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ABSTRACT

In those processes involving the separation of solutions,
adsorption column design has been one of the latest unit operations to
undergo theoretical treatment because of the relative complexity of the
mechanisms involved. The purpose of this investigation is to establish
an lmproved method for solving adsorption problems, especially where
intraparticle diffusion is a rate controlling mechanism, In particular
it is desired to derive a model describing fixed-bed, liquid-phase
adsorption fractionation in a column in terms of concentration, bed
depth, time and particle radius. The appropriate boundary conditions
for liquid-phase adsorption and a general non-linear equilibrium rela-
tion are included in deriving a system of partial differential equations
describing the process.

The mathematical model consists of a bulk-phase material
balance, an intraparticle diffusion equation, and a rate equation for
interphase transfer across the surface film; these equations must be
solved simultaneously with the boundary conditions and equilibrium
function. The equations are expressed in terms of certain dimensionless
parameters so that the solution is independent of the physical prop-
erties of any particular adsorbent bed. . This non-linear set of equations
requires a suitable numerical means of solution. A numerical procedure
is developed and discussed for use on a high-speed computer. The program

used to solve the problem on an IBM 7040 computer is described.

ix
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The results obtained in this work are sets of computed curves
for four liquid systems, each system requiring a separate computer solu-
tion because of changes in concentration or equilibrium relationship.

The computed curves are matched with experimental data on these systems
to determine mass transfer coefficients, which ultimately are used for
design purposes. It is shown that, for three out of four systems
tested in this research, experimental data correlate with computed re-
sults better than in earlier work. This fact lends support to the
validity of the proposed model. Moreover the coefficients calculated
from the investigation are within an order of magnitude of values found
in an independent determination, again giving some credence to the
proposed model. Although the solution of this model has been carried
out for particular examples, it should be applicable in the case of other
liquid-phase systems following the mechanisms described, as well as the
assumptias involved in deriving the model.

A discussion is presented for the purpose of applying the
results to an actual column. For purposes of commercial design equations
are developed to compute wave formation time and corresponding bed depth,
degree of saturation, and length of the ultimate wave in fixed-bed
adsorbers.

The results of this project have led to a number of conclu-
sions and recommendations for future consgsideration. 1In particular it has
been found that a solution can be found for a derived model without the
necessity of making oversimplifying assumptions. An improved correla-
tion between experiment and theory has been shown, but at the same time

there is need to consider other mechanisms such as longitudinal



x1i
diffusion, multi-component systems, effect of concentration on the rate
coefficient, and non-isothermal operation, In the future it is possible
that numerical methods may be discovered to handle simultaneously some

or all of these factors with faster computers than are presently avail-

able.



I. INTRODUCTION

This dissertation is the result of research on adsorption
fractionation of binary liquids. The primary analysis concerned the
effect of intraparticle diffusion on the kinetics of fixed-bed
adsorption columns. A theoretical approach was used in which partial
differential equations were derived to simulate column operation.
Actual equilibrium relations for real systems were incorporated into
the numerical solutions which were obtained on a high-speed electronic
computer.

Much of the work in this project is an extension of research
by numerous investigators as outlined in a survey of papers on
adsorption column operation. A large majority of earlier studies
were limited to simpler cases, such as linear equilibrium or steady-
state operation, which could be solved easily. 1In this project the
particular boundary conditions used, the general equilibrium func-
tion, and transient operation all required the solution be obtained
numerically. Both film resistance and internal diffusional resis-
tances were incorporated in the mathematical description of the
process,

A successful correlation of experimental data obtained in
earlier studies with the theoretical model developed herein is con-
sidered a useful contribution to the knowledge of adsorption column
kinetics. A procedure for solving the model, along with a computer

program, is outlined. Also presented were means of applying the



solution to the design of an adsorption ceolumn, taking into account
the transient phase after startup, and the corresponding length of
bed required for formation of the steady-state wave. Equations for
calculating the net degree of saturation in an operating fixed-bed
column were developed for purposes of economic considerations. The
application of fixed-bed data to moving-bed processes was discussed
briefly.

It is hoped that this work will serve, at least in part, as

the basis of future anélysis of adsorption processes.



II. BACKGROUND

The mathematics of a rigorous model of adsorption processes
in column operation has until recent times been too complex for exact
solution. Simple cases have been treated from a theoretical stand-
point, but in such instances actual processes did not generally
follow the resulting theory. Some investigators have derived models,
primarily for gas-phase operation, in which simplifying assumptions
such as linear equilibrium relationships and no internal diffusicnal
resistances within the adsorption bed have been made.

The basic inspiration for this research project evolved from
an interest in numerical applications for the solution of engineering
problems, where the number of simplifying assumptions is minimized at
the expense of more difficult computational techniques. The need for
additional work in the subject area of adsorption is summarized by
excerpts from Johnson (30):

Since the computed solutions of this work do not yield

an exact fit with data of large particle size adsorbent, the
next logical improvement in the method of analysis which was
used here would be to include in the basic equations a
‘mathematical expression for the intraparticle resistance.
The addition of an extra unknown parameter, D. and an
additional independent variable, r, makes the problem a much
more difficult one than was solved in this work. It is be-
lieved, however, that the techniques demonstrated here will
be applied in the future, using faster and larger computers
if necessary, to approach more closely the exact solution to

adsorption fractionation problems.

With the possibility of further improving the theoretical

3
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approach to adsorption, it was decided to search for a realistic model
which involved the additional mechanism of internal particle diffusion,
hoping that a more adéquate mathematical statement of the behavior of
an adsorption column could be developed. A numerical solution to the
improved model was anticipated, requiring the use of a very high-speed
computer. Since the estimated computing capacity was available at the
time this research was begun, it was deemed practical to undertake the
project for this dissertation. Initially the computations were to be
done at a remote location until similar facilities at L.S.U, were
installed.

This research has centered around a model in which four major
variables are considered simultaneously: time, bed depth, particle
radius, and concentration, along with a general equilibrium function.
The liquid-phase was chosen to demonstrate the model because there has
been less work in this area, and the boundary conditions are more com-

plicated. No restriction was to be put on the equilibrium relation.



IITI., LITERATURE SURVEY

In this section, a brief summarization will be given to those
previous investigations dealing with the subject of adsorption, espe-
cially to papers dealing with column cperation. A large storehouse
of literature exists for the many separate aspects of adsorption, each
of which is involved in the overall operation of a process for the
separation of mixtures. Early researchers were concerned with the
mechanics of surface processes, equilibrium relationships in the form
of isotherms, activation energies, and thermodynamics of adsorption in
general. The incorporation of these various mechanisms into the design
of a process for the fractionation of mixtures is, however, relatively
recent, due to the complexity of the mathematics when these mechanisms
are combined. The papers summarized in this section are those primar-
ily involved in the attempt to relate the many known variables into a
usable model from which a profitable plant may be designed.

The early attempts to correlate results of adsorption experi-
ments were usually highly empirical. The velocity of adsorption of
carbon tetrachloride on charcoal was measured by Hernad in 1920 (20).
A resulting empirical, but satisfactory, correlation in which the rate
was assumed to be proportional to an expression of the form, Ae_kt,
was used, but no explanation of the reasons underlying this approach
were given. There was some speculation that diffusion possibly
affected the rate. Most of the work of this period was still on equi-

librium isotherms.



Other papers in line with the work of Hernad were given by
Rogensky (42), Schumann, (47) Constable (6), and Taylor (49). The
latter author was one of the first to attribute-concepts other than
activation energies as rate-controlling mechanisms. Important theo-
retical aspects of adsorption phenomena were described. Not only
activation energies, but internal diffusion as a possible rate-
determining factor were discussed in Taylor's paper. He obtained data
and treated qualitatively the effects of adsorbent material, concen-
tration, surface characteristics, heat of adsorption, and temperature.

An early paper which involved the dynamics of a gas-solid
system was written by Furnas (12)., Mathematical equations for a heat
transfer problem, relating the variables of time and temperature with
distance were solved. Experimental data were correlated, using the
theoretical results of his model.

The development of more sophisticated theories of adsorption
fractionation processes in a column began in the late 1930's and early
1940's largely in the field of chromatography. Some highly complicated
mathematical equations were derived, however in many instances they
vere either overly simplified or not solved for want of a practical
means of solution. Wilson (53) applied adsorption to the study of rate
processes in chromatographic columns, making the assumption of instan-
taneous equilibrium between the fluid and adsorbent phases, with
negligible diffusion. These assumptions resulted in a straightforward
analytical sclution for a two-component system. This author recognized
the probable, but admittedly complex, effect of intraparticle diffusion.

Devault (7) continued Wilson's work in chromatographic analysis



by deriving partial differential equations which considered multiple
components although they were not solved. The characteristic shapes

of waves formed in chromatographic columns were discussed qualitatively.
Glueckauf and Coates (16,17,18), in a series of papers, described
steady-state adsorption for both a single solute and a binary solution
as related to chromatography. Thomas (50) developed a kinetic approach
to the analysis of chromatography for a single solute. (ases for both
initially dry and initially saturated beds are considered using equi-
libria of linear or Langmuir types. Improved agreement between theory
and experiment resulted over that shown where instantaneous equilibrium
was assumed.

Other work, carried out during the wartime period, included
studies by Gamson, et al. (13) who developed empirical mass transfer
rate correlations for various adsorption systems; and by Thomas (51),
who applied a second-order rate equation to the surface reaction step
which was assumed to control.

In the éeriod follbwing World War II, the study of adsorption
processes in a column expanded tremendously. In general most authors
recognized at least qualitatively, three rate mechanisms which were
thought to influence column operation: surface reaction, intraparticle
diffusion, and external diffusion through a film. Most of the work
centered on gas-solid systems and with linear isotherms. Some very
elegant models were proposed and analytical solutions were found for
restricted cases. not only in adsorption, but all of the unit opera-
tions, as demonstrated by Marshall and Pigford (37). Theoretical

investigations began to explain the phenomena of ion-exchange, which



is allied in many respects to adsorption. Large-scale commercial
applications for newly developed adsorption operations began, as ex-
emplified by the Hypersorb and Arosorb processes for separation of
petroleum feed-stocks (4,24,27).

Hougen and Marshall (25) developed equations during this
period for gas adsorption under both flow and non-flow conditions.
Linear equilibrium in an isothermal bed was assumed, for which analyt-
ical solutions were found. Graphical methods for the case of non-
linear isotherms were given, and also for non-isothermal beds in which
chemical reaction occurs. Effects of particle size on the kinetics
was not treated quantitatively. A stage-wise approach was made by
Mair, et al. (36), for the separation of two components in a fashion
analogous to distillation. Lapidus and Rosen (35) proved the exis-
tence of the constancy of the ultimate wave-shape in a sufficiently
long column, provided the curvature of the equilibrium function is
negative. Barrer (3) obtained rate data for batchwise flow of ammonia
and other gases and calculated surface diffusion coefficients, using a
Henry's Law equilibrium relation., Eagle and Scott (8) published a
comprehensive paper giving kinetic and equilibrium data along with
other significant measurements, for a number of liquid-phase adsorption
systems,

The actual solution of equations in simple cases for which
analytical methods were unavailable or overly complicated began in the
early 1950's paralleling the introduction of high-speed, stored-program,
electronic computing machines, which could often provide accurate

numerical results. An early paper dealing with solution of adsorption



kinetics problems on the computer was authored by Rose, Lombardo,
and Williams (43), in a simple stagewise approach to fractionation of
a binary, liquid mixture. Instantanecus equilibrium at the particle
surface was assumed, neglecting pore diffusion resistances. Computed
solutions were compared with experimental data obtained from steady-
state runs using a mixture of benzene and hexane on fine particles of
silica gel. Fairly good agreement was obtained because of the fineness
of the absorbent, so that internal diffusion was largely, but not
entirely, eliminated. Similar treatment was given to liquid-solid
adsorption systems in the steady-state by Schmelzer, et al. (46), who
showed qualitatively by a series of interrupted runs that internal
diffusion vas a significant mechanism. 1In these tests the feed rate
was cut off during the operation of an adsorption experiment. The
presence of a vertical, downward displacement of the effluent concen-
tration curves demonstrated the presence of internal diffusion,
Amundson (1,2) was one of the earliest investigators to attack
the problem of internal diffusion quantitatively in overall column
operation. He considered the process in terms of an irreversible mechan-
ism where the rate of mass transfer is proportional to fluid stream gas
concentration and to the quantity of adsorbate contained in the bed.
He also found solutions for the rate where a kinetic theory was
assumed, and separately for the case of radial diffusion controlling.
Kasten and Amundson (32) studied adsorption fractionation from a theo-
retical standpoint in fluidized beds. Steady-state operation with a
linear isotherm and a kinetic rate mechanism was assumed, but with

quantitative treatment of internal diffusion. The rate of separation
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of the feed into two streams was based on a probability theory. Other
papers involved with study of diffusional and other rate processes are
those by Edeskuty and Amundson (10), in liquid-phase adsorption and in
the field of ion exchange by Lapidus and Amundson (33). 1In both cases
linear equilibrium was assumed. As yet no substantial treatment of
the formation time required for the ultimate, or steady-state adsorp-
tion wave in fixed beds had been given. Other important papers in
this category include work by Jury and Licht (31) in the drying of
gases, by Geser and Canjar (14) in adsorption of methane, by Hiester
and Vermeulen (22) in ion-exchange, and by Rosen (44).

One of the first papers where the restriction of linear equi-
librium could be lifted was by Hiester et al. (21). 1In this report
dealing with ion exchange, methods were presented for correlating
experimental results when both external and internal diffusional resis-
tance occur simultaneously. Steady-state operation was assumed as
well as a rate of radial diffusion proportional to a concentration
driving force. Selke et al. (48) obtained diffusivity data for ion-
exchange columns using shallow-bed experiments, and .a general equilib-
rium. They suggested dividing a column into a series of shallow beds
for a stepwise solution. No consideration for wave formation time or
bed depth was given. Gilliland and Baddour (15) tested a steady-state
ion-exchange system, using an overall coefficient of mass transfer for
all resistances combined. The variables considered were particle size,
bed height and diameter, feed rate and concentration. Column dimen-
sions were found not to affect results over the range of variables

investigated. Eberly and Spencer (9), also using a lumped resistance
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obtained adsorption rate constants by means of & pulsed-flow experi-
ment, In this research, the shape changes in the pulse were attributed
to adsorption effects.

Johnson (30) extended the research into liquid-phase adsorp-
tion fractionation in fixed beds by a complete numerical solution to
~ systems which involved simultaneously the variables of bed depth, time,
and concentration. The external film was assumed to control, with
instantaneous equilibrium at the interface between adsorbed and non-
adsorbed phases. Internal diffusion was neglected, although discussed
qualitatively. No restrictions were put on the equilibrium, except
that it should not cross the operating line. Particularly interesting
was a complete re-evaluation of boundary conditions used by past re-
searchers and a resultant modification for use in liquid systems. His
work demonstrated that solutions to certain problems for which no known
analytical techniques exist may be found by numerical means on a com-
puter, and that the complexity of the problem which could be solved
depends largely on the capabilities of the computer itself.

More recently Masamune and Smith (38), recognizing that diffu-
sional resistances within the porous bed are of importance have derived
and solved equations relating the variables of concentration, time,
level, and particle radius for vapor-phase adsorption. Attention was
given to the special cases of surface adsorption controlling, pore
diffusion contrelling and external diffusion controlling. These in-
vestigators assumed linear equilibrium and boundary conditions such that
an analytical solution was obtained for each case, Using a nitrogen-

helium vapor mixture on vycor particles the results of experimental
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tests compared favorably with theory only when the mechanism of pore

diffusion was included.



IV. DEVELOPMENT OF A MODEL FOR LIQUID-PHASE ADSORPTION

1. InFroduction

In order to define a practical model it is necessary to state
the basic assumptions as to the nature of the adsorption process.
Since fixed-bed liquid phase binary adsorption is under consideration,
all assumptions will be based on this type of process.

a. The flow of liquid through the system is assumed to be
plug-like flowing upward from bottom of the system. No
concentration or velocity gradients exist in a radial
direction from the direction of flow. In deriving the
differential equations these terms could be included when
the field of fluid dynamics produces more kuowledge of
radial effects. 1In addition, longitudinal, or axial,
diffusion is considered negligible.

b. A constant feed composition will be assumed, as this is
the normal mode of operation, unless changing from one
operating level to another.

c¢. The feed is a binary or pseudo-binary system of components,
one of which is preferentially adsorbed, thus effecting a
fractionation into two phases, one a non-absorbed, or bulk,
phase and the other phase being the liquid solution con-
tained within the adsorbent.

d. An initially dry system is used. 1In vapor adsorption the

13
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entering vapor stream displaces the gaseous fluid found
in the void spaces around the particles of adsorbent,
but not the fluid contained within the particles them-
selves. In liquid processes, it is assumed that as the
feed rises through the bed, the entering liquid fille
both the void spaces and at the same time enters and fills
the pore volume almost instantaneously. Ineffective space
containing trapped vapor is not considered a part of the
pore volume in which adsorption occurs. As will be
pointed out this difference between vapor and liquid phase
mechanisms causes a major difficulty in the latter case
because of the resulting boundary conditions. This assump-
tion precludes a study of the effect of a step change in
feed composition at a later moment of time, without modi-
fying the entire model.
The system will be considered to operate isothermally; all
heat effects are either negligible or cancel each other
out, as is typical of liquid-phase processes.
The particles of adsorbent are considered to be spherical
and possess an effective radius, constant throughout the
bed. Although it is known through microscopic study that
the particles are highly irregular, it is impossible to
describe them except by means of familiar geometry. The
interior pore space, by means of which diffusion occurs
in each particle is highly tortuous but will be accounted

for by an effective internal overall diffusivity, assuming
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only radial diffusion. There are several internal diffu-
sion mechanisms thought to occur, but these are usually
lumped together and described by a single effective diffu-
sion constant.

2. The only factor controlling adsorption within the pore
space is diffusion itself. Generally this has been shown
to be the case, although it is possible that the adsorp-
tion step at the interface between fluid and solid may
control in some instances. There is no reason why this
mechanism could not also be included, provided the rate
constants for this step could be found.

h. There is no effect of concentration on the film constant
or diffusion constant. This assumption is necessitated by
the fact that these effects are very difficult to evaluate,

i. Equimolar counter-diffusion is assumed. There is a net
flow of liquid onto the adsorptive surfaces, but this is
small compared to the total quantity of liquid in which

diffusion occurs.

2. Derivation of Equations

Consider a vertical tower packed with adsorbent material, fed
by a4 binary stream of constant composition entering at the bottom and
flowing upward in plug-like flow. Taking a horizontal slice of thick-
ness, dz, one may write an overall bulk-phase material balance on the

more adsorbed component, in terms of volumetric flow rates, as follows;






Xb

Xf
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Dimensionless particle radius variable, defined by Eq. (4-7)
Cross-sectional area of adsorbent column, ft2
Dimensionless time variable, defined by Eq. (4-9)

Dimensionless time corresponding to beginning of steady state

Total quangity of more adsorbable component in effiueat
stream,

Maximum quantity of more adsorbable component that could be
contained in a length of bed equal to the length of a wave, fe3

Pore volume, ft3/1b adsorbent

Total volume of liquid in effluent liquid, ft3

Rate of transfer of more adsorbable component from bulk phase
to adsorbed phase in differential section, dz, £t 3 /hr

Volumetric concentration of more adsorbable component in non-
adsorbed phase ft3/ft3

Instantaneous volumetric concentration of more adsorbable
component at wave front, ft3/ft3

Volumetric feed concentration of more adsorbaple component,
£e3 /ft

Volumetric concentration of more adsorbable component on
bulk-phase side of interface in equilibrium with the adsorbed
phase interfacial concentration, ft3/ft3

Volumetric concentratlon of more adsorbable component in ad-
sorbed phase, £t3 /ft

Volumetric concentration of more adsorbable component in ad-
sorbed phase in equilibrium with feed, ft 3/fe3

Bed height variable, ft

Length of adsorbent bed required for formation of ultimate
wave, hr

Length of an adsorption zone, ft

Real time elapsed since initial contact of feed with adsorbent,
hr
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Real time elapsed from initial startup until beginning of
steady-state, hr

Real time required for adsorption zone to pass a given point, hr

Bed density, 1b/ft3



AUTOBIOGRAPHY

The author was born July 18, 1934, in West Palm Beach, Florida,
attended public schools in that city, and graduated from Palm Beach
High School in June, 195]1. He attended the University of Chicago,
Chicago, Illinois, during 1951-1952; attended the Georgia Institute
of Technology, Atlanta, Georgia, from 1952 to 1955, majoring in chemical
engineering, and graduated with the bachelor's degree in June, 1956;
worked for Esso Research Laboratories, Baton Rouge, Louisiana, as an
engineer from 1955 to 1958; enrolled in Louisiana State University,
Baton Rouge, Louisiana in 1959, majoring in chemical engineering and
minoring in business administration, worked as a graduate assistant in
the Department of Chemical Engineering and the Computer Research Center
and as an instructor in the Department of Mechanical Engineering, and
graduated with the master's degree in chemical engineering in August,
1960; enrolled in L,S,U. in 1960 on the doctoral program, majoring in
chemical engineering, and is presently a candidate for the degree of
doctor of philosophy. He is presently employed full-time by the
Computer Research Center as Assistant Director. He is a member of Tau
Beta Pi, Phi Lambda Upsilon, Phi Kappa Phi, the American Institute of
Chemical Engineers, and the Association for Computing Machinery; and
is a registered professional engineer, State of Louisiana. He is

married to the former Marilyn Joyce Griffin of Jonesboro, Arkansas.

164



Candidate: Elmer Lawrence Morton, Jr.

EXAMINATION AND THESIS REPORT

Major Field: Chemical Engineering

Title of Thesis: Analysis of Liquid-Phase Adsorption Fractionation in Fixed Beds

Date of Examination:

January 11,

1965

Approved:

Major Professor and Chairman

- )

’ .
S ( . 1
/ -

Dean of the Graduate School

EXAMINING COMMITTEE:




