reversible. In a
continuous system where fluid phase aluminum concentration remains negligible the
reaction will not be limited by equilibrium and driven to completion leading to complete

pore blockage.

Jump across the micropore pore mouth is well known to be an activated process and

can be appropriately expressed by Arrhenius equation as:

k, =k, expl — E, (4-12)
RT

where %, is a pre-exponential factor and E; is the activation energy for jump across the

pore mouths. Rewriting Eq. 4-12 in terms of pore mouth time constant z ,,,, we get

. E
Tom = Tpm exp( RI:') (4-13)
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where z';m corresponds to the pre-exponential factor. The activation energy E; can be

calculated by knowing the pore mouth time constant at two temperatures. The effect of
deactivation on activation energies of Uetikon and TOSOH pellets is shown in Figures
4-22 and 4-23. It can be seen from Figure 4-22 that the uncertainties in calculating the
activation energy are relatively large for deactivation conditions HH and LH and those
for deactivation conditions HL and LL are much smaller. However, possibly the best
trend is that the activation energy remains constant at all the four deactivation conditions
and that the average EJ/R = 3261 K with standard deviation of 795 K for Uetikon pellets.
The activation energies for TOSOH pellets are plotted in Figure 4-23 and show large
uncertainties similar to the Uetikon pellets. However, the activation energies for TOSOH
pellets are much smaller than those for Uetikon pellets. The best trend seems to be that
the activation energy remains a constant at all the four deactivation conditions. The
average EJ/R = 1467 K with standard deviation of 470 K for TOSOH pellets. The
difference between the activation energy of jump for Uetikon and TOSOH pellets could
be due to different binders used for palletization which could be kaolin clay or metal
powder or a combination these two. This difference could also be due to the

hydrothermal deactivation of Uetikon pellets during the pelletization process.

Kondis and Dranoff® studied the effect of steaming by comparing the kinetic
behavior of pure 4A crystals with that of Linde 4A zeolite pellets. They used ethane as
the sorbate and characterized the mass transfer by micropore diffusion control
mechanism using an apparent ethane diffusivity. It is found that the activation energy for
ethane diffusivity did not appear to change with deactivation and that the ratio of pre-
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FIGURE 4-22 Effect of deactivation on activation FIGURE 4-23 Effect of deactivation on
energy for jump across pore mouths of Uetikon activation energy for jump across pore mouths of
pellets. Deactivation conditions: HH (O), LH (@), TOSOH pellets. Deactivation conditions: HH
HL (O), LL (@). Solid line is the average activation (O), LH (@), HL (O), LL (W). Solid line is the
energy. average activation energy.

exponential factor of steamed zeolite to pure crystals is 0.091.

Since, the activation energy of jump across the pore mouth openings remain a

constant at all the deactivation conditions investigated in this work, the pore mouth time

constant, r,,, must increase as a result of increase in t;,,, or decrease in k.. The pre-
exponential factor k. is associated with the entropy change associated with the jump.

Thus, a decreases in k. probably indicates an increase in entropy change which may be

due to loss of crystallinity at the pore mouth leading to a higher degree of randomness.

Kirger et. al.”® did not observe a higher activation energy for diffusion of various
hydrocarbon molecules in fresh and deactivated zeolite samples. The authors measured

pore mouth resistance for many hydrocarbons varying in chain length and molecular size.
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The authors explained the increase in pore mouth resistance by a deposition of non-
framework aluminum in the vicinity of the crystallite surface. It was observed that the
large and small molecules were affected to a similar amount by the steaming. However,
based on their hypothesis, the deposition of aluminum at the pore mouth will lead to pore
mouth blockage which will affect the larger molecules more than the smaller ones. Thus,
the results obtained by the authors are in contrast to the observations made in the present
study. Thus, the present study indicates that the deactivation is due to dealumination of

pore mouth leading to loss of crystallinity at the pore mouths rather than the blockage of

pore mouth.

The overlap of desorption curves for fresh and deactivated samples probably indicate
that during desorption molecules desorb directly from the adsorption sites and diffuse
into the fluid phase. However, during adsorption the molecules are probably in a meta-
adsorbed state at the pore mouth and then get adsorbed at the adsorption sites in the a
and S cages. There are less sites available for meta-adsorption due to loss of

crystallinity, resulting from deactivation, at the pore mouth leading to a slow rate of

adsorption due to deactivation.

Expression for k,, given by Eq. 4-10 can be written as

. v (4-14)
v 1+K exp(- D)q”’

where K*, AH »» and m are fitting parameters. ¢” term in Eq. 4-14 accounts for the
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dependence of concentration equilibrium constant K on concentration for non-ideal

mixtures. Since, the activation energy for jump across the pore mouth does not change as

a result of deactivation z, and &, /Icm must be independent of breakthrough curve
measurement temperature. The values of & /km are taken to be the average of those

calculated at 175 °C and 200 °C for a given pair of deactivation temperature and moisture
concentration. The values of fitting parameters both for Uetikon and TOSOH pellets

obtained by least square fitting are listed in Table 4-4.

TABLE 4-4 Values of fitting parameters for TABLE 4-5 Values of fitting parameters for

limiting pore mouth mass transfer coefficient. deactivation time.
Parameter Uetikon TOSOH Parameter Uetikon TOSOH
K 7.544x10° | 126.5 k; () | 1.81x107 | 13.07
m L19 0-53 n 2.63 0.52 |
AH,/R(K) |5.54x10° | 1.81x10° E,JR(K) | 139x10° | 3.74x10° 1

The expression for z, is expanded in the form

T = (4-13)

where k} , Erand n are the fitting parameters. The values of these two parameters listed
in Table 4-3 indicate that, except for Uetikon pellets at deactivation conditions HH. both
7, and k. /km are same at 175 °C and 200 °C. The value of 7, measured at 200 °C for

Uetikon pellets at deactivation conditions HH seems more reasonable as it falls in general

trend of increasing z, with increasing severity of deactivation conditions. In other cases
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the values of 7, are taken to be the average of those calculated at 175 °C and 200 °C for a

given pair of deactivation temperature and moisture concentration. The values of fitting
parameters both for Uetikon and TOSOH pellets obtained by least square fitting are listed

in Table 4-5.

The large difference in k} for Uetikon and TOSOH pellets is probably due to

interaction between k} and E, /R well known in catalysis literature. Small errors

involved in measurement of activation energy can lead to large differences in the value of

pre-exponential factor. The calculated value of &, for Uetikon pellets is much larger at all

temperatures, indicating that the forward deactivation reaction is more rapid for Uetikon
pellets than for TOSOH pellets. The forward deactivation reaction is more sensitive to
moisture concentration for TOSOH pellets in comparison to Uetikon pellets. The overall
effect of the temperature and moisture concentration is that at a given temperature and
moisture concentration the forward deactivation reaction is much faster for Uetikon
pellets in comparison to the TOSOH pellets. The overall rate of deactivation also depends

upon the reverse reaction determined by the equilibrium constant X.

It can be shown from the values listed in Table 44 that for a given moisture
concentration and at low temperatures, value of equilibrium constant X for Uetikon
pellets is small in comparison to the TOSOH pellets. The equilibrium constant for
Uetikon pellets increases more rapidly than that for TOSOH pellets. Therefore, at high
temperatures X is larger for Uetikon pellets. The temperature at which X for both Uetikon
and TOSOH pellets becomes equal, shifts to higher values with decreasing moisture
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concentration. The equilibrium constant K for TOSOH pellets is more sensitive to

moisture concentration than that for Uetikon pellets.

Thus, it can be seen that though the forward deactivation reaction is much faster for
Uetikon pellets than the Tosoh pellets, low degree of deactivation is observed for Uetikon
pellets due to a low equilibrium constant K at the investigated deactivation conditions.
However, for a fixed moisture concentration an increase in temperature will lead to a
rapid decrease in equilibrium constant for Uetikon pellets. Therefore, beyond a certain
temperature both forward reaction rate and equilibrium constant will lead to a higher
degree of deactivation for Uetikon pellets than the TOSOH pellets. At moisture
concentration approaching the complete monolayer coverage this temperature could be as
low as 675 K. In continuous systems where the reverse reaction is not present degree of
deactivation is solely determined by the forward reaction. In such systems Uetikon pellets

will deactivate much faster and to a higher degree than the TOSOH pellets.

4.6 Conclusions

Based on the discussion in the previous section we conclude the following

1. Both Uetikon and TOSOH pellets get deactivated at the experimental hydrothermal

conditions used in this work.

[N

A simple deactivation mechanism has been proposed and the deactivation rate
equation derived based upon the proposed deactivation mechanism fits the

experimental deactivation data.
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Under the investigated deactivation conditions TOSOH pellets deactivate to a higher
degree than Uetikon pellets. This behavior will be altered at higher deactivation

temperature where Uetikon pellets will deactivate much faster and to a higher degree.

Activation energy of jump across the pore mouth does not change as a result of
deactivation, however, the pre-exponential factor decreases as a result of deactivation

indicating a possible loss of crystallinity at the pore mouth.

Water molecules adsorb into the 4A zeolite cages from a meta-adsorbed state at the

zeolite crystal surface.
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CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

The deactivation of 4A zeolite pellets in presence of severe hydrothermal conditions has
been studied in the light of the experimental data generated in this study. The
deactivation data is obtained for 4A zeolite pellets obtained from two manufacturers. viz.
Uetikon and TOSOH. The deactivated 4A zeolite samples have been prepared at two
temperature settings viz. 350 °C and 400 °C and two moisture concentration levels viz.
0.05 gm/gm and 0.16 gm/gm. The deactivated samples are analyzed by measuring the
breakthrough curves of these samples at 175 °C and 200 °C and fitting the experimental

breakthrough curves to theoretical ones to obtain the pore mouth time constant.

Water-4A zeolite adsorption isotherm is experimentally determined at 175 °C and 200
°C in the low partial pressure range of water vapor. The experimental data cannot be
fitted to Langmuir isotherm equation, though it could satisfactorily be fitted to a dual site
Freundlich-Langmuir isotherm. Fitting of experimental and theoretical breakthrough
curves is carried out based upon the dual site Freundlich-Langmuir isotherm. The
asymmetry between the adsorption and desorption breakthrough curves even at the low

water loadings (less than 15 % of the saturation loading) investigated in this study are
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satisfactorily accounted for using the dual site Freundlich-Langmuir isotherm.

A simple deactivation mechanism of 4A zeolite pellets has been proposed and the
corresponding rate equation involving the deactivation temperature and moisture
concentration is derived. The experimental deactivation data is fitted to the derived rate
equation. Analysis of experimental data reveals that the deactivation is probably caused
by loss of crystallinity due to preferential dealumination of the micropore pore openings.
It is found that at all the deactivation conditions Uetikon pellets perform better than the

TOSOH pellets.

The rate equation derived in this study can be of considerable practical value as it can
be used to predict the degree of deactivation of 4A zeolite pellets in an existing
adsorption column. It can also help in optimizing the run conditions in a way to maximize

the adsorbent life.

5.2 Recommendations

In order to obtain further insight in the mechanism of hydrothermal deactivation of 4A
zeolite pellets it is absolutely necessary to have a very accurate and direct measurement
of pore mouth time constant and the aluminum concentration at the micropore pore
openings. Some techniques like NMR and nuclear microscopy are available but due to
practical constraints could not be used in the present study. However, it is desirable that

the deactivated samples be analyzed using these techniques when they become operable.

Since, the present study is restricted to studying the deactivation in a batch system,
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the degree of deactivation is limited by the equilibrium. These equilibrium limitations can
be overcome by use of a continuous system in which high pressure steam flows through a
bed packed with the 4A zeolite adsorbent. It is assumed in the present study that the
adsorption isotherm does not change as a result of deactivation and the experimental data
seems to be consistent with this assumption. However, in a continuous system where
degree of deactivation could be very high this assumption may not be valid as the
dealumination will not be limited to the pore openings alone. Therefore, further
experimentation is required to produce very accurate deactivation data in order to model

the deactivation phenomenon more realistically.

In industry, the dehydration of process streams is carried out in a cyclic manner
therefore, it will be of interest to generate predictive breakthrough curves for such cyclic

systems.
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APPENDIX A

NUMERICAL CALCULATION OF
BREAKTHROUGH CURVES

Model equations 3-11 through 3-18 developed in chapter three are solved numerically
using the method of lines. The details of numerical method are presented in this

appendix.

The fluid phase concentration transient terms, [, dc;/dt” in equation 3-11 and
B, dc,, / dt” in equation 3-12, are negligible in comparison to sorbed phase concentration

transient terms. Let us assume that there are (M +1) finite difference points in axial
direction of the bed, numbered sequentially fromz=0to z=L, and (N +1) points in the
radial direction of the pellet, numbered sequentially from R = 0 to R = R,, at each of the
finite difference points in the bed. The boundary condition 3-18 is automatically taken
care of by letting the (N +1)® point lying on the pellet surface be same as the
corresponding point in the bed. Therefore, there are a total (M +1)x(N +1) finite

difference points in the bed.

Let C be a (M +1)x(N +1) element vector whose elements are the fluid phase

concentrations in the pellet at each of the finite difference points in the bed. Similarly, Q
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is a (M +1)x(N +1) element vector whose elements are the sorbed phase concentrations

in the pellet at each of the finite difference points in the bed. We use a second order
accurate finite difference approximation for each of the spatial gradient terms in the
model equations. Considering the boundary condition 3-15, the term on the left hand side

is written as

1 C:(Nﬂ) - C-(N+l)
Pe 2Az

M
- -E(C:(Nu) ~Cow "))

(A-1)

where Az =1/M is the increment in axial direction of the bed, C.y.,) is the concentration
at z' =Az, and C_y,, is concentration at a fictitious point at the inlet of the bed

corresponding to z° =—Az. Equating right and left hand side of boundary condition 3-15.

we get
2Pey .
Cwo) = Cowapy + 7(00 -C (N.;)) (A-2)

where ¢ is either 1 or O for adsorption or desorption, respectively. Similarly, boundary

condition 3-16 is written as
Citrayxw-) = Carr-ny (A-3)

where C,;(v.y) is the concentration at z" =1-Az, and Cyy,ayy. is the concentration at a

fictitious point z° =1+ Az. Boundary cendition 3-17 is written as
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C(i—l)(N+1)+z =CO0, (A-4)

where C_iyn+i)2 1S the concentration at R* =AR" =1/N inside the pellet, i=1...M +1,

and CO is a vector of concentrations at fictitious points R* =—AR". Eq. 3-13 can be
written as

Q

dr = amac—pm (Qe - Q) (A-S)

where Qe is a vector of the sorbed phase concentration in equilibrium with the local fluid
phase concentration C.

Eq. 3-12 can be simplified to give

39 R =0
3" oR™
P “o
2 * b) .
O a2 % R >0
OR™* R OR
or in finite difference formulation
0 6N* (C(i—l)(h’ﬂ)x-l - C(x’—l)(N*l)*l ) j=1
(-1XN+j
s ). UATY. A0 (A-T)
dt 1
N '(1 + —j—:f]c GetXwetyirt — 2N " Clopywaie
j=2...N
n 1
b-i- N '(1 —T_—i‘)c(.-x)(m[)« i
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where i =1...M +1. Combining Eq. A-5 with Eq. A-7, we get

6N :(C(i-lXNﬂ)i»Z _C(E-IXNH)H ) j=1
& - pm (Qe(f-x)(.v?z):- i~ Qhaixaet); )"' 3 (A-3)

s 1
N '{1 + 7—:1-JC(:'-IXN61)+ j+l

—-2IN :C(i—‘XN-lh

nd 1
+N -(1 - 'T—Jc(i-x X& =i} j-1

-
I
1
2

Jj=1

In order to write the finite difference formulation of Eq. 3-11 we need to write the finite

difference formulation of 37" /0" using trapezoidal rule as follows

1{dg 1 ( 2 dQ(i-lXNﬂ)vl 2 dQ(i-l)(h“l)*N 1 dQ:(N-l)
=~ = .- -1 A-9
3( o' 1 N? L(l) dr HA R A Yo O

where i =1...M +1. All the terms except the last one in Eq. A-9 can be calculated using
Eq. A-7, and the last term can be calculated using Eq. A-5. Substituting the values and

making some mathematical rearrangements, we get

(Qe,(x-x) = Qw1 )) (A-10)

1( 97" 1
5(371 =V -IXC‘-(M) =Ci w11t )+ﬁ

Substituting Eq. A-10 in Eq. 3-11, to get
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Pe

Mamat‘cﬂ’l M zamc-can
+ C(i-l)(N-rl)(- 2 - » ) (A-11)

M L T— M 2amac-can M lamac-can
C(i+lXN+I)( 5 - J'{"Ci Nq)(T—'f'B(N -‘1)}

P

3
- 3(N - 1)C,~(~+1)-1 + W(Qei(Nﬂ) = Qiwer) ) =0

where i =1...M +1. For a known Q, algebraic equations A-8 and A-11 can be solved to

get vector C. The time derivatives can then be calculated using Eq. A-3.

Equations A-8 and A-11 are solved in matlab using a highly optimized iterative
subroutine originally written in C language and compiled into a matlab mex (.dll) file.

The time integration is then carried out using matlab subroutine ode45.
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APPENDIX B

LIST OF FILES ON CD

Following is the list of files on the cd.

TABLE B-1 List of all the files on the cd.

File name

File Type

Description

uetikondata.m
freulang.m

fddualbedpmmacd.m

newsetconc.dll

getconc.m

fdparamfit.m

breakthrough curve
data.xls

Matlab

Matlab

Matlab

Matlab
executable

Matlab

Matlab

Excel

Experimental isotherm data and program to
fit it to dual site freundlich-langmuir isotherm
Function file to be used with
uetikondata.m

Function file for calculation of time
derivatives of concentration in the adsorption
column. Use ode45 to calculate the
breakthrough curve.

A file to be used internally by
fddualbedpmmacd.m. This file has a very
efficient algorithm to calculate the time
derivatives of concentrations in the
adsorption column.

This file is setup to be automatically used by
ode45 while solving for bed concentration
using £fddualbedpmmacd.m.

This file has code for fitting the theoretical
adsorption breakthrough curve data to
experimental one.

This file lists both experimental and fitted
breakthrough curve data for all the samples.
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LIST OF SYMBOLS

Ap

Co

ca /max(ci M Ca )

¢, /max(c;.c, )

¢,/max(c;.c,)

Cm /max(ci i Ca )
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area under the breakthrough curve
(min)

fraction of crystal surface that is
blocked

sorbate concentration in fluid stream
(gm/cc)

bulk phase concentration (chapter 1):
sorbate concentration in fluid stream
entering adsorption column (chapter 3)
(gm/cc)

dimensionless sorbate concentration in
fluid stream entering adsorption
column

sorbate concentration in fluid phase
(gm/cc)

dimensionless sorbate concentration in
fluid phase

initial sorbate concentration in fluid
phase (gm/cc)

dimensionless initial sorbate
concentration in fluid phase

sorbate concentration in macropores
(gm/cc)

dimensionless sorbate concentration in
macropores

heat capacity of fluid phase
(cal/gm °C)
total zeolite concentration (gm/cc)

concentration of active zeolite phase
(at equilibrium) (gm/cc)
concentration of deactivated zeolite
phase (at equilibrium) (gm/cc)

macropore diffusivity (chapter 1)
(crnzlsec)

intrinsic diffusivity (cmllsec)
micropore diffusivity (cm/sec)
Knudsen diffusivity (cm¥/sec)



fi 155/(155+775)=0.1667

ki, ka
ke (k)

ks (k:ﬁ ksav k : )

ni;
m;

m

n
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axial dispersion coefficient (cm*/sec)
molecular diffusivity (cm/sec)
effective macropore diffusivity
(cm*/sec)

activation energy for forward
deactivation reaction (J/mol)

Activation energy for jump across pore
mouth (J/mol)

volume fraction of adsorption sites in
[ cage

heat of adsorption (J/mol)

heat of deactivation (J/mol)

Boltzmann constant

Freundlich Langmuir isotherm fitting
parameters (rnbar")

forward deactivation reaction rate
constant (pre-exponential factor)

mass transfer coefficient for diffusion
across pore opening (equilibrium
value, for fresh zeolite, pre-
exponential factor) (um/sec)

Henry’s constant (chapter 1); (cc/gm)
Equilirium constant (chapter 4)
(dimensionless)

Pre-exponential factor for K (chapter
4)

length of cylindnical crystal (chapter
2) (cm)

adsorbent bed length (chapter 3) (cm)

total mass of water adsorbed on the
adsorbent after 7 steps. (gm)

mass of adsorbate adsorbed at time ¢
(gm)

mass of adsorbate adsorbed at time
1 =0 (gm)

molecular weight (of species i, of
water)

order of deactivation reaction with
respect to the adsorbed water



nl, n2
n,
Pe vL/D;

P
p (o)

q ( 4os Gis qlv gs )

dsar
q q/max(g;.q, )
(‘I"'qx' )/(q: —Qi)

4. 9,

]

R'
3/R: [qR*dR
0
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Freundlich Langmuir isotherm fitting
parameters

number of blocked patches of equal
area on the crystal surface

axial Peclet number for column
(dimensionless)

total pressure in atm

partial pressure of water vapor (at the
adsorption column inlet) (mbar)

sorbate concentration (final, initial, at
crystal surface or in equilibrium with

the fluid phase, at monolayer (chapter
3) saturation) (gm/cc)

sorbate concentration at monolayer
saturation (chapter 2) (gm/cc)

dimensionless sorbate concentration
(chapter 3)

(chapter 2)
dimensionless sorbed phase

concentration in exposed sector of the
crystal, in blocked sector of the crystal

sorbate concentration averaged over a
single pellet (gm/cc)

radial coordinate in the crystal (chapter
2) (um);

mean pore radius (chapter 3) (A)
radius of zeolite crystal (um)
dimensionless radial coordinate

radius of a solid cylindrical section (
r,<r.)(cm)

radial coordinate in adsorbent pellet
(cm); universal gas constant (J/mol K)

dimensionless radial coordinate in
adsorbent pellet

radius of adsorbent pellet (cm)

absolute temperature (ambient) in
Kelvin

time (min)



B, €& max(ci'ca )/(1—51: )max(qo’Qi)

ﬁp €, max ci’co)/(l_ep)max(qa’qi)

Umax

t 11,
tD, / r:'

T,

u (ug, uz)

1%

Vccll

Vs

v

Wq

z z/L

GREEK LETTERS

am-fﬂﬂ zm‘/zcm

amac—pm zmac/‘z pm

& JEE,

E(&,, E,)

A(A4.4) 4/

6

6 6/2n

time at which p/p, approaches one
(min)

dimensionless time (chapter 3)
(chapter 2)

bulk temperature (K)

transformation variable for
concentration ( in exposed sector of
the crystal, in blocked sector of the
crystal ) (dimensionless)

volumetric flow rate of carrier gas at
STP (cc/min)

volume of volumetric cell (cc)
volume of sample tube (cc)
interstitial fluid velocity (m/sec)
weight of adsorbent (gm)

axial coordinate (m)
dimensionless axial coordinate

ratio of macropore to convection time
constants (dimensionless)

ratio of macropore to pore mouth
resistance time constants
(dimensionless)

ratio of bed capacity to adsorbent
capacity (dimensionless)

ratio of pellet capacity to adsorbent
capacity (dimensionless)

Lennard Jones force constant

porosity ( bed, pellet ) (dimensionless)
relative saturation (initial, at the
surface) {dimensionless)

polar coordinate (Radian)

normalized polar coordinate
(dimensionless)



2n, [(1- A, )6
(2n, /4,0 +1-1/A,

(0,+0,)2

L/(ﬁbv)
Ri/wl’DP )
r. [Gk,)
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normalized polar coordinate in
exposed sector of the crystal (vanes
between O and 1) (dimensionless)

normalized polar coordinate in blocked
sector of the crystal (varies between O
and 1) (dimensionless)

average Lennard Jones collision
diameter for species 1 and 2 (A)

Lennard J ones collision diameter for
species i (A)

pellet tortuosity (dimensionless)
deactivation time constant (hr)

convection time constant (min)

macropore time constant (min)

time constant for diffusion across
micropore pore mouth (fresh zeolite.
pre-exponential factor) (min)

a function of &/kT
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