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ABSTRACT

In this work novel porous adsorbent media having partially fractal structures and
stratified packed-beds are constructed and their dynamic performance with respect to
their adsorptive capacity through the construction and solution of rigorous models is
studied. The results show that conventional columns packed with partially fractal porous
adsorbent particles provide larger breakthrough times and dynamic utilization of the
adsorptive capacity of the column when compared with those of conventional columns
employing conventional adsorbent particles which do not possess a partially fractal
structure. Furthermore, stratified column beds exhibit superior species separation
performance than conventional columns when they are packed with either conventional
or partially fractal porous adsorbent media, and their highly desirable separation
performance is increased further when the spatial ligand density distribution in the
adsorbent particles is non-uniform and is described by certain functional forms. The
stratified columns packed with partially fractal porous adsorbent media provide to the
designer and user of chromatographic column systems, especially in preparative and
process chromatography, more degrees of freedom with respect to the number of
variables and parameters that could be controlled in the design, construction, and
operation of efficient chromatographic adsorption separation systems. The models,
porous media, and systems constructed in this work can also be extended into other
relevant fields including chemical catalysis, biocatalysis, and membrane separations

which employ porous media.
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1. INTRODUCTION

Affinity adsorption separation processes are considered to be highly selective
separation methods in the downstream processing (bioseparation) of biologically active
macromolecules in laboratory and large-scale applications. Most of the affinity
adsorption separations are carried out in chromatographic columns packed with porous
adsorbent particles.

Adsorbent porous media having partially fractal structures could be constructed
by gluing microspheres in each recursion of the fractal particle, that is, a porous
adsorbent particle of a given radius is considered to be made by smaller in radius porous
adsorbent particles which themselves are made by even smaller in radius porous
adsorbent particles and so on. By increasing the total number of the recursions of the
fractal particle, the total intraparticle pore surface area of the partially fractal particle is
significantly increased. The adsorbent media possessing partially fractal structures have
high adsorptive capacities and reduced overall intraparticle mass transfer resistance when
compared to conventional porous adsorbent media, because their large intraparticle pore
surface areas are easily accessible due to the desirable pore-size distributions and high
pore connectivities that characterize the intraparticle pore structure of partially fractal
porous adsorbent media.

The stratified column beds are packed beds which are comprised of several
packed-bed sections. The radii of the packed porous adsorbent particles decrease in size
along the axis of bulk flow which means that the largest in size particles are packed at the

inlet section of the column and the smallest in size particles are packed at the section of



the column where the bulk fluid exits. This structure of a stratified packed-bed decreases
both the overall external and intraparticle mass transfer resistances and, thus, increases
the dynamic separation performance of the adsorbent column. Therefore, the stratified
column bed systems packed with partially fractal porous adsorbent particles can provide
highly effective and efficient chromatographic separations and high dynamic capacities
when higher throughputs are required when compared with those obtained from
conventional columns.

In this work, rigorous mathematical models are constructed and solved in order to
study and analyze the dynamic adsorption performance of stratified column bed systems
packed with partially fractal porous adsorbent particles for various design and operating
conditions.

In the first paper of this dissertation, partially fractal porous adsorbent particles
with the total number of the recursion of the fractal of the particle taken to be equal to
one are constructed and employed in conventional and stratified column beds. The
immobilized ligands have uniform spatial density distribution and the separation
performance as well as the dynamic capacity of the column beds is determined.
Furthermore, the theoretical and practical implications of the results are presented and
discussed.

In the second paper of this dissertation, the adsorption performance and the
dynamic capacity of stratified column beds packed with porous adsorbent particles
having a partially fractal structure with the total number of the recursion of the fractal
being equal to one and a non-uniform spatial ligand density distribution, are studied.

Furthermore, detailed analysis and discussion of the results is presented.



In the third paper of this dissertation, a rigorous and general mathematical model
which describes the dynamic behavior of the adsorption of adsorbate in single and
stratified column beds packed with partially fractal porous adsorbent particles for any
magnitude of the total number of the fractal is constructed and solved for the case where
the total number of the fractal is equal to two. The results indicate that significantly larger
separation efficiencies and dynamic adsorptive capacities are realized as the total number

of the recursion of the fractal is increased.
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ABSTRACT

Stratified column bed systems whose sections are formed by packing adsorbent particles
with a partially fractal structure are proposed and studied. The simulation results clearly
show that the breakthrough times and the shape of the breakthrough curves obtained from
stratified column beds, are significantly larger and sharper, respectively, than those
obtained from conventional columns. The stratified column beds provide to the designer
and user of chromatographic column systems more degrees of freedom with respect to
the number of parameters and variables that could be controlled in the design,
construction, and operation of efficient chromatographic adsorption systems.
Furthermore, the results suggest that the stratified column beds could provide a higher
dynamic adsorptive capacity than conventional columns when it is required to increase

the column throughput.

1. Introduction

It has been shown by Liapis [1] that chromatographic columns packed with porous
adsorbent particles having a partially fractal structure exhibit a significantly higher
dynamic adsorptive capacity than columns packed with porous adsorbent particles whose
pores do not have a fractal structure. An important aspect in the fractal structure is the
concept of self-similarity [1,2] which is related [1] to the concept of geometrical
(physical) similarity, and, thus, the spherical porous adsorbent particles with a partially

fractal structure and a given particle radius are considered to be made by smaller in radius



spherical porous adsorbent particles which themselves are made by even smaller in radius
spherical porous adsorbent particles and so on. Furthermore, Liapis and co-workers [1, 3-
10] through detailed modeling and simulation approaches have shown the scientific and
engineering reasons for the better performance realized in chromatographic columns
packed with porous adsorbent particles having partially fractal structures.

Mathews [11] studied experimentally the effect of a distribution of adsorbent
particle sizes on the breakthrough profiles from fixed-bed adsorbers and compared his
experimental results with the results obtained by simulating the behavior of a stratified
bed using the homogeneous solid phase adsorption model [12] which neglects mass
transfer by pore diffusion and considers that intraparticle mass transfer in the porous
adsorbent particles occurs only by solid phase diffusion; this model has well known
serious physical limitations [13,14]. Mathews [11] constructed the stratified bed with the
smaller particles at the top and the larger particles at the bottom of the bed, and found that
breakthrough occurred earlier in the downflow mode while delayed breakthrough was
obtained in the upflow mode, when compared to a uniform particle size bed. We can
explain the experimental results of Mathews [11] by the physical mechanisms [1,15-18]
which have shown that as the particle size decreases (i) the value of the film mass transfer
coefficient in the hydrodynamic boundary layer (film) that surrounds the particles
increases, considering, of course, that the bed porosity and the superficial velocity of the
flowing fluid stream remain unchanged in the different sections of the stratified packed
bed where each section is packed with a different particle size, (ii) the lengths of the
intraparticle diffusional pathways of the adsorbate molecules in the porous adsorbent

particles decrease, assuming, of course, that the pore size distribution and pore



connectivity [1,9,10,18-22] of the pores in the smaller in size particles are similar to those
characterizing the pore structure of the larger in size porous adsorbent particles, and (iii)
the total surface area of the channels for bulk flow formed by the packed adsorbent
particles increases per unit volume of packed bed, considering, of course, that the column
diameter remains unchanged. Items (i) and (ii) lead to a smaller overall mass transfer
resistance and together with item (iii) provide a larger mass transfer rate in the smaller in
size porous adsorbent particles. Therefore, one could expect that, based on basic and
sound mass transfer principles, in a stratified packed bed where the particle size of the
adsorbent particles decreases as we move from the inlet section to the outlet section of
the bed, the overall average concentration gradient for mass transfer would be larger than
the overall average concentration gradient that would exist in a column packed with
adsorbent particles having uniform size; the experimental results of Mathews [11]
confirm this expectation. In other words, the stratified packed bed provides a sharper in
shape concentration front for the adsorbate while the column packed with particles of
uniform size makes the shape of the concentration front of the adsorbate to be more
disperse and, thus, the dynamic separation of the adsorbate in the stratified packed bed is
more efficient. It is worth mentioning at this point that the periodic countercurrent
operation of packed beds [5,15] (another name used for the periodic countercurrent
operation of packed beds is simulated moving beds) involves a set of columns whose
total length is L and which are packed with adsorbent particles having uniform size and
provides a more efficient separation than a fixed-bed of length L packed with particles of
the same uniform size as in the simulated moving beds, because the dispersive

concentration front of the adsorbate is in the column that is being removed and is



replaced by a bed of regenerated (fresh) adsorbent particles which is placed at the section
of the sequence of beds that includes the exiting flowing fluid stream from the system of
beds undergoing periodic countercurrent operation. Thus, the average concentration
gradient of the adsorbate in the set of beds undergoing periodic countercurrent operation
is higher than that of a fixed-bed. The above discussion indicates that an appropriately
constructed stratified packed bed of adsorbent particles can, as is the case with the
periodic countercurrent operation of packed beds, provide more efficient separation for
an adsorbate of interest than that obtained in a fixed-bed of adsorbent particles of uniform
size. But it should be mentioned here that the sequence of the interacting mass transfer
mechanisms, the relative importance of the mass transfer mechanisms at a given time and
position in the packed bed, and the magnitudes of the mass transfer rates of the adsorbate
that result from the interaction of the mass transfer mechanisms are different in a
stratified packed bed than those encountered in the periodic countercurrent operation of a
packed bed whose multiple sections are all packed with adsorbent particles of the same
uniform size. Furthermore, Meyers and Liapis [9,10] have shown that the whole packed
bed of an adsorber as well as of a catalytic chemical or biochemical reactor could be
considered as a single large porous particle whose interstitial channels (pores) for bulk
fluid flow could be characterized by a pore network model which interacts with the pore
network model that characterizes the porous structure of the adsorbent particles, and the
interaction between the pores where bulk fluid flow occurs and the pores of the adsorbent
particles could be random or semi-random; of course, when the concept of self-similarity
in the fractal structure is related to the concept of geometrical (physical) similarity [1] for

the pores of the single large porous particle (the whole packed bed), then the single large



porous particle can be considered to represent a partially fractal structure which can
provide significantly larger mass transfer rates [1] for the effective separation of an
adsorbate of interest than the currently used packed bed adsorption columns or adsorption
monoliths. But it would be difficult from the technical point of view, to construct in
practice an actual partially fractal packed bed. However, it could be possible to construct
in practice an approximate partially fractal structure for a packed bed, so that one could
then obtain more efficient separations than those provided from the currently employed in
practice packed beds.

In this work we present an approach by which a fixed bed of adsorbent particles
with an approximate partially fractal structure could be constructed and compare its
dynamic adsorptive capacity with that obtained from a fixed bed of adsorbent particles

having uniform size.

2. System formulation and mathematical model

A stratified packed bed of total length L is considered and is represented by the

connected in a continuous sequence set of the fixed-bed sections S; (i=1,2,3,..,N) as

N
shown in Fig. 1 where each section has a length L; (i=1,2,3,..,N) such that L= Z L, , and
i=1

Cuq,in and Cgq oy represent the inlet and outlet concentrations of the adsorbate, respectively.

The lengths, L; (i=1,2,3,...,N), of the fixed-beds could be related through the expression

i:ai, i=1,2,3,..,N-1 1)
I—i+1
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where the parameter ao; could have a constant value. In each section of length L;
(i=1,2,3,..,N), spherical porous adsorbent particles of radius Rp; (i=1,2,3,..,N) with a
partially fractal structure are packed, and the values of the radii of the particles are related
through the expression

R

~UosB 123N (2)

p,i+l

where the parameter B; is greater than unity (3; >1) for i=1,2,3,..,N-1, and, thus, Rp:>
Rp2>Rps>...>Rpn1>Rpn. Therefore, the fixed-bed of length L in Fig. 1 is a stratified
packed bed with a decreasing radius of the packed porous adsorbent particles along the
axial direction of the bed, as the flowing fluid stream moves from the inlet section to the
outlet section of the bed. The porosity &; (i=1,2,3,..,N) in each fixed-bed section of the
stratified packed bed is taken to have the same value, €, and, thus, gj=¢ (i=1,2,3,..,N). In
such a stratified packed bed adsorber, the value of the film mass transfer coefficient, Ks;,
of the adsorbate solute increases as it moves from the inlet section to the outlet section of
the column while the lengths of the intraparticle diffusional pathways of the adsorbate in
the porous adsorbent spherical particles decrease, and the combination of these two
effects would lead to an average mass transfer rate in the stratified packed bed that would
be larger than the average mass transfer rate in a fixed-bed of length L packed only with
adsorbent particles of radius Ry 1.

Furthermore, the spherical porous adsorbent particles packed in each section of
the stratified bed have a partially fractal structure which means that a porous adsorbent
particle of a given radius is considered to be made by smaller in radius porous adsorbent
particles which themselves are made by even smaller in radius porous adsorbent particles
and so on. Thus, we can relate [1] the radius, Ry, of a given spherical adsorbent particle

to the radius, Rm,j+1, Of the microspheres that make up the particle of radius Rp; through
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the expression given in Eq.(3) where it is considered that the porosity em;j+1 Of each
microsphere of radius Ry, j+1 is equal to the porosity &y of the adsorbent particle of radius

pr|

R =TRy» =123, Nand j=0,123,..N'"  (3)

In Eq.(3) i denotes the adsorbent particles packed in section S; of the stratified bed,
Rm,ij+1 represents the radius of the microspheres that make up the adsorbent particle of
radius Ry after j divisions, N’ denotes the total number of divisions (the total number of
recursions of the fractal), and 7; represents the ratio of the radii between smaller and
larger spherical particles that make up the adsorbent particles of radius Rp;. It is
important to mention here that the term ‘microsphere’ is used in this work to provide a
convenient generic name for all particles whose radii Rm;j+ (i=1,2,3,..,N and
j=0,1,2,3,...,N’) are smaller than the radius R,; of a given porous adsorbent particle in
section S; of the stratified bed. Of course, the porous structure of the partially fractal
adsorbent particle of radius Ry has been formed by gluing together the microspheres of
radius Rm,ij+1 at each division j; it is important to mention here that the gluing process of
the microspheres at each level of division j has to provide a strong enough structure
among the glued microspheres so that the adsorbent particles of radius Rp; are
structurally strong and do not disintegrate by the applied pressure drop required to
maintain a desirable superficial fluid velocity through the bed of the packed column. The

value of t1; in Eq. (3) is less than unity (t1; <I) and the value of N’ is finite; it is worth
noting that the term ’Cij in Eg. (3) becomes smaller as the value of j increases. For a

complete fractal N'=o0, and this value of N’ is not considered here because in this case the

linear dimension (size) of the smallest pores in the adsorbent particles would be equal to
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zero and these smallest pores would not allow the transport of water molecules and
adsorbate solute [1]. Therefore, the value of N’ has to be finite and have a magnitude such
that all pores in the partially fractal adsorbent particles have linear dimensions (sizes) that
could allow the effective transport of solvent and adsorbate solute. It should be noted
here that for a given porous adsorbent particle of radius R, and a given value of 7;, the
total internal (intraparticle) wetted surface area, Ays i, Of the particle increases as the total
number of divisions, N’, increases, because the number of smaller in size pores in the
partially fractal adsorbent particle of radius, R, increases with increasing N'. Therefore,
the partially fractal adsorbent particles of different radii packed in the stratified packed
bed can provide not only a variation in the lengths of the intraparticle diffusional
pathways of the adsorbate solute as it moves from the inlet section to the outlet section of
the packed bed, but can also provide a varying internal adsorption surface area which can
significantly affect the rate [1, 7, 20-22] at which adsorption takes place. In Fig.2,
schematic representations of partially fractal adsorbent particles with N'=1, N'=2, and
N'=3 are presented.

In the systems studied in this work, the pressures employed for maintaining the
superficial velocity, Vs, of the flowing liquid stream to have the same value in every
section of the stratified column bed, are such that insignificant viscous heating occurs and
the liquid stream behaves everywhere in the column as an incompressible fluid. It is
important to discuss at this point the fact that in a stratified packed bed where the porosity
&i of each packed section does not vary and is equal to a constant bed porosity value ¢
(=, 1i=1,2,3,..N), the pressure drop, AP;, required to be applied along the length L; of

each packed section of the stratified bed has to be different if the superficial velocity, Vi;,
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of the flowing fluid stream is required to have the same value Vs in each section of the
stratified packed bed, that is, Vi =V; for i=1,2,3,...,N. For example, if the stratified bed is
comprised of two sections (i=1, 2) whose lengths are L; and L,, respectively, and if
e1=¢e,=¢ and V;1=V;,=V;, then it can be easily shown through the use of the Blake-

Kozeny equation [23] for laminar flow in packed beds that

R
AP, = APy L, +L,( = )2 (4)
L R 02

2
where AP represents the pressure drop in the stratified bed of length L ( L:Z L) and
i=1

the sections of the beds of length L; and L, are packed with particles of radius Ry 1 and

Rp.2, respectively, with R, greater than Ry2 (Rp1> Rp2). In Eq. (4), AP, represents the

pressure drop across a column whose bed of length L is packed with particles whose
radius is equal to Ry 1. If the stratified bed has three or more packed bed sections, one can
easily obtain through the employment of the Blake-Kozeny equation the relationships
between the pressure drops required in the different sections of the stratified bed so that
the value of the superficial velocity of the flowing fluid stream remains unchanged in
each section of the stratified bed. Thus, in the operation of a stratified bed it would be
desirable to be able to control the pressure drop along the packed sections of the column.
The discussion in this paragraph indicates that the values of the parameters o; and B in
Egs. (1) and (2) would be in part determined from considerations of minimizing the
energy required for flow along the length of the stratified bed so that the specified value
of the superficial velocity of the flowing fluid stream is realized and maintained.
Furthermore, the parameters tjand N’ in Eq. (3) would be determined from considerations

of maximizing both the rate of intraparticle mass transfer and the rate of adsorption of the
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adsorbate onto the surface of the pores of the adsorbent particles, as well as from the
technological capabilities and limitations of constructing microspheres of different radii
and controlled porosity and gluing them strongly together to form the porous adsorbent
particles that have a partially fractal structure. Also, since (i) the length, L;, of each
section of the stratified bed affects the mean residence time of the adsorbate in each
section which in turn affects the overall mass transfer rate of the solute in each section,
and (ii) the magnitude of the radius, Ry;, of the particles packed in each section of the
stratified bed affects the mass transfer rate of the adsorbate in the particles packed in each
section, it is important to indicate here that the values of the parameters a; and B in EQs.
(1) and (2) would be in part determined from mass transfer considerations as well. Thus,
the discussion and expressions presented in the above paragraphs indicate that a stratified
bed whose different sections are packed with porous adsorbent particles of different radii
and which have a partially fractal structure, provides to the designer and user of
chromatographic media and column systems more degrees of freedom with respect to the
number of parameters and variables that could be manipulated (controlled) in designing,
constructing, and operating a chromatographic adsorption system that could significantly
reduce the dispersion of the propagating along the column mass front of the adsorbate,
and maintaining a high dynamic adsorption capacity and separation efficiency for a given
throughput requirement than the currently used in practice conventional chromatographic
systems.

In order to simulate the dynamic behavior of the stratified packed bed whose
porous adsorbent particles have a partially fractal structure, a mathematical model that

properly accounts for the mass transfer and adsorption mechanisms involved in the
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stratified adsorption system is needed. It is indeed fortunate for us that the mathematical
model of Heeter and Liapis [5, 7] can, after the introduction of some small changes, be
adapted to simulate the stratified packed bed adsorber presented in this work. Heeter and
Liapis [5, 7] considered porous adsorbent particles whose partially fractal structure had a
value for the number of recursions of the fractal, N’, equal to one (N'=1), and their
column was packed with porous adsorbent particles of only a single size radius along the
whole column length. It is tedious but rather straightforward to extend the model of
Heeter and Liapis [5, 7] for the mass transfer and adsorption of adsorbate in porous
adsorbent particles whose partially fractal structures have values of N’ greater than one,
by simply adding to their model the differential material balance equation of the
adsorbate for each additional size of microsphere considered in the partially fractal
structure of the porous adsorbent particles until all sizes of microspheres that correspond
up to the desired value of N" have been considered. Furthermore, the boundary condition
at the surface of the porous adsorbent particles given by Eq. (16) of Heeter and Liapis [5],

should be replaced by the following expression:

oC,;

at R=Rp, -D,; =2
| "oR
R=R

= Kf,i(Cp,i‘Rszi ~Cy;), i=1,2,3,.,N (5)

In Eq. (5), Dy, denotes the effective pore diffusion coefficient of the adsorbate in the
porous adsorbent particles of radius Ry, R represents the radial distance in the particle,
Cp,, denotes the concentration of the adsorbate in the pore fluid of the adsorbent particle,
Caq,iis the concentration of the adsorbate in the flowing fluid stream, Kg;is the film mass
transfer coefficient of the adsorbate, and the subscript i indicates the section of the
stratified bed. The values of K¢; (i=1,2,3,..,N) could, for a given stratified packed bed, be

estimated from the correlations presented in References [16,17].
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The differential material balance equation for the adsorbate in the flowing fluid
stream which is given by Eq. (1) of Heeter and Liapis [5], has to be solved for each
section of length L; (i=1,2,3,..,N) of the stratified packed bed presented here. It is worth
noting that the exiting stream from each section of length L; where i=1,2,3,..,N-1,

becomes an inlet stream to the section following the section of length L;, and, therefore,

Ji=1, 2, 3,.,N-1 (6)
=i il

In Eq.(6), C denote the concentration of the adsorbate in the

X=Lisg

d,out |, —

. and Cy,
flowing fluid stream exiting and entering specific sections of the stratified bed indicated
by the lengths L; and L;.1, respectively, and the variable x represents the axial distance in
the column. In this work, intraparticle fluid flow [1, 3-7, 9, 10] is not considered and it is
taken that the transport of the adsorbate in the porous adsorbent particles occurs by
diffusion; therefore, in the model of Heeter and Liapis [5] the value of their parameter F

is taken to be equal to zero which implies that the intraparticle Peclet number becomes

equal to zero and the adsorbent particles are purely diffusive.

3. Results and discussion

The stratified column beds studied in this work are packed with porous particles having
partially fractal structures with the value of the total number of recursions of the fractal,
N, being equal to 1 (N'=1) for all porous adsorbent particles. All columns have the same
diameter and total length, L. The values of the parameters that remain constant for the

adsorption systems considered here are listed in Table 1. The parameters ki ;, ko, and
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Cr,, characterize the dynamic adsorption mechanism of the adsorbate being adsorbed
onto the active sites on the surface of the pores of the particles, as is indicated in the
interaction kinetics expression presented in Eq. (22) of the work of Heeter and Liapis [5];
when adsorption equilibrium occurs, Cr;jand K; = ky i/k,; represent the parameters of the
equilibrium Langmuir adsorption isotherm [5,13]. The values of the parameters in Table
1 are from adsorption systems reported in the literature [1, 3-10, 14, 21, 22, 24-27] and,
for the purposes of the simulations of this study, are considered to have appropriate

magnitudes since they characterize adsorption systems of practical use. Stratified column

2 3
beds of two (N = 2, L:Z L,)and three (N =3, L = Z L, ) sections are investigated in
=1 i=1

this work, and, thus, the values of the parameters N, Li, Ry, i, Bi, and i (for i
1,2,...,N) were varied, as indicated in Table 2. Because in Table 1 ¢ =& = 0.35 fori=
1,2,....N, it is important to note that the fraction of the volume of each section S; of the
stratified packed bed column occupied by the adsorbent particles is the same.
Furthermore, since the porosities, €p; of the adsorbent particles and those of the
microspheres, €nj+1 are taken to be equal (g = 0.60 and emj+1 = 0.60 for i =1,2,....N
and j = 0,1,2,...,N’, as shown in Table 1) and by considering that &,; and t; could be
constant for all additional divisions, then the characteristic dimension of the pores of size
Am,jj+1 after j divisions is given by

A

=t} Ay; fori=1.2,...Nand j=0,1.2,... N’ @)

m,i,j+1
The volume of each of the pores of characteristic dimension Am;j+1 IS proportional to
(T IJ Kp i)3 , and, thus, the number of pores of characteristic size Amjj+1 IS

Vp,i gp,i (l'gp,i)j
(TiJ }\’p,i)g

N =Y (

m,ij+1 "

) fori=12,...Nandj=0,1,2,....N’' (8)
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In Egs. (7)—(8), i < 1 (see Eq. (3)), the parameter A,; represents the characteristic
dimension of the pores in the adsorbent particles of radius Ry (i =1,2,...,N) and could be
determined from an expression characterizing the packing structure [1, 28] of the
microspheres of division j = 1, while An;j+1 denotes the characteristic dimension of the
pores in the microspheres of the adsorbent particles having radius Ry (i = 1,2,...,N) after
j divisions (j = 0,1,2,...,N"). In Eq. (8), v is a proportionality constant. By considering a
geometrical shape for the pores (i.e., cylindrical geometry), then an estimate for the value
of the total internal wetted surface area Ays; for the particles of radius Ry; (i =1,2,...,N)
could be obtained. The data in Table 1 indicate that, in this work, the value of the total
number of recursions of the fractal N’ was taken to be equal to one (N’ = 1).

The value of the film mass transfer coefficient K¢; was determined from the
correlation developed by Wilson and Geankoplis [16] for given values of Ry, Vs, &, of
the free molecular diffusion coefficient, Dy, of the adsorbate and of the viscosity and
density of the solution. When ¢; = ¢ = constant and V;; = V¢ = constant for 1 =1,2,3,...,N,

it can be shown that

R 0.66
Kiin= Ky [R_PJ fori=12,3,..N-1 ©)

p,i+l
where Rpi > Rpi+1 for 1 = 1,2,3,...,N-1. The axial dispersion coefficient DLi (=

1,2,3,...,N) in each section of the stratified bed is taken to be approximately equal to zero
because for the systems studied here the formal quantitative criterion developed by Mears
[29] is satisfied and, thus, axial dispersion effects can be neglected.

The criterion that is used to compare the performance of the different stratified

column beds is the breakthrough time, t,. In this study, the breakthrough time, ty, is
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defined as the time when the concentration, Cq oy, Of the adsorbate in the outlet stream
from the column becomes equal to 1% of the inlet concentration, Cgn, Of the adsorbate in
the column [7, 21]. In Tables 2-4 the values of the breakthrough time, ty, are listed for the
adsorption systems studied in this work as well as the times when the concentration of the
adsorbate in the column outlet stream becomes equal to 5% and 10% of the inlet
concentration of the adsorbate in the column.

In Table 2, simulation results are presented from a conventional column whose
length is 0.5 m and where (i) in case A the column is packed with porous adsorbent
particles which do not have a partially fractal structure and (ii) in case B the column is
packed with porous adsorbent particles which have a partially fractal structure with the
total number of recursions of the fractal being equal to one (N'=1). The results in case A
show that the breakthrough time increases as the radius of the porous adsorbent particles
decreases because the film mass transfer coefficient increases as the radius of the
particles decreases and also the average length of the pathways for the diffusion of the
adsorbate in the porous space of the adsorbent particles decreases as the particle size
decreases; thus, the overall resistance to the mass transfer of the adsorbate in the particles
decreases as the particle size decreases. Furthermore, as the particle size decreases the
total surface area of the channels for bulk flow formed from the packed in the column
particles increases [1, 16]. Therefore, the average along the column mass transfer rate of
the adsorbate leaving the flowing fluid stream and arriving at the surface of the particles
through the hydrodynamic boundary layer increases as the size of the particles decreases
because the mass transfer rate is determined from the product of the mass flux of the

adsorbate with the total surface area of the channels for bulk flow. The increase in the
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mass transfer rate of the adsorbate from the flowing fluid stream to the surface of the
particles and the reduction in the overall resistance to mass transfer of the adsorbate in
the particles which are realized as the particle size decreases, lead to larger breakthrough
times, and, thus, better utilization of the adsorptive capacity of the packed column. The
results for case B in Table 2 where the packed in the column particles have a partially
fractal structure with N'=1, show that for a given particle size, Ry1, the breakthrough
time increases as the radius, R 12, Of the microspheres (from which the particle of radius
Rp,11s made) decreases, and this is equivalent to increasing the value of the ratio 1/t in
Table 2. The physical reasons for explaining the increases in the breakthrough time as the
size of the microspheres decreases, are that (a) the length of the pathways for the
diffusion of the adsorbate in the microspheres decreases and this results to a smaller
resistance for mass transfer in the microspheres and a larger adsorbate concentration
gradient in the fluid in the pores of the microspheres which provides a larger mass flux
for the adsorbate in the microspheres, and (b) the total internal wetted surface area, Aws 1,
of the pores of the adsorbent particle increases as the size of the microspheres from which
the particle is made decreases [1], and this leads to the increase of the average mass
transfer rate of the adsorbate in the particle; it is important to indicate here that because
the total internal wetted surface area of the pores of the adsorbent particles increases as
the size of the microspheres decreases, the total amount of adsoptive active sites (e.g.,
immobilized ligands) in such particles could be expected to be larger than that found
when the same in size adsorbent particles would have been constructed from larger in
size microspheres. The results in Table 2 clearly show that the performance of the

columns packed with adsorbent particles having a partially fractal structure is
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significantly superior (much larger breakthrough times are realized) than that obtained
when the columns are packed with adsorbent particles which do not have a partially
fractal structure. It is also observed from the data in Table 2 that the column performance
increases as the radius Ry 1 of the packed adsorbent particles decreases and the ratio 1/11
increases (note that the ratio 1/1; increases as the radius of the microspheres decreases);
the physical reasons for these results were discussed in detail above. In Figure 3, the
breakthrough curves for the column systems of Table 2 employing adsorbent particles of
radius R|o,1:50><10'6 m are presented. The data on Figure 3 clearly show that the
breakthrough curves of the columns packed with adsorbent particles having a partially
fractal structure are significantly sharper than the breakthrough curve obtained from the
column packed with adsorbent particles which do not have a partially fractal structure,
and, furthermore, the degree of sharpness increases significantly as the value of 1/t1;
increases from 3 to 10. When the value of 1/1; is increased from 10 to 20, the increases in
the breakthrough time (see Table 2) and sharpness of the breakthrough curve are not as
large as are in the case where 1/t; is increased from 3 to 10; this is also the trend for the
systems of case B in Table 2 whose values of R,; are 75x10° m, and 25x10° m,
respectively. This trend implies that, for the operating conditions and parameter values
employed in the column systems of case B in Table 2, (i) the increase in the total internal
wetted surface area, Ays1, Of the pores of the adsorbent particles and (ii) the shorter in
length diffusion pathways that are realized when the radius, Ry, 12, of the microsphere is
decreased, lead to a larger mass transfer rate for the adsorbate and the relative increase in
the magnitude of the mass transfer rate is becoming smaller as the value of the radius,

Rm.1,2, of the microsphere is further reduced.
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In Tables 3 and 4 simulation results obtained from stratified column beds packed
with porous adsorbent particles having a partially fractal structure are presented, when
the columns involve two and three sections, respectively; in all cases, the total length, L,
of each stratified column bed is 0.5 m. For the stratified beds, the values of the
parameters Rp1, ai, Pi and 1/t; are varied in order to ascertain their effects on the
breakthrough time; it is important to indicate here that the values of a;, Bi, and 1/t; have
the same magnitude in every section of the stratified packed beds considered in Tables 3
(i=1, 2) and 4 (i=1, 2, 3). The results show that the value of the radius, Ry, of the
adsorbent particles packed in the first section of the stratified bed has a very important
effect on the column performance, indicating that the breakthrough time increases very
significantly when the value of Ry is decreased due to the physical reasons discussed
above, as well as due to the fact that as the value of Ry is decreased in section one of the
stratified bed, the subsequent sections of the bed are formed by packing particles having
radii smaller than R, 1 since in the stratified bed it is required to have Ry 1>Rp >R, 3, and,
thus, if the selected value of R, 1 is small, then the smaller radii of the particles packed in
the subsequent sections of the stratified bed will maintain an overall large mass transfer
rate for the adsorbate and this leads to shorter breakthrough times; indeed this is the case,
as the results in Tables 3 and 4 indicate. As the number, N, of the sections in the stratified
bed is increased, then for a selected value of Ry 1 and when the values of the parameters
ai, Bi, and 1/7; are kept constant, the breakthrough time of the stratified bed with three
sections is significantly larger than that of a stratified bed employing two sections
because the third section of the stratified bed with three sections is made from packed

particles whose radius is smaller than the radius of the particles packed in the second
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section of the stratified bed having two sections, and this leads to a higher total mass
transfer rate in the stratified bed comprised of three sections.

By examining the results in Tables 3 and 4, one can observe that apart from the
very significant effect that the values of R,;and N have on the breakthrough time, ty, as
discussed above, the values of B; and 1/7; also have a very important effect on the value of
the breakthrough time. As the values of B and 1/1; increase, when the values of R 1, N,
and o; are kept constant, it is observed that there is a significant increase in the
breakthrough time. The effect of 1/1; on the breakthrough time is larger when the
magnitude of 1/1; is increased from 3 to 10 while the relative influence of 1/t; on the
breakthrough time is smaller when the value of 1/1; is increased from 10 to 20; this
indicates that for the systems examined in this work, the relative increase in the mass
transfer rate of the adsorbate is becoming smaller as the value of the radius of the
microsphere, Rm 12, is further reduced. The effect of decreasing the value of a; from 1.5
to 1.0 is to increase the breakthrough time, as expected, but the increase in the magnitude
of the breakthrough time obtained from (a) a decrease in the value of Rp: and (b)
increases in the values of N, Bi, and 1/1;, is significantly more substantial than that
obtained from reducing the value of a;. Furthermore, by comparing the results on Table 2
with those on Tables 3 and 4 it is clearly observed that the stratified column beds provide
significantly larger breakthrough times than those obtained from conventional column
beds.

In Figure 4 the breakthrough curves for the column systems of Tables 3 and 4
with Rp,1=50><10'6 m, 0;=1.5, Bi=1.5 and when the values of 1/7; are equal to 3, 10, and 20,

are plotted for a stratified column bed comprised of two (N=2)) or three (N=3) sections;
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in all cases, the total length, L, of the stratified column bed is 0.5 m. The results in Figure
4 clearly show that when the values of the parameters a;, Bi, and 1/t have the same
magnitude in each section of the stratified column bed, then the breakthrough times and
the sharpness of the breakthrough curves increase as the number, N, of the sections in the
stratified column bed increases. It can also be observed that breakthrough curves 3 and 4
obtained from a stratified column bed with N=2 and whose values for the parameter 1/7;
are equal to 10 and 20, respectively, provide a larger breakthrough time than that
obtained from a stratified column bed with N=3 and 1/7;=3; this result strongly indicates
the significant increase that can be realized in the mass transfer rate of the adsorbate by
employing microspheres with lower values of Rpy 12 which make the value of 1/1; to
become larger. Of course, when in the stratified column bed with N=3 the values of 1/7;
are equal to 10 and 20, respectively, then breakthrough curves 5 and 6 show that the
breakthrough times obtained from these systems are larger and the shape of the curves is

sharper than those obtained from breakthrough curves 3 and 4.

4. Conclusions and remarks

It was first shown in this work that conventional columns packed with porous adsorbent
particles having a partially fractal structure provide larger breakthrough times and
utilization of the adsorptive capacity of the column when compared with the performance
obtained from conventional columns employing porous adsorbent particles which do not
have a partially fractal structure. The physical mechanisms responsible for the occurrence

of this difference in performance were also presented and discussed. Then stratified
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column bed systems whose sections are formed by packing adsorbent particles with a
partially fractal structure were proposed and studied. The simulation results clearly
showed that (1) the breakthrough times and (2) the shape of the breakthrough curves
obtained from stratified column beds, are significantly larger and sharper, respectively,
than those obtained from conventional columns, and, furthermore, the superior
performance provided by the stratified column beds can be improved by increasing the
values of the parameters N, B, and 1/1;, and decreasing the value of the parameter a;, as
discussed above. The stratified column beds provide to the designer and user of
chromatographic media and column systems more degrees of freedom with respect to the
number of parameters and variables that could be controlled in the design, construction,
and operation of efficient chromatographic adsorption systems.

The results from the stratified column beds suggest that such column systems
could provide a higher dynamic adsorptive capacity than conventional columns when it is
required to increase the column throughput (increase the superficial velocity of the
flowing fluid stream). Furthermore, the concepts which are relevant to stratified beds and
porous media having a partially fractal structure could also prove useful in the design,
construction, and operation of packed beds involving chemical and biochemical catalysis,

as well as in fluidized and expanded beds.



26

5. Nomenclature

Ausii total internal wetted surface area of particles of radius Rp; (i=1,2,3,...,N), m?

Caii concentration of adsorbate in the flowing fluid stream in section i
(i=1,2,3,...,N), kg/m®

Caiin inlet concentration of adsorbate in the column, kg/m®

Ciin . inlet concentration of adsorbate in section L;.; of the column (i=1,2,3,...,N-

T IX=Lj

1), kg/m?

Caout outlet concentration of adsorbate from the column, kg/m3

Cyout . outlet concentration of adsorbate from section L; of the column

out |y

(i=1,2,3,...,N), kg/m®

Cpi concentration of adsorbate in the pore fluid of particles of radius Ry
(i=1,2,3,...,N), kg/m®

Cri maximum equilibrium concentration of adsorbate in the adsorbed phase of
the adsorbent particles of radius Rp; (i=1,2,3,...,N), kg/m® of adsorbent
particle

Dtm free molecular diffusion coefficient of adsorbate, m%/s

D, axial dispersion coefficient of adsorbate in section S; (i=1,2,3,...,N) of
stratified bed, m%/s

Dp,i effective pore diffusion coefficient of adsorbate in the pore fluid of particles
of radius Ry; (i=1,2,3,...,N), m’/s

Dpmij1a  effective pore diffusion coefficient of adsorbate in the pore fluid of the
microspheres of radius Ry, j+1 where i=1,2,3,...,N and j=0,1,2,3,...,N’, m*/s

Ky i adsorption rate constant in the adsorbent particles of section S; (i=1,2,3,...,N),

3

m°/(kg s)

kai desorption rate constant in the adsorbent particles of section S; (i=1,2,3,...,N),
-1

S



Ki

Kti

L

Nm,ij+1

NI

ty
Vs

Vs,
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equilibrium adsorption constant of adsorbate in the particles of section S;
(Ki=ky.ilk for i=1,2,3,...,N), m*/kg

film mass transfer coefficient of adsorbate in section S; (i=1,2,3,...,N), m/s
total column length, m

length of section S; of stratified bed (i=1,2,3,...,N), m

number of pores of characteristic size Am,jj+1

total number of sections of stratified bed

total number of recursions of the fractal (total number of divisions)

radial distance in adsorbent particle, m

radius of adsorbent particles in section S; (i=1,2,3,...,N), m

radius of the microspheres in the particles of radius Ry; (i=1,2,3,...,N) after
divisions (j=0,1,2,...,N'), m

section i of stratified bed (i=1,2,3,...,N)
time, s

temperature, K

breakthrough time, s

superficial velocity of fluid in a column, m/s

superficial velocity of fluid in section S; (i=1,2,3,...,N) of stratified column
bed, m/s

volume of the particle of radius Rp; (i=1,2,3,...,N), m®

axial distance, m

Greek letters

O

Bi

parameter defined by Eq. (1), i=1,2,3,...,N
parameter defined by Eq. (2), i=1,2,3,...,N

proportionality constant in Eq. (8)
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APs pressure drop in a column of length L packed with particles of radius Ry 1,
kgm?s?

AP; pressure drop along the length L; of section S; (i=1,2,3,...,N), kg m™ s

APy, pressure drop in a stratified bed of length L comprised of two sections such

2
that L= L; kgm™s?
i=1

€ bed porosity in section S; (i=1,2,3,...,N) of stratified bed

Ep,i porosity in particles of radius Ry (i=1,2,3,...,N)

Em,ij+1 porosity in the microspheres of radius Rpy,j+1 where i=1,2,3,...,N and
j=0,1,2,3,...,N’

Amij+1 linear characteristic dimension of pores in the microspheres of particles of

radius Ry (i=1,2,3,...,N) after j divisions (j=0,1,2,...,N"), m

Ap,i linear characteristic dimension of pores in particles of radius Ry
(i=1,2,3,...,N), m

H viscosity of solution, kg m™ s™

p density of solution, kg/m®

Ti parameter defined by Eq. (3), i=1,2,3,...,N

Subscripts

i denotes the section number in a stratified bed, i=1,2,3,...,N

j denotes the division (recursion) number of the fractal, j=0,1,2,...,N’
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Table 1. Common values of the parameters used in the adsorption systems of this study.
The adsorbate (solute) considered in this work is BSA.

Cain=0.10kg/m®,  Cr;=78.3 kg/m® particle fori=1,2,3,...,.N
Dim = 6.70x10% m/s, D, = 0 m%s fori=123,....N
Dpi=250x10"m%s  fori=123,...N

Dp.mij+1= 2.50x10™* m?/s fori=12,3,...,N and j=0,1,2,...N'
kii =1.05m*kg?s? fori=1,2,3,...,N

koi =0.131s* fori=1,2,3,...,N

Ki = kyifkzi = 8.016 m* kg™ fori=1,2,3,....N

L=0.50m

N'=1

T=296.15K

Vii=2.778x10°ms*  fori=123,...N

£ =0.35 fori=1,2.3,....N

gp,i = 0.60 fori=1,2,3,....N

€m,ij+1 = 0.60 fori=1,23,...,.Nandj=0,1,2,...,N’

1=0.894x10°kgm™s™*
p =997 kg/m’
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Table 2. Number of minutes needed for the outlet concentration, Cq oy, Of the adsorbate
from a conventional column bed to be equal to 1% (breakthrough time, t,), 5%, and 10%
of the inlet concentration, Cq;n, Of the adsorbate in the conventional column bed, for
different values of Ry 1. Case A denotes that the column bed is formed by packing porous
adsorbent particles which do not have a partially fractal structure. Case B denotes that the
column bed is formed by packing porous adsorbent particles having a partially fractal
structure with N'=1 and the parameter 1/t1 is given different values. In all cases, L=0.5 m
and V;=2.778x10° ms™.

Case L Rp.1 Rmai2 1/t Time, t (min)

(m) (m) (m) 1% 5% 10%
A 0.5  75x10° 1.10 126  2.30
A 05  50x10° 2.12 573 11.01
A 05  25x10° 4290 11354 189.17
B 05  75x10° 25x10°° 3 1.53 4.45 0.94
B 05  75x10°  7.50x10° 10 6.79 28.63 61.43
B 05  75x10%  3.75x10° 20 17.76 5651 94.71
B 0.5 50x10° 16.67x10° 3 9.71 3638 76.91
B 05 50x10®  5.00x10° 10 57.16 141.30 213.90
B 05 50x10®  2.50x10° 20 86.81 166.01 231.28
B 05  25x10°  8.33x10° 3 215.34 406.34 538.32
B 05  25x10°  2.50x10° 10 356.46 520.20 627.54
B 05 25x10°®  1.25x10° 20 372.42 529.80 634.14
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Table 3. Number of minutes needed for the outlet concentration, Cq oy, Of the adsorbate
from a stratified column bed comprised of two sections (N=2) and packed with particles
having a partially fractal structure to be equal to 1% (breakthrough time, ty), 5%, and
10% of the inlet concentration, Cq;,, of the adsorbate in the stratified column bed, for
different values of L1, Rp1, ai, Bi, and 1/t; where i=1, 2. In all cases, L = 0.5 m, N’' = 1,
and Vi = Vi = 2.778x10° m s for i=1, 2.

N L Rop1 Ol Bi 1/7; Tim_e, t
(m) (m) (min)
1% 5% 10%

0.30 75x10° 15 15
0.30 50x10° 15 15
0.30 25x10°% 15 15
0.25 75x10% 1.0 15
0.25 50x10° 1.0 15
0.25 25x10% 1.0 15 37550 577.76  697.99
0.30 75x10°% 15 15 20.20 68.05 121.11
0.30 50x10° 15 15 10 11190 22052 305.62
0.30 25x10% 15 15 10 47345 643.03 744.41
0.25 75x10° 1.0 15 10 25.04  79.63 136.58
0.25 50x10% 1.0 15 10 12659 240.46 328.37
0.25 25x10° 1.0 15 10 50191 670.88 769.52
0.30 75x10% 15 15 20 42.08  98.44 147.32
0.30 50x10° 15 15 20 139.20 239.09 318.07
0.30 25x10° 15 15 20 486.09 650.81 749.99
0.25 75x10° 1.0 15 20 49.09 109.38 160.91
0.25 50x10° 1.0 15 20 15299 257.85 339.98
0.25 25x10% 1.0 15 20 51394 678.36 774.91
0.30 75x10°% 15 3.0 3344 9860 169.27
0.30 50x10° 15 3.0 160.21 300.59  401.13
0.30 25x10° 1.5 3.0 580.15 736.22 818.15
0.25 75x10° 1.0 3.0 52.97 142.03 228.29
0.25 50x10° 1.0 3.0 216.11 37250 476.95
0.25 25x10° 1.0 3.0 663.25 806.74 877.40
0.30 75x10°% 15 3.0 111.73 208.95 285.50
0.30 50x10° 15 3.0 10 27810 41584 506.36
0.30 25x10° 15 3.0 10 68593 816.36 881.60
0.25 75x10° 1.0 3.0 10 146.69 2590.67 343.19
0.25 50x10° 1.0 3.0 10 33757 48254 573.74
0.25 25x10°% 1.0 3.0 10 76022 877.31 932.39
0.30 75x10% 15 3.0 20 136.00 229.29 301.12
0.30 50x10% 15 3.0 20 29726 428.62 515.86
0.30 25x10° 15 3.0 20 696.18 82294 886.42
0.25 75x10% 1.0 3.0 20 172.00 277.38 356.38
0.25 50x10° 1.0 3.0 20 35447 493.74 582.13
0.25 25x10° 1.0 3.0 20 769.13 88298 936.55

3.28 11.96 27.28
26.62 87.45 163.10
343.85 546.11 669.61
3.96 14.84 33.52
32.68 103.53 187.61
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Table 4. Number of minutes needed for the outlet concentration, Cgy oy, Of the adsorbate
from a stratified column bed comprised of three sections (N=3) and packed with particles
having a partially fractal structure to be equal to 1% (breakthrough time, ty), 5%, and
10% of the inlet concentration, Cq;,, of the adsorbate in the stratified column bed, for
different values of L, Rp1, i, Pi, and 1/t where i=1, 2, 3. In all cases, L =0.5m, N' =1,

and Vy; = Ve = 2.778x10° m s for i=1, 2, 3.
N L, Ro1 (v Bi 1/7; Tim_e, t
(m) (m) (min)

1% 5% 10%
8.35 30.99 65.45
63.18 168.67 271.03
46152 654.63 763.15

0.237  75x10° 15 15
0.237 50x10° 15 15
0.237  25x10° 15 15
0.1667 75x10° 1.0 15 1466  51.87 103.29
0.1667 50x10° 1.0 15 00.01 234.14 349.52
0.1667 25x10° 1.0 15 3 546.88 731.20 828.39
0.237 75x10° 15 15 10 48.18 12155 187.31
0.237 50x10°® 15 15 10 176,58 303.67 397.33
0.237 25x10°% 15 15 10 579.31 741.09 829.88
0.1667 75x10° 1.0 15 10 73.78 162.86 236.79
0.1667 50x10° 1.0 15 10 22631 365.47 464.45
0.1667 25x10° 1.0 15 10 65590 808.89 887.46
0.237 75x10°% 15 15 20 75.06 147.32 206.98
0.237 50x10° 15 15 20 199.86 318.47 407.43
0.237 25x10° 15 15 20 590.40 74820 835.20
0.1667 75x10° 1.0 15 20 10153 8526 252.87
0.1667 50x10° 1.0 15 20 246.83 378.12 473.15
0.1667 25x10° 1.0 15 20 665.62 815.10 891.98
0.237  75x10° 15 3.0 280.03 400.85 475.58
0.237 50x10° 15 3.0 42149 54200 610.92
0.237  25x10° 15 3.0 79438 903.98 950.37
0.1667 75x10° 1.0 3.0 42191 55196 624.18
0.1667 50x10° 1.0 3.0 603.65 716.59 772.23
0.1667 25x10° 1.0 3.0 970.51 1034.89 1050.85
0.237  75x10° 15 3.0 331.64 442.80 509.08
0.237 50x10° 15 3.0 523.01 63566 696.27
0.237  25x10° 15 3.0 883.20 971.40 1003.20
0.1667 75x10° 1.0 3.0 48751 601.94 663.25
0.1667 50x10° 1.0 3.0 696.86 795.17 840.51
0.1667 25x10° 1.0 3.0 10 1039.76 1071.06 1077.01
0.237 75x10°% 15 3.0 20 350.31 457.72 521.37
0.237 50x10°® 15 3.0 20 537.95 646.29 704.53
0.237 25x10° 15 3.0 20 926.67 982.23 1008.76
0.1667 75x10° 1.0 3.0 20 50242 613.18 672.37
0.1667 50x10° 1.0 3.0 20 70823 803.02 846.62
0.1667 25x10° 1.0 3.0 20 1056.23 107559 1080.42
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Figure 1. Schematic representation of a stratified column bed of N sections. Each section S; (i=1,2,3,..,N) has a length L; (i=1,2,3,..,N)

N
so that L:Z L, , and each section is packed with porous adsorbent particles of radius Rp; (i=1,2,3,..,N) such that Ry >Rpi+1
i=1

(i=1,2,3,..,N-1).

Ge



Figure 2. Schematic representation of partially fractal porous adsorbent particles with the total number N’ of recursions of the fractal
being equal to (a) one (N'=1), (b) two (N'=2), and (c) three (N'=3)
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Figure 3. Breakthrough curves from conventional columns of total length L = 0.5 m and when R, 1 is equal to 50 x 10° m.
Curve 1: Adsorbent particles without a partially fractal structure;
Curve 2: Adsorbent particles with 1/t, = 3;

Curve 3: Adsorbent particles with 1/t, = 10; Curve 4: Adsorbent particles with 1/t, = 20.
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Figure 4. Breakthrough curves from stratified column beds of total length L = 0.5 m and when R, is equal to 50 x 10° m, o; = 1.5 and ; = 1.5.
Curve 1: N=2and 1/t, = 3; Curve 2: N=3and 1/t, = 3; Curve 3: N=2and 1/t; = 10;

Curve 4: N =2and 1/t, = 20; Curve 5: N =3 and 1/t; = 10; Curve 6: N =3 and 1/t; = 20.
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ABSTRACT

The dynamic behavior of adsorption in a single column and in stratified column beds
packed with porous adsorbent particles having partially fractal structures is studied when
all columns have the same total length and the spatial ligand density distribution in the
porous microspheres from which the porous adsorbent particles are made, is either
uniform or non-uniform and such that the concentration of the immobilized ligands
(active sites) increases monotonically from the center of the microspheres to their outer
surface. The total number of immobilized ligands in the porous adsorbent particles has
the same value whether the spatial ligand density distribution is uniform or non-uniform.
The results in this study clearly show that for a given value of the superficial velocity of
the flowing fluid stream in the column (for a given value of throughput) the breakthrough
time is significantly increased when the radius of the microspheres is decreased, the total
number of sections of the stratified column bed is increased, and the spatial ligand
density distribution employed in the microspheres is non-uniform. Furthermore, when the
superficial velocity of the flowing fluid stream in the column is increased (throughput is
increased) the effect that (i) the reduction in the radius of the microspheres and (ii) the
increase in the number of sections of the stratified column bed have on providing robust
and effective dynamic adsorptive capacity and smaller reductions on the breakthrough
time is substantially larger than that realized through the use of the non-uniform ligand
density distribution. Similar trends are also observed in the dynamic behavior of
adsorption in the systems studied here when the value of the concentration of the

adsorbate in the flowing fluid stream entering the column (inlet concentration) has such a
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high magnitude that the value of the equilibrium concentration of the adsorbate in the
adsorbed phase determined from the equilibrium Langmuir isotherm that would
correspond to the inlet concentration of the adsorbate in the flowing fluid stream is, for

all practical purposes, at its saturation limit.

1. Introduction

It has been shown by Liapis et al. [1] that in conventional columns packed with porous
adsorbent particles having non-fractal [1-3] structures, the dynamic adsorption
performance depends very significantly on the spatial density distribution of the
immobilized ligands. Furthermore, Liapis et al. [1] showed that the column systems
whose porous adsorbent particles have a non-uniform spatial ligand density distribution
and such that the concentration of the immaobilized ligands increases monotonically from
the center of the particle to the outer particle surface, exhibit (i) larger breakthrough
times, (ii) steeper breakthrough curves, and (iii) higher dynamic utilization of the
adsorptive capacity of the column as the superficial velocity of the flowing fluid stream
in the column increases (throughput increase) than those obtained from column systems
using adsorbent particles in which the spatial distribution of the immobilized ligands is
uniform. In all cases [1] the total number of immobilized ligands in the particles has the
same number whether the spatial density distribution of the immobilized ligands is
uniform or non-uniform. Liapis et al. [1] explained qualitatively and quantitatively the
physical mechanisms responsible for the above stated results and also indicated that the

importance of this type of monotonically increasing ligand density distribution is
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significantly enhanced when (a) the size of the particle radius is increased, and (b)
continuous counter-current and periodic counter-current (simulated moving beds)
operations are employed. Also, Li and Liapis [2] have recently shown that for porous
adsorbent particles having a uniform spatial density distribution of immobilized ligands
(1) the dynamic adsorption performance of conventional columns packed with porous
adsorbent particles having partially fractal [2,3] structures is significantly better than that
of conventional columns packed with porous adsorbent particles having non-fractal [1-3]
structures, and (2) the dynamic adsorption performance of stratified column beds packed
with porous adsorbent particles having partially fractal structures is substantially higher
than that of conventional columns packed with porous adsorbent particles having
partially fractal structures. The trend of the results in items (1) and (2) above was also
obtained [4] when the value of the inlet concentration of the fluid stream entering the
column was increased to a magnitude such that the value of the corresponding
concentration of the adsorbate in the adsorbed phase that was determined from the
Langmuir equilibrium isotherm at the inlet concentration of the adsorbate in the flowing
fluid stream had attained, for all practical purposes, its maximum value (saturation limit).
Li and Liapis [2] explained qualitatively and quantitatively the physical mechanisms
which together with (a) the structural advantages provided by the porous particles having
a partially fractal structure provide the superior dynamic adsorption performance
obtained by the systems discussed in item (1) above, and () the structural advantages
provided by the stratified column beds lead to the higher dynamic adsorption

performance obtained by the systems discussed in item (2) above.
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In this work, the dynamic adsorption performance of stratified column beds
packed with porous adsorbent particles having a partially fractal structure and a non-

uniform spatial ligand density distribution, is studied.

2. System formulation and mathematical model

The system formulation and mathematical model constructed and employed by Li and
Liapis [1] for the study of the dynamic adsorption performance of stratified beds packed
with porous adsorbent particles having partially fractal structures, is also used in this
work after the introduction of certain modifications discussed in this section due to the
form of the non-uniform ligand density distribution function employed in this study. Li
and Liapis [2] considered in their study that the spatial density distribution of the

immobilized ligands in the porous microspheres of radius R ;. (i = 1,23,.N;
j=1,2,.,N") from which the partially fractal porous adsorbent particles of radius R ; (i

=1,2,3,..,N) are formed, is uniform. This means that in Eq. (22) in the work of Heeter and
Liapis [5] whose expression for use in a stratified bed of N sections takes the form [2, 4]

aCsm,l

= Ky, Coi (C11-Cont) Ko Com for i=1,2,3,..,N (1)

sm,i

the value of the parameter C; has the same constant magnitude at every radial position,
r (0<r<R,,;;), in the microspheres. The parameter C,; denotes the local maximum

[2] equilibrium concentration of adsorbate in the adsorbed phase and, therefore, in the
case of a monovalent adsorbate adsorbing onto a monovalent ligand [1,2,5-10] the value

of C;; could also be considered to represent the local maximum concentration of the
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immobilized ligands. Thus, when the spatial distribution of immobilized ligands is

uniform then the value of C.; is the same at every radial position, r, in the microspheres.

When the condition of equilibrium adsorption is attained, then the accumulation term

oC,,; /otin Eq.(1) becomes equal to zero and the Langmuir equilibrium adsorption

isotherm is obtained [5, 11].
But for the adsorption systems studied in this work, the spatial density distribution
of the immobilized ligands in the microspheres forming the partially fractal porous

adsorbent particles of radius R,

is considered to be non-uniform and this requires that
the value of the parameter C.; in Eq. (1) has to vary with the radial position, r, in the
microspheres. There are different functional forms for the variation of C.; with respect

to the radial variable, r, that could be considered [1]. For the systems studied in this work,

the selected functional form for C.; is as follows:

C,;=C (——)*  for0<r<R

0T YT max,i
R

and i=1,2,3,..,Nand j=1,2,.,N' (2)

m,i,j+1
m,i j+1

InEq. (2) C denotes the value of the maximum concentration of immobilized ligands

T,max,i

in the porous adsorbent microspheres of radius R I represents the section number in

m,i,j+1
a stratified bed, j denotes the division (recursion) number of the fractal, N is the total
number of sections in a stratified bed, and N’ represents the total number of recursions of
the fractal [2]. In the work of Li and Liapis [2] as well as in this study, the value of N’ is
taken to be equal to one (N’ = 1). The expression in Eq. (2) clearly indicates that the value

of C;; increases monotonically as the value of r increases and acquires its highest value

at the surface of the microsphere where r = R The selection of the functional form

m,i,j+1°
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of C.; given by Eq. (2) was based on the findings of Liapis et al. [1] who showed that in

conventional columns packed with porous adsorbent particles having non-fractal [1-3]
structures, the highest dynamic adsorption performance was obtained from the system
whose spatial density distribution of the immobilized ligands was non-uniform and such
that the concentration of the immobilized ligands increased monotonically from the
center of the particle to the outer particle surface, as is the case from Eq. (1) for the

values of C.; in the microspheres of radius R which form the partially fractal

m.i j+1
porous adsorbent particles. It is very important to indicate here that if the partially fractal
porous adsorbent particles are constructed by the procedure discussed in Li and Liapis [2]
and if the ligand had been already immobilized in the microspheres of the smallest

practical size whose radius would be R and for the system considered in this work

m,i,N'+1

with N'=1, this means that the radius of our smallest microspheres would be R, ;, and
the partially fractal porous adsorbent particles of radius R ,; would be formed by gluing
together [2] the microsphers of radius R ;,. Thus, if the ligand density distribution in

the microspheres of radius R_ ., is given by Eq. (2), then the concentration of the ligand

m,i,2
on the surface of the pores of the porous adsorbent particles of radius R, ;whose total

number of recursions of the fractal [2,3], N', is equal to one (N'=1), would be equal to the

value of C in Eqg. (2). In this work, it is considered that the partially fractal porous

T,max,i
adsorbent particles with N’ = 1 and radius R ;are formed by gluing together the porous

microspheres of radius R ., in which the ligand has been immobilized and its spatial

non-uniform density distribution function is given by the following expression:
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C ——)* forO<r<R,;,andi=123,.N (2a)

Ti ~
Of course, if the partially fractal porous particles of radius R ;(i=1,2,3,..,N) are formed

from the gluing of microspheres of recursion number j (where j = 1,2,..,N’) and radius

R when no ligands have been immobilized in the microspheres in an a priori

m,ij+1
manner, and then the immobilization process of the ligands is allowed to occur in the

pore structure of the partially fractal porous particles of radius R_., it should become

pi
apparent to the reader that the spatial ligand density distribution function could attain
functional forms other than those given in Egs. (2) and (2a). Therefore, the approach that
would be employed in practice [2] for the construction of the partially fractal porous

adsorbent particles of radius R ; plays a very important role in determining the

mathematical forms of the spatial ligand density distribution functions in the

microspheres of radii R ;.,, (i=1,2,.,Nand j =1,2,..,N)and along the radial direction R of
the partially fractal porous adsorbent particles of radius R, (1=1,2,3,.,N), for a total

number N’ of recursions of the fractal. It is important to note here that from the above
discussion it becomes apparent that a very large number of different mathematical forms
of the spatial density distribution functions of the immobilized ligands could be
constructed by considering the immobilization process of the ligands to occur in

microspheres of different radii sizes R which would correspond to a division

m,i, j+1
(recursion) number j of the fractal that could take values from j=1 to j=N'. Furthermore, it
could be possible to pack different sections of the stratified packed bed with porous
adsorbent particles having partially fractal structures and different functional forms for

the spatial density distribution of the immobilized ligands, so that the dynamic
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performance of the adsorption process in a stratified bed could be maximized. These
interesting possibilities increase significantly the number of design and operational
variables (and, thus, the number of degrees of freedom with respect to the variables that
could be selected) that one could exploit in order to design, construct, and operate
optimally adsorption systems.

In this work, as was stated above, the functional form of the C.;employed in our

simulations is given by Eq. (2a). But in order to properly compare the dynamic
adsorption performance obtained from stratified beds packed with partially fractal

particles of radius R ;in whose microspheres the non-uniform spatial ligand density

distribution is given by Eq. (2a) with the dynamic adsorption performance obtained from

stratified beds packed with partially fractal particles of radius R ;in whose microspheres
the spatial distribution of the immobilized ligands is uniform and such that C.; in Eq.
(1) is given by Eqg. (3)

C;; =C;,y = constant forO<r<R_;,and i=123,.. N (3)

m,i,2

one has to require that in both cases the total number of immobilized ligands in any given

section i (i =1,2,3,..,N) of the stratified beds has to be the same, and, therefore, the value of

C in Eq. (2a) has to be determined through its relation to the value of C,,,in Eq.

T,max,i

(3); the symbol C;;, in Eg. (3) denotes the local maximum concentration of

immobilized ligands when their spatial density distribution is uniform and, thus, the value

of C;;, is the same and equal to a constant value for all radial positions r in the

microspheres. It is relatively easy to show [4] that when C in Eqg. (2a) is related to

T,max,i

C.., in Eq. (3) through the expression

T,i,U
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CT,max,i = (g)CT,i,U for I =112y3)--yN (4)
then the total number of immobilized ligands in each section i of the stratified beds of the

two cases to be compared, as discussed above, is the same.

3. Results and discussion

The stratified column beds studied in this work are packed with porous adsorbent
particles having partially fractal structures with the value of the total number, N’, of
recursions of the fractal being equal to 1 (N’ = 1) for all porous adsorbent particles. All
columns have the same diameter and total length L. The values of the parameters that
remain constant for the adsorption systems considered here are listed in Table 1. The
parameters Ky jand Kk characterize the dynamic adsorption mechanism (see Eq. (1)) of
the adsorbate being adsorbed onto the immobilized ligands (active sites) on the surface of
the pores of the particles. When the spatial ligand density distribution in the microspheres

is uniform, the value of C. ., for the systems studied in this work is taken to be equal [2]

T,,U
to 78.3 kg/m® particle for i = 1,2,3,..,N. For the systems whose spatial ligand density

distribution is non-uniform and is given by Eq. (2a), the value of C is determined

T,max,i

from Eqg. (4) and the value of C for the systems studied here is equal to 182.7 kg/m®

T,max,i
particle for i = 1,2,3,..,N. It is worth mentioning again at this point that the total number
of immobilized ligands in a given section i (i = 1,2,3,..,N) of the stratified beds has the
same value whether the spatial ligand density distribution in the microspheres is uniform
or non-uniform. The values of the parameters in Table 1 are from adsorption systems

reported in the literature [2] and, for the purposes of the simulations of this study, are
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considered to have appropriate magnitudes since they characterize adsorption systems of

2 3
practical use. Stratified column beds of two (N = 2, L:z L,) and three (N = 3, L:Z L)

= i=1
sections are investigated in this work, and their results are also compared with those
obtained when the whole column has only one section (N = 1) of length L and is packed
with porous adsorbent particles having a partially fractal structure. The value of the

radius R, of the porous adsorbent particles having a partially fractal structure and being

packed in the column having only one section (N = 1) and length L, and also in the first
section (i = 1) of the stratified column beds having either two (N = 2) or three (N = 3)
sections and a total length L, is taken [2] to be equal to 50x10° m. Furthermore, the
values of o, (o,=L,/L

for i = 1,2,3,..,N-1) and B, ( Bi:pri/R for i =1,23,..,N-1)

i+1 p,i+l
for the stratified column bed systems studied here are taken [2] to be equal to 1.5 and 1.5

for i =1,2,3,..,N-1, respectively. Therefore, from the values of o, and the total length L

of the column the length L; of each section i of a stratified column bed can be determined

while from the values of R ,and B; the radius R ; of the porous adsorbent particles

having a partially fractal structure and are packed in each section i of a stratified column

bed can be determined. We can relate [2, 3] the radius R ;of the porous adsorbent

particles to the radius R of the microspheres that make up the particle of radius

m,i,j+1

R, through the expression [2] given in Eq. (5)

Rni=tR,;  fori=1,2,3,.,Nandj=1,2,3,. N’ (5)

where it is considered that the porosity € of each microsphere of radius R, ..., IS

m,i,j+1

equal to the porosity ¢,; of the adsorbent particle of radiusR ;. The term ©) in Eq. (5)
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represents at the j division (recursion) of the fractal the ratio of the radius R of the

m,i, j+1
microspheres to the radius R ; of the porous adsorbent particles which are formed from

the gluing of the microspheres of radius R it is worth mentioning here that the value

m,i,j+1?

of 7, is smaller than one (r, <1) and, therefore, as the value of the recursion of the

fractal, j (j=1,2,3,.,N"), increases the value of the term 1/ in Eg. (5) becomes even

smaller. For the systems studied here where the value of N’ is equal to one and, thus, j =1
=N’, Eq. (5) becomes
Rui2=tiR,;  for i=1,2,3,.,N (5a)

Thus, if the values of R ; and t; are known, then the value of R ;, is determined from

m,i,2

Eg. (5a). The term 1/t; represents the ratio of R ;/R, ;,and this means that 1/t; has

m,i,2
values greater than one ((1/t,)>1) because the value of t; is smaller [2] than one (t; <1)

since the value of R ; is greater than the value of R and, thus, as the value of

m,i,j+1?
1/z;increases the ratio of R ;/R,;, increases. Therefore, for a given size of the radius,

R,;, of the particles in section i of a stratified column bed, the value of the radius, R

m,i,2 !

of the microspheres from which the particles of radius R ; are formed, is decreasing as

the value of the term1/z;is increasing. The value of the superficial velocity, Vs, of the

flowing fluid stream in each section i of the stratified column bed is taken to be constant
and equal [2] to the superficial velocity, Vy, of the fluid in the column that has only one
section (N=1) and the same total length, L, as the stratified column beds; this implies that

Vii=Vsfori=1,23,..,N for the adsorption systems studied in this work.
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The criterion that is used to compare the performance of the different adsorption
column systems is the breakthrough time, ty. In this study, as was also the case in Li and
Liapis [2], the breakthrough time, ty, is defined as the time when the concentration, Cq ut,
of the adsorbate in the outlet stream from the column becomes equal to 1% of the inlet
concentration, Cgq;,, Of the adsorbate in the column. In Tables 2 and 3 the values of the
breakthrough time, ty, are reported for the adsorption systems studied in this work as well
as the times when the concentration of the adsorbate in the column outlet stream becomes

equal to 5% and 10% of the inlet concentration of the adsorbate in the column.

The simulation results in Table 2 clearly show that for given values of N and1/t;,

the effect of increasing the superficial velocity (increasing the throughput) results, as
expected, to a decrease in the value of the breakthrough time, ty, but the decrease in the
value of t, is smaller in the systems employing the spatial non-uniform ligand density
distribution function given in Eq. (2a). This occurs because the non-uniform ligand
density distribution in the microspheres provides a higher average adsorption rate [1] in
the adsorbent particles than that obtained when the ligand density distribution function in
the microspheres of the adsorbent particles is uniform. Thus, the effect of the increase of
the magnitude of the superficial velocity, Vs;, on the dynamic adsorptive capacity of the
column is smaller in the column beds with adsorbent particles in whose microspheres the
spatial ligand density distribution function is non-uniform and has the form given in Eq.

(2a). Also, for given values of N and Vi, the breakthrough time, t,, increases

significantly as the value of 1/t; increases and this is the case for both ligand density

distributions. Furthermore, the effect that the increased values of 1/t; have on providing

smaller reductions on the breakthrough time, tp,, as the value of Vs; increases, is
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substantially larger than the effect that the spatial non-uniform ligand density distribution

has on the breakthrough time, t,, for the same increase in the value of V;;. Of course,

increased values of 1/t; mean that the radius, R of the microspheres is decreased,

mi2
and the physical reasons for explaining the increases in the breakthrough time, tp, as the
radius (size) of the microspheres decreases, are that (a) the length of the pathways for the
diffusion of the adsorbate in the microspheres decreases [2] and this results to a smaller
resistance for mass transfer in the microspheres and a larger adsorbate concentration
gradient in the fluid in the pores of the microspheres which provides a larger mass flux
for the adsorbate in the microspheres, and (b) the total internal wetted surface area, Aus,i,
of the pores of the adsorbent particle increases as the size of the microspheres from which
the adsorbent particle is made decreases [2, 3], and this leads to the increase of the

average mass transfer rate of the adsorbate in the particle. Furthermore, the results
indicate that when the value of 1/t; is increased from 10 to 20, the relative increases, for
given values of N and Vs, in the breakthrough time, t,, are not as large as are in the case
where 1/t; is increased from 3 to 10. This implies that, for the operating conditions and
parameter values employed in the systems studied in this work, (i) the increase in the
total internal wetted surface area, Ays,i, Of the pores of the adsorbent particles and (ii) the

shorter in lengh diffusion pathways that are realized when the radius R, of the

microspheres is decreased, lead to a larger mass transfer rate for the adsorbate and the
relative increase in the magnitude of the mass transfer rate is becoming smaller as the

value of the radius, R of the microspheres is further reduced. Also, for given values

m,i,2 !

of 1/t; and Vi, the results in Table 2 show that as the number N of the sections in the
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column is increased the breakthrough time, t,, becomes larger because, for example, the
third section of the stratified bed with three sections is made from packed adsorbent
particles whose radius is smaller than the radius of the adsorbent particles packed in the
second section of the stratified bed having two sections, and this leads to a higher total
mass transfer rate [2] in the stratified bed comprised of three sections. From the
simulation results listed in Table 2 and the above discussion, one could ascertain that for
the adsorption systems studied in this work, the breakthrough time, t,, increases and a
higher dynamic adsorption capacity is realized as the values of 1/t; and N increase and
the spatial ligand density distribution in the microspheres is non-uniform and is given by
the expression in Eq. (2a). With respect to the degree of influence of 1/t;, N, and of the
non-uniform ligand density distribution (Eg. (2a)) on t, and the dynamic adsorptive

capacity, one could observe from the results in Table 2 that increases in the value of 1/,

have the largest effect on increasing the value of t, and the dynamic adsorptive capacity,
followed by increases in the value of N, and then followed by the desirable (positive)
effects that the non-uniform ligand density distribution has on the values of t, and on the
dynamic adsorptive capacity.

In Table 3 the simulation results for the column bed systems studied in Table 2
but with an inlet adsorbate concentration, Cqi,, whose magnitude is fifteen times larger
than the magnitude of Cq;, employed in the systems whose results are given in Table 2,
are reported. The effect of this high inlet concentration, Cq;n, 0f 1.5 kg/m® is examined
because at this high inlet concentration the equilibrium Langmuir isotherm obtained by

setting the term oC, ;/ot=0 in Eq. (1) and also by using Eq. (3) representing the

uniform ligand density distribution for the value of C.; in Eq. (1), provides such a value
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for the equilibrium concentration, Csmeq,i, Of the adsorbate in the adsorbed phase that, for
all practical purposes, is at its maximum value (saturation limit). It can be observed that

the trends in the results reported in Table 3 as the values of1/t,, N, and Vs; are increased

and the spatial ligand density distribution function is changed from being uniform (Eqg.
(3)) to non-uniform (Eq. (2a)), are similar to those observed in Table 2 and discussed
above. While the magnitude of the increases in the values of the breakthrough time, t,

and of the dynamic adsorptive capacity as the values of1/t;and N increase and the spatial

ligand density distribution changes from uniform to non-uniform with its functional form
provided by Eq.(2a), is slightly smaller for the systems whose inlet adsorbate
concentration has a magnitude fifteen times larger than that in the systems considered in

Table 2, the influence of 1/t,, N, and of the non-uniform ligand density distribution on

the values of t, and on the dynamic adsorptive capacity of the column beds is very

significant. Again, the increases in the value of 1/t; provide the largest increases in the

values of t, and of the dynamic adsorptive capacity, followed by increases in the number,
N, of the sections of the stratified column bed, and then followed by the desirable effects
that the non-uniform ligand density distribution has on the values of t, and on the

dynamic adsorptive capacity.

4. Conclusions and remarks

The results in this study clearly showed that for a given value of the superficial velocity,
Vs, of the flowing fluid stream in the column (for a given value of throughput in the

column) the breakthrough time, ty, is significantly increased when (a) the radius, R

m,i,2 !
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of the microspheres is decreased, which implies that the value of the parameter 1/t is

increased, (b) the total number, N, of the sections of the stratified column bed is
increased, and (c) the spatial ligand density distribution employed in the microspheres of
the adsorbent particles is non-uniform and its functional form is given by Eq. (2a).
Furthermore, when the superficial velocity, V;, of the flowing fluid stream in the column
is increased (throughput is increased) the effect that (1) the reduction in the value of the

radius, R of the microspheres which implies an increase in the value of the

m,i,2 !

parameter 1/t;, and (2) the increase in the total number, N, of the sections of the

stratified column bed have on providing robust and effective dynamic adsorptive
capacity and smaller reductions on the breakthrough time, ty, is significantly larger than
that realized through the use of the non-uniform ligand density distribution. Similar
trends in the dynamic behavior of adsorption were observed in the systems studied in this
work when the value of the concentration, Cqj,, of the adsorbate in the fluid stream
entering the column had such a high magnitude that the equilibrium concentration,
Csm.eq,i» Of the adsorbate in the adsorbed phase determined from the equilibrium Langmuir
isotherm that would correspond to the value of the inlet concentration, Cgq;n, was, for all
practical purposes, at its maximum value (saturation limit).

In all cases, the increases in the value of the parameter 1/t; provided the largest

increases in the value of t, and of the dynamic adsorptive capacity, followed by increases
in the total number, N, of the sections of the stratified column bed, and then followed by
the desirable (positive) effects that the non-uniform ligand density distribution had on the

value of t, and on the dynamic adsorptive capacity.
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5. Nomenclature

Ausii total internal wetted surface area of particles of radius R,; (i=1,2,3,...,N), m?

Cd,in inlet concentration of adsorbate in the column, kg/m*

Ca,out outlet concentration of adsorbate from the column, kg/m®

Csmeqi  €quilibrium concentration of adsorbate in the adsorbed phase of the
microspheres of the adsorbent particles in section i (i=1,2,3,...,N) of the
stratified column bed determined from the Langmuir equilibrium adsorption
isotherm, kg/m? of adsorbent particle

Cam,i concentration of the adsorbate in the adsorbed phase of the microspheres of the
adsorbent particles in section i (i=1,2,3,...,N) of the stratified column bed,
kg/m? of adsorbent particle

C:, local maximum equilibrium concentration of adsorbate in the adsorbed phase
of the microspheres, kg/m? of adsorbent particle

Criu maximum equilibrium concentration of adsorbate in the adsorbed phase of the
microspheres when the spatial ligand density distribution is uniform (Eq. (3)),
kg/m® of adsorbent particle

Cray  Maximum equilibrium concentration of adsorbate in the adsorbed phase of the
microspheres when the spatial ligand density distribution is non-uniform (Egs.
(2a) and (4)), kg/m? of adsorbent particle

Dfm free molecular diffusion coefficient of adsorbate, m?/s

D, axial dispersion coefficient of adsorbate in section i (i=1,2,3,...,N) of stratified
column bed, m?/s

Dp,i effective pore diffusion coefficient of adsorbate in the pore fluid of particles of
radius R,; where i=1,2,3,...,N, m?/s

Dpmij+1 effective pore diffusion coefficient of adsorbate in the pore fluid of the
microspheres of radius Ry ij+1 where i=1,2,3,...,N and j=1,2,3,...,N’, m?/s

Ky adsorption rate constant in the adsorbent particles of section i (i=1,2,3,...,N) of
stratified column bed, m*/(kg s)

Kai desorption rate constant in the adsorbent particles of section i (i=1,2,3,...,N) of

stratified column bed, s*
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total column length, m

length of section i (i=1,2,3,...,N) of stratified column bed, m

total number of sections of stratified column bed

total number of recursions of the fractal (total number of divisions)
radial distance in the microspheres of radius Ry, j+1, m

radius of adsorbent particles in section i (i=1,2,3,...,N) of stratified column
bed, m

radius of the microspheres in the particles of radius Ry; (i=1,2,3,...,N) after j
divisions (j=1,2,....N’), m

time, s

temperature, K

breakthrough time, s

superficial velocity of fluid in a column, m/s

superficial velocity of fluid in section i (i=1,2,3,...,N) of stratified column bed,
m/s

Greek letters

Li/Li+1 fori= 1,2,3,..,N-1
R,i/R, . fori=123, . N-1
bed porosity in section i (i=1,2,3,...,N) of stratified column bed

porosity in particles of radius Ry ; where i=1,2,3,...,N

porosity in the microspheres of radius Rmjj+1 where i=1,2,3,...,N and
i=1,2,3,....N’

viscosity of solution, kg m™ s

density of solution, kg/m?



Subscripts

parameter defined by Eq. (5) where i=1,2,3,...,N

denotes the section number in a stratified column bed, i=1,2,3,...,N

denotes the division (recursion) number of the fractal, j =1,2,....N’
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Table 1. Common values of the parameters used in the adsorption systems of this study.
The adsorbate (solute) considered in this work is BSA [2].

C,u = 78.3 kg/m® particle fori=1,2,3,..,N

Crmaxi = (%)CTJ’U =182.7 kg/m® particle fori=1,2,3,..,N

Dim = 6.70x10™ m?/s

DLi = 0 m%s fori=1,2,3,....N

Dy, = 2.50x10" m%s  fori=1,23,.,N

Dp.mij+1= 2.50x10™ m?/s fori=12,3,...,N and j=1.2,... N’
kii =1.05m3/(kgs) fori=1,23,...,N

koi =0.131s* fori=1.23,....N
L=0.50m

N'=1

Rp1=50x10° m

T=296.15K

a, =15 fori=1,2,3,....N

B, =1.5 fori=1.23,....N
gi=0.35 fori1=1,2,3,....N

€= 0.60 fori=1,2,3,....N

€m,ij+1 = 0.60 fori=1,23,...Nandj=1,.2,....N’
= 0.894x10" kg/(m s)
p =997 kg/m®
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Table 2. Number of minutes needed for the outlet concentration, Cq oy, Of the adsorbate
from a column bed comprised of one section (N = 1), two sections (N = 2), and three
sections (N = 3) and packed with particles having a partially fractal structure to be equal
to 1% (breakthrough time, ty), 5%, and 10% of the inlet concentration, Cqjn, Of the
adsorbate in the column for various values of 1/t, and V¢; (i=1,2,3,...,N). In all cases,

Cyin = 0.1 kg/m®, L=0.5 m, and the values of the parameters 1/t,and Vy; were kept with

the same magnitude in each section i (i=1,2,3,...,N) of a stratified column bed, as well as
in the column having only one section (N=1).

Uniform ligand density Non-Uniform ligand density
distribution, Eq. (3) distribution, Eq. (2a)

N  1/r, Vii(mls) Time t (min) Time t (min)
1% 5% 10% 1% 5% 10%
1 3 2.778x107 9.71 36.38 76.90 19.93 71.76 139.97
1 3 5556x10° 094 306 7.01 158 617 1454
1 3 8.334x107 0.37 0.79 1.66 0.44 1.47 3.32
1 10 2.778x10° 57.15 141.19 213.64 79.94 161.39 228.27
1 10 5.556x107 509 19.96 40.09 9.66 3151 53.23
1 10 8.334x107 1.09 475 11.06 2.06 891 18.65
1 20 2.778x10°  86.79 166.01 231.28 95.35 171.24 234.55
1 20 5.556x107 12.73 35.36 56.22 17.86  40.04 59.51
1 20 8.334x107 297 1147  21.55 517 1535 2493
2 3 2.778x10°  26.62 87.45 163.10 53.01 151.85 247.98
2 3 5.556x10° 2.21 839 18.74 440 1724  36.99
2 3 8.334x10° 0.58 1.95 4.47 0.98 3.95 9.25
2 10 2.778x10° 111.90 220.52 305.61 133.60 235.75 315.92
2 10 5.556x107 1435 4349 7284 23.45 5537  82.67
2 10 8.334x107 327 1275 2549 6.21 20.13 34.10
2 20 2.778x10° 139.20 239.09 318.08 145.86 242.86 320.45
2 20 5.556x10°  27.13 5831 84.68 3207 6170 86.87
2 20 8.334x107 818 2270 36.14 1151 2585 38.38
3 3 2.778x10° 6321 168.74 271.13 111.75 24494 350.91
3 3  5.556x107 583 21.05 42.83 1197 40.17 73.96
3 3 8.334x107 1.34 513 1143 271 1053 22.48
3 10 2.778x10° 176.61 303.72 397.37 195.35 315.84 405.68
3 10 5.556x10°  31.47 72.68 107.85 4220 8255 115.21
3 10 8.334x107 8.78 26.39 44.33 1425 34.03 51.23
3 20 2.778x10° 199.90 318.50 407.47 205.19 321.49 409.43
3 20 5.556x10° 4553 84.81 116.71 49.73  87.38 118.35
3 20  8.334x10° 16.58 36.09 52.71 19.86  38.52  54.32
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Table 3. Number of minutes needed for the outlet concentration, Cq oy, Of the adsorbate
from a column bed comprised of one section (N = 1), two sections (N = 2), and three
sections (N = 3) and packed with particles having a partially fractal structure to be equal
to 1% (breakthrough time, ty), 5%, and 10% of the inlet concentration, Cqjn, Of the
adsorbate in the column for various values of 1/t, and Vs; (i=1,2,3,...,N). In all cases,

Cyin = 1.5 kg/m®, L=0.5 m, and the values of the parameters 1/t,and Vy; were kept with

the same magnitude in each section i (i=1,2,3,...,N) of a stratified column bed, as well as
in the column having only one section (N=1).

Uniform ligand density Non-Uniform ligand
distribution, Eq. (3) density distribution, Eq.
N 1t Vii(m/s) Time t (min) Time t (min)

1% 5% 10% 1% 5% 10%
3 2.778x10” 581 15.80 27.72 11.18 29.06 45.62
3  5.556x10° 0.77 168 3.04 1.14  3.03 5.78
3 8.334x107? 037 0.56 0.89 039 0.85 151
10 2.778x10°  26.72 46.71 59.62 33.80 51.35 62.09
10  5.556x107° 3.03 834 13.38 523 1150 16.05
10  8.334x107 077 227 4.27 131 3.86 6.33
20 2.778x10°  36.07 52.39 62.45 39.00 5351 62.74
20 5.556x10° 6.41 12.45 16.61 8.14 13.61 17.18
20 8.334x107 1.78 461 6.92 272 559 7.61
3  2.778x10° 1476 35.78 55.32 28.02 56.81 74.81
3 5.556x10° 148  3.97 7.30 2.68 7.65 13.63
3 8.334x107° 049 1.08 1.96 074 194 3.73

10  2.778x10°  49.59 70.49 82.38 55.47 72.99 83.31
10  5.556x10° 7.82 16.61 22.48 1155 19.18 23.86
10  8.334x10° 3.27 12.75 25.49 351 7.82 10.67

20 2.778x10°  56.97 73.48 83.45 58.76  73.98 83.59
20 5.556x10° 12.75 19.72 24.08 1423 20.32 24.27

20 8.334x10° 437 838  10.95 558  9.01 11.21
3 2.778x10° 3364 6595 87.12 56.27 8554  99.78
3  5.556x10° 347 923  15.69 6.77 16.87  25.73
3 8.334x10° 091 245 451 1.65 4.73 8.43

10 2.778x10° 74.88 93.68 103.75 78.76  95.00 104.26
10 5.556x10° 16.12 25.89 31.39 19.58 27.37 32.02
10  8.334x10° 491 10.60 14.29 7.45 12.26 15.09

20 2.778x10° 79.66 95.26 104.36 80.69 9554 104.46
20 5.556x10°  20.42 27.66 32.12 21.39 27.96 32.23
20 8.334x10°° 8.22 1257 15.22 914 1291 15.34
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ABSTRACT

A mathematical model is constructed and solved that could describe the dynamic
behavior of the adsorption of a solute of interest in single and stratified columns packed
with partially fractal porous adsorbent particles. The results show that a stratified column
bed whose length is the same as that of a single column bed, provides larger breakthrough
times and a higher dynamic utilization of the adsorptive capacity of the particles than
those obtained from the single column bed, and the superior performance of the stratified
bed becomes especially more important when the superficial velocity of the flowing fluid
stream in the column is increased to accommodate increases in the system throughput.
This occurs because the stratified column bed provides larger average external and
intraparticle mass transfer and adsorption rates per unit length of packed column. It is
also shown that increases in the total number of recursions of the fractal and the ratio of
the radii between larger and smaller microspheres that make up the partially fractal
particles, increase the intraparticle mass transfer and adsorption rates and lead to larger
breakthrough times and dynamic utilization of the adsorptive capacity of the particles.
The results of this work indicate that highly efficient adsorption separations could be
realized through the use of a stratified column comprised from a practically reasonable
number of sections packed with partially fractal porous adsorbent particles having
reasonably large (i) total number of recursions of the fractal and (ii) ratio of the radii
between larger and smaller microspheres from which the partially fractal particles are
made from. It is important to mention here that the physical concepts and modeling

approaches presented in this work could be, after a few modifications of the model,
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applied in studying the dynamic behavior of chemical catalysis and biocatalysis in reactor

beds packed with partially fractal porous catalyst particles.

1. Introduction

It has been shown by Li and Liapis [1, 2] that adsorption columns packed with porous
adsorbent particles having a partially fractal structure with the value of the total number
of the fractal, N’, being equal to 1 (N’ = 1) provide larger breakthrough times and
dynamic utilization of the adsorptive capacity of the column when compared with the
performance obtained from adsorption columns employing porous adsorbent particles
which do not have a partially fractal structure. This finding has been shown [1, 2] to
occur in separation systems employing either conventional [1-4] or stratified [1, 2, 5]
adsorption columns. Furthermore, Li and Liapis [1, 2] have shown that stratified
adsorption columns provide larger breakthrough times and dynamic utilization of the
adsorptive capacity of the packed adsorbent particles than conventional adsorption
columns when the bed porosity and total length of the stratified adsorption column are
equal to those of the conventional adsorption column. Certain key scientific and
engineering science mass transfer and adsorption mechanisms responsible for the
occurrence of better separation performance when (i) porous adsorbent particles having
partially fractal structures are employed in the packed beds of columns and (ii) stratified
adsorption columns are used, are presented and discussed in the works of Li and Liapis
[1,2]. It is also important to mention here that the partially fractal porous particles can

provide higher values for the three-dimensional pore connectivity of the pores [6-14] than
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the pore connectivity values obtained in conventional porous particles, and this makes the
effective pore diffusional velocities of the adsorbate in partially fractal porous particles to
be larger than those in conventional porous particles and, thus, the effective mass fluxes
and concentration gradients of the adsorbate in partially fractal porous particles are larger
[1,2,11-14] than in conventional porous particles.

The theoretical approach and the results of Li and Liapis [1,2] have very
important implications with respect to (a) the design and construction of porous adsorbent
media and (b) the design and operation of column packed beds, so that high mass transfer
and adsorption rates as well as high dynamic adsorptive capacities can be realized for the
effective separation of the species of interest from mixtures. These required necessities
are even of higher importance in the case of adsorption separations involving large
bioactive molecules which have low in magnitude molecular diffusion coefficients in
porous adsorbent media and, therefore, have low diffusional velocity values in such
media. In this work, a mathematical model is presented that could describe the dynamic
behavior of the mass transfer and adsorption of a solute in columns packed with porous
adsorbent particles having a partially fractal structure with the value of the total number
of the fractal, N’, being greater than or equal to one (N’ > 1), and then this model is used
to study and compare the dynamic behavior of column adsorption systems packed with

partially fractal porous adsorbent particles having values for N’ equal to 1 and 2.

2. Mathematical model

The adsorption columns considered in this work are packed with spherical porous

adsorbent particles which have a partially fractal structure [1, 2, 6]. This means that a
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porous adsorbent particle of a given radius is considered to be made by smaller in radius
porous adsorbent particles which themselves are made by even smaller in radius porous
particles and so on. Thus, we can relate the radius, Rp;, of a given spherical adsorbent
particle to the radius Ry,;j+1 of the microspheres that make up the particle of radius Ry
through the expression given in Eq. (1) where it is considered that the porosity €pjj+1 Of
each microsphere of radius Rp,ij+1 is equal to the porosity €p; of the adsorbent particle of
radius Ry

R = ’Cin

mij+1

0i»1=1,2,3,.,Nand j=0,1,2,3,. ,N' 1)
In Eq. (1), i denotes the adsorbent particles packed in section S; of a stratified column bed
[1, 2], as shown in Fig.1, Rm,j+1 represents the radius of the microspheres that make up
the adsorbent particle of radius Ry after j divisions, N’ denotes the total number of
divisions (the total number of recursions of the fractal), and t; represents the ratio of the
radii between smaller and larger spherical particles that make up the adsorbent particles
of radius Rp;. It is important to mention here that, as was also indicated in the previous
works of Li and Liapis [1, 2], the porosity epij+1 does not represent a porosity of
agglomeration of porous media, but it simply denotes the porosity of the microspheres of
radius Rm,j+1. Furthermore, in constructing the (porous) structure of the partially fractal
porous adsorbent particles, it is considered that e,i= €pi1= €pi2 = €p,i3=...= &pin+1 Where
gp,i IS the porosity of the particles of radius Rp; and &p; is equal to gp;1 because the
particles having a value of the recursion j being equal to zero (j=0) correspond to the
particles having radius Rp;1, as is clearly indicated by Eq. (1) above where Rp; = Rp;i1
when j=0. In Figs. 1(a) and 1(b), schematic representations of partially fractal adsorbent

particles with N'=1 and N'=2 are presented, respectively. The value of 7; in Eq. (1) is less
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than unity (t; < 1) and the value of N' is finite [1, 2, 6]. It is important to note here that for
a given porous adsorbent particle of radius Ry; and a given value of 7, the total
intraparticle (internal) pore surface area, Asi, Of the particle increases as the total
number of divisions, N’, increases, because the number of smaller in size pores in the
partially fractal adsorbent particle of radius, Ry, increases with increasing N’ [1,2,6].
Thus, the partially fractal adsorbent particles of different radii packed in a stratified
packed bed can provide not only a variation in the lengths of the intraparticle diffusional
pathways of the adsorbate solute as it moves from the inlet section to the outlet section of
the packed bed, but can also provide a varying internal adsorption surface area which can
significantly affect the rate [1-3,6,7,8,15] at which adsorption takes place. If, as an
approximation, the geometry of the pores of the partially fractal particles is considered to
be cylindrical, it can then be shown [16] that in particles of radius Rp; with N'= 1, the
surface areas of the pores in (i) the microspheres of radius Ry 2 of the particle, and (ii)
the pores of the particle of radius Rp; formed from the gluing of the microspheres of

radius Rn i 2, could be estimated from Eqgs. (2) and (3), respectively,

2V (1-¢_.)*
pOI’ESiZZM! = 1,2,3,..,N (2)
) OR ;5T
2V . (1-g .
poresilZMa = 1,2,3,..,N (3)
" oR,iT;

In Egs. (2) and (3), V,,i denotes the volume of the particle of radius Ry and €, ; represents
the particle porosity. When particles of radius Rp; with N'=2 are considered, then the
surface areas of the pores in (a) the microspheres of radius Ry 3, (b) the microspheres of

radius Rn, i » formed from the gluing of the microspheres of radius R 3, and (c) the pores
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of the particle of radius Rp; formed from the gluing of the microspheres of radius Ry, 2,

could be estimated [16] from Egs.(4), (2) and (3), respectively,

2V, (1-gp,i)3

pores,i,3 ™
OR 3T

,1=1,23,..,N 4)

The parameter 6 in Egs.(2) - (4) is a proportionality constant that characterizes the
packing structure of microspheres of recursion j into a sphere of recursion j-1. Also, it is
worth mentioning here that in Eq. (1) when the adsorbent particle is a conventional
adsorbent particle that does not have a partially fractal structure, then j=0 and Eq. (1)
gives

Rm,i1= I:\)p,i )

which denotes that the conventional [1-3] porous particle of radius Ry;is made from a
single porous particle of radius Ry,i1 whose magnitude is equal to the value of Rp;;.
Egs. (2) and (3) indicate that for a partially fractal particle with N'=1, the

relationship between Apores,i2 and Apores,i1 could be determined by

1
Apores,i,z = (1_8p,i)(:)Apores,i,1 (6)
By considering Egs. (2), (4), and (6) it can be shown that for a partially fractal particle

with N'=2, the relationship among Apores,i,3, Apores,i.2, @Nd Aporesi1 1S as follows:

1 1
Apores,i,S = (1_8p,i )(:)Apores,i,zz (l'gp,i)z(:)zApores,i,l (7)
From Eqgs. (6) and (7), it can be deduced that the surface area, Apores;ij+1, Of the pores of a

given recursion j of a partially fractal porous particle of radius Ry; could be determined

from the following expression:

A

pores,i,j+1

= (1-gp,i)"(%)J’Apm1 fori=1,2,..,N and j=0,1,2,..,N' (8)
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For physically plausible values of g, [1-6] and 1/7i [1, 2], Egs. (6)-(8) indicate that one
could expect Apores,iN+1 >Apores,iN' ... >Apores,i3 >Apores,i,2 >Apores,it . 1hese results clearly
indicate that as the value of the total number, N, of the recursion of the fractal increases,
the total intraparticle (internal) pore surface area, Aws;, of the particle of radius Ry;
increases. This would suggest that for a given partially fractal particle of radius Ry, the
total amount of ligand molecules (adsorption sites) that could be immobilized on its total

intraparticle pore surface area, Aws,i, (the value of Ays; could be estimated by adding the

N
values of Aporesij+1 for j=0,1,2,..,N’, that is Awsyi:ZAporesyi’jﬂ) increases as the total
=0

number, N’, of the recursion of the fractal increases.

One could now suggest that the immobilization of adsorption sites (ligands) on
the intraparticle pore surface area of partially fractal particles could be realized by at least
two different approaches. In approach (A), the partially fractal particle with recursion
number N’ of the fractal is constructed from base matrices and then the ligand is
introduced to the partially fractal particles so that adsorption sites could be attached
(immobilized) on the pore surfaces of the spherical particles of recursion number j =
0,1,2,..,N". In approach (B), adsorption sites (ligands) are immobilized only on the pore
surfaces of the microspheres of recursion number N’ and then these smallest
microspheres are glued to form porous spheres of recursion numbers N'-1, N'-2, N'-3,..,
2,1, and 0. Thus, in approach (B) the surfaces of the pores in the microspheres of
recursion numbers N’-1, N'-2, N’-3, ..,1 and 0, do not have immobilized ligands
(adsorption sites). It is apparent that the partially fractal adsorbent particles formed by
approach (A) would have a higher adsorptive capacity than the partially fractal adsorbent

particles formed by approach (B), and, therefore, approach (A) would represent the more
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desirable method for forming partially fractal adsorbent particles. We presented approach
(B) only for the reason that there could be cases where the construction of perfusive [6, 9]
particles may consider the formation of partially fractal adsorbent particles with a low
value for the recursion number, N’, of the fractal so that the pores of the particle where
ligand molecules have not been immobilized are mainly used for intraparticle convective
flow [6, 9].

A stratified packed bed of total length L, as shown in Fig.1(c), is considered and

IS represented by the connected in a continuous sequence set of the fixed-bed sections S;

N
(i=1,2,3,..,N) where each section has a length L; (i=1,2,3,..,N) such that L:Z L,, and

i=1
Cuq,in and Cgq oyt represent the inlet and outlet concentrations of the adsorbate, respectively.

The lengths, L, of the fixed-beds could be related through the expression

LL—‘: a,i=1,23,.,N-1 9)

i+l

where the parameter o, could have a constant value. In each section of length L;,

spherical porous adsorbent particles of radius Rp; with a partially fractal structure are

packed, and the values of the radii of the particles are related through the expression

Bl =B, i =1,23,.,N-1 (10)

p,i+l

R
where the parameter B, is greater than unity (B, >1) for i=1,2,3,..,N-1, and, thus,
Rp1>Rp2>Rp3>...>Ryn-1>Rpn [1,2]. The porosity & in each fixed-bed section of the
stratified packed bed is taken to have the same value ¢, and, thus, & = ¢ (i=1,2,3,..,N); this
requirement implies that the fraction of the volume of each section S; (i=1,2,..,N)

occupied by the solid phase of the partially fractal porous adsorbent particles is the same
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in each section of the stratified packed bed. Thus, the fraction of the volume of the whole
column of length L occupied by the solid phase of the partially fractal porous adsorbent
particles is the same in a conventional column or in a stratified column, but the total pore
surface area associated with the particles packed in the stratified column is larger than
that of the conventional column because of the requirement imposed by Eq. (10). In such
a stratified packed bed adsorber, the value of the film mass transfer coefficient, Ks;, of
the adsorbate solute increases [1] as it moves from the inlet section to the outlet section of
the column while the lengths of the intraparticle diffusional pathways of the adsorbate in
the spherical porous adsorbent particles decrease and the total intraparticle suface area
could increase, and the combination of these three effects would lead to an average mass
transfer rate per unit length in the stratified column that would be larger than the average
mass transfer rate per unit length in a fixed-bed of length L packed only with adsorbent
particles of radius Ry 1; this latter fixed-bed would result from the system where N=1 and
this means that the fixed-bed column has only one section, S;, whose length is L. For the
stratified bed in Fig. 1, the exiting stream from each section of length L; becomes an inlet
stream in the section following the section of length L;.

Adsorption of adsorbate is considered to take place from a flowing liquid in the
fixed-beds of adsorbent particles in sections S; (i=1,2,..,N) under isothermal conditions,
and the concentration gradients in the radial direction of the bed are considered to be not
significant [1-4]. A differential mass balance for the adsorbate in the fluid stream flowing

through a section S; packed with spherical adsorbent particles gives

aCdi aZCdi \/fi aCdi l- i
’ e [ (e

ot ox? e Ox e R

i i p,i

Cy;), i=1,2,.,N (11)

P ‘R=pri
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In Eq. (11), the superficial velocity, Vi, of the fluid stream is taken to be
independent of the space variable x because the liquid solutions encountered in most
separations involving biomolecules are very dilute and the main component of the

solution is the carrier (solvent) fluid. An expression for estimating the value of the axial
dispersion coefficient of the adsorbate, D, , was presented by Arnold et al. [17, 18], but
in most practical systems the axial dispersion is so low that by setting its value equal to
zero the error introduced in the prediction of the behavior of an adsorption system is not

significant [17, 18]. When D, =0fori=1,2,..,N, Eq. (11) takes the form

oC,, V., 8C,. d-g ., 3
LI iy — i K. (C
i () = (K

i i pil

~Cy), i=123,.,N  (11a)

pi ‘R=pri

The initial and boundary conditions of Eq. (11a) are as follows:

att=0, C,=0for0<x< inl_i, i=1,2,3,.,N (12)
=

atx=0,C,, =Cy;,, t>0 (13)

atx =Ly, Cyqu|, =Cyp| >0, i=123,.N-1 (14)

atx=1L, a(;)"(’“‘XZL:O,wo (15)

N
In Eq. (15), the value of L is equal to z L, , as discussed above.

i=1
In this study, only one-site adsorbate-ligand complexes [15, 19] are considered to
be formed from the interaction between the adsorbate molecules and the immobilized
ligands; for adsorbate-ligand complexes involving more than one ligand (multi-site
adsorbate-ligand complexes), one could consult the studies in References [19, 20]. The
interaction between unbound adsorbate, Aags,ij+1, and vacant immobilized ligand, Liig;j+1,

is considered to be of the form
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Kyjijet
L ——A

Aads,i,j+1 + lig,i j+1 W ads,i,j+1|—|ig,i,j+1 (16)
where A, iibigij+ represents the one-site adsorbate-ligand complex. The differential

mass balance equation for the adsorbate in the fluid in the pores of the particles of radius

Rp,i and Rm,ij+1 IS given by

oC ..
pi,j+l
€pijH atj +(1-2y;5.0)

aC_:ps,i,j+1 N acsyi’j+1 —e D¢ 2 )acp,i,j+l + a2Cp,i,j+1
6’[ at p.ij+t1I " p,ijt+l R aR

ij+1

fori=1,2,3,.,.Nand j=0,1,2,..N-1 (17)

ij+l

The accumulation term, 9Cs;j+1/0t, in Eq. (17) of the adsorbate in the adsorbed phase is

determined from the adsorption model in expression (16) and has the form

oc...
;“1 =K, 15.:Cpijss Cripo-Corper) KosjuiCopor fOr i=1,2,.,N'and j=0,1,2,..,N~1 (18)

The differential mass balance equation for the adsorbate in the fluid in the pores of the

smallest in the particle microspheres of radius Ry, i1 IS given by Eq. (19)

OC,ine1  OCin 0C,ine1 O°Coine
€y Ly TTN g i Dp | € 2 )22 PR for i=1,2,3,..,N (19)
ot ot I:\~'i,N'+1 aRi,N'+1 R i,N+1
where
aCsiN‘+1 -
é{ :kl,i,N'+le,i,N‘+1(CT,i,N‘+1_Cs,i,N‘+1)-k2,i,N'+1Cs,i,N'+1 fori=1,2,..N (20)

It is worth mentioning here that if the dynamic adsorption mechanism is described by an
expression other than the second-order mechanism employed in Egs. (18) and (20), then
the right-hand-side expressions in Eqgs. (18) and (20) should be replaced by the

appropriate model expression of the prevailing adsorption mechanism. The term

OCpsijel & for i=1,2,.,N and j =0,1,2,..N"-1 in Eq. (L7), represents the accumulation of
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adsorbate in the pore fluid and adsorbed phase of the microspheres of radius R j+> with
in Rm,ij+2 having values of j =0,1,2,3,..,N'-1. The expression for this accumulation term is

R

OCpsiij+1 3 o "t e —=
(;tj = 3 _{ 8p,i,j+2Cp,i,j+2R5j+2 dRi,j+2 + j (1_8p,i,j+2)Cps'i'j+2Ri2,j+2dRi,j+2
Rm,i,j+2 0 0
Rm,i,j+2
+ | cs,iﬁZR;ﬂdRiﬁz} fori=1,2,.,.Nand j=0,1,2,3,..,N*-1 (21)
0

The initial and boundary conditions in Egs.(17)-(20) are as follows:
att=0,C ., =0, for0<R,,, <R, =123, ,Nandj=0,12,..N-1 (22)
att=0, Csli]jﬂ =0, for0< Rijin <Rpijes iI=1,2,3,..,Nand j=0,1,2,..,N-1 (23)
att=0,C, iy =0, for0<R;\,; <R inee 1=1,2,3,.N (24)
att=0,C,;\,; =0, forO<R;\,; <R\, 1=12,.,N (25)

oC, . . .
atR,,, =0, —2" =0  fort>0,i=123,..,Nandj=0,12,.N"1 (26)

' OR..
ij+1

oC. .\

atR, ., =0, =2 -0 fort>0,i=1,2,3,..,N (27)
Y aRi,N'+1
9C,a ;
atR,,=R,.,=R,;, -D,;, 8Rp” =K (Cpil, _, -Cq) fort>0andi=1,23,..N (28)
i1 lr,, =R, e

at R, =R 0 Coijer =Coiy (LR)) for t>0, i=1,2,..,N and j=1,2,..,N*-1 (29)

at Ri,N'+l:Rm,i,N'+l7 Cp,i,N'+l:(:p.i,N' (t’Ri,N') for t>0’ i=1’213"'1N (30)



76

The terms Crjij+1 and Crin+1 In Egs. (18) and (20) represent the maximum
concentration of adsorbate in the adsorbed phase on the surface of the pores in the
spherical particles of radii Rp;j+1(i=1,2,3,.,N and j=0,1,2,.,N-1) and Rp;in=i
(1=1,2,3,..,N), respectively; it is worth noting again here for clarity that Rmi1 = Rp,
(1I=1,2,3,..,N). If the accumulation terms in Eqgs.(18) and (20) are set equal to zero, this
could imply that the adsorption step occurs in effect infinitely fast and adsorption
equilibrium takes place and follows the Langmuir equilibrium adsorption isotherm [1-4].
It is instructive to mention here that one could attempt to relate to a first degree of
approximation the values of Crj+1 and Cr 1 to the values of the surface areas Apores,ij+1
and Aporesin+1 Of the pores in the spherical particles of radii Ryij+1 (1=1,2,3,..,N and
j=0,1,2,..,N'-1) and Ry, in+1 (see, for example, Eqgs.(6) - (8) above for the relation between
different surface areas of pores in different spherical particles). Therefore, by considering
that the amount of ligand that could be immobilized on a surface could increase as the
area of the surface increases, one could then expect that it could be physically plausible
that the maximum concentration of adsorbate in the adsorbed phase would depend on the
surface area on which the ligands have been immobilized and, thus, the values of Crj+1
(i=1,2,3,...,N and j=0,1,2,..,N’-1) and Cr,in~1 could be expected to increase as the amount
of immobilized ligands (adsorption sites) increases (see expression (16) above) due to
increased pore surface areas. Thus, it could be reasonable to expect that the inequality
Crin+1>Crin >...>Cri2>Cri1 could be realized due to the increased pore surface area
obtained as the total number, N’, of the recursions of the fractal increases and leads to
pore surface areas which follow the inequality Aporesin+1>Apores,iN' > .. >Apores,i,2>Apores,i 1

for i = 1,2,3,..,N. Furthermore, Egs. (17) and (21) indicate that the rate of adsorbate
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uptake becomes higher as the total number, N’, of the recursion of the fractal increases. In
effect one could suggest that the "swallowing” rate of the adsorbate by the partially
fractal porous adsorbent particles increases as the value of N’ increases.

EQgs.(11)-(30) represent a mathematical model that could be used to study the
dynamic behavior of adsorption in columns packed with porous adsorbent particles
having partially fractal structures and where there are ligand molecules immobilized on
the surface of the pores in the particles of each division (recursion) number j =
0,1,2,3,.,N’, and this implies that the immobilization of the ligands in the adsorbent
particles took place by approach (A) discussed above. If the immobilization of the ligands
occurs by approach (B) where ligands are immobilized only on the pore surfaces of the
smallest microspheres of radius Ruyin+1, then the terms 0Cs;j+1/0t and Csjij+2 in EQs.(17)
— (18) and Eq. (21), respectively, are set equal to zero for j=0,1,2,3,..,N'-1. It should be
noted here that while the variables and parameters employed in Egs. (1) - (30) above have
been appropriately defined in the text, the reader will find a complete nomenclature for
all variables and parameters as well as their units in the material of this paper submitted
as supporting information.

It is also worth mentioning here that if in the larger in diameter pores of the
partially fractal particles convective fluid flow could take place under the applied
pressure drop regime employed in the packed bed sections of the column, then in certain
pores of the particles of radii Rny;ij+1 the adsorbate molecules could be transported by both
intraparticle convective flow and pore diffusional mass transfer mechanisms and this
could correspond to what is termed as intraparticle mass transfer by perfusion [6,10,21].

In such partially fractal particles there could be regions of pore space where mass transfer
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of adsorbate occurs by perfusion while in other regions of pore space the sizes of the pore
diameters are such that intraparticle convective fluid flow cannot occur and mass transfer
of adsorbate takes place only by pore diffusion. If intraparticle convective fluid flow
could occur in certain porous particles of radius R j+1, then a convective mass transfer
term could be added [6,10] in Egs. (17) and (19) and the intraparticle velocity field could
be determined from the expressions in Reference [10]. The intraparticle fluid velocity
increases the rate of transport of adsorbate in the pore space of the adsorbent particles
because the magnitude of the intraparticle convective velocity of the adsorbate could be
significantly larger than the magnitude of the intraparticle diffusional velocity of the
adsorbate [6, 9-14] and, thus, the adsorbate in the pore fluid could move faster to pore
regions where unoccupied ligands exist and, therefore, adsorption could occur, and this
reduces the dispersion of the mass wave of the adsorbate in the pores of the particles
because the overall intraparticle mass transfer resistance has been reduced due to
intraparticle fluid convection. But it is worth noting here that as the size of the diameter
of the intraparticle pores increases in order for convective fluid flow to be able to occur,
the surface area of the intraparticle pores decreases and this would imply that lower
amounts of ligands (adsorption sites) could be immobilized and, thus, the overall
adsorptive capacity of the conventional or of the partially fractal adsorbent particles could
be reduced. Furthermore, Heeter and Liapis [13] have shown that the performance of
adsorption separation systems with purely diffusive particles could be better than the
performance of adsorption separation systems with perfusive particles, if purely diffusive
particles could be made that have higher values of Crjj (i=1,2,3,...,N and

j=0,1,2,3,....N') , as could be the case with adsorbent particles having partially fractal
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structures, than otherwise comparable perfusive particles. The positive and negative
effects of perfusive adsorbent particles with respect to separation performance are
discussed in References [6, 9-14]. The possible quantitative effects of (i) intraparticle
convective flow [10, 11-14, 21] in certain pore space regions of the partially fractal
particles and (ii) electrophoretic mass transfer (migration) due to the interactions of
charged species in the pore fluid and charged ligands immobilized on the pore surfaces
[7-9, 22, 23], could be the subject of a future study. In this work, we consider that
intraparticle mass transfer of adsorbate in the pore fluid of the particles of diameter
Rm,ij+1 occurs only by pore diffusion for all values of i=1,2,3,...,N and j=0,1,2,3,...,N/,
and, therefore, the adsorbent particles with partially fractal structures employed in this
study are purely diffusive particles.

The partial differential equations of the mathematical model presented above were
solved numerically by the method of orthogonal collocation [24, 25] and the resulting

ordinary differential equations were integrated by Gear’s method [25].

3. Results and Discussion

The dynamic behavior of adsorption in a single column (N=1) as well as in a stratified
column of two beds (N=2) is studied in this work, and the columns are packed with
porous adsorbent particles having partially fractal structures with the value of the total
number, N', of recursions of the fractal being equal to 1 or 2 (N'=1 or N'=2) for all porous
adsorbent particles. All columns have the same diameter and total length L. The values of

the parameters that remain constant for the adsorption systems considered here are listed
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in Table 1. The magnitude of the effective pore diffusion coefficient, Dy,j+1, is about
36.07% of the magnitude of the free molecular diffusion coefficient, D¢y, due to (a) the
restrictions imposed on the movement of the adsorbate molecules in the pores of the
adsorbent medium, and (b) the tortuous in length pathways the adsorbate molecules have
to travel during their transport through porous media. The effects of items (a) and (b) on
the values of Dyj+1 depend on [7,8,14] the dynamic evolution of the pore size and pore
connectivity distributions of the pores in the porous medium [7,8] before and during
adsorption. It should be mentioned here that in Table 1 the effective pore diffusion
coefficient, Dy, j+1, of lysozyme is taken to have the same value for the systems studied in
this work where i=1, 2 and j=0, 1, 2 and, therefore, the largest values of N and N' are
equal to 2 and 2, respectively (see Table 1). It happens to be the case for the systems
studied here that the radius of the smallest pores which are located in the microspheres of
radius Ry 23, is still large enough in magnitude [1, 6, 16] that monolayer adsorption of
lysozyme on the surface of the smallest in radius pores would not make the magnitude of
the effective pore diffusion coefficient Dy, 3 of lysozyme in the smallest pores to be
significantly lower than the magnitude of the effective pore diffusion coefficient Dy ;1 of
lysozyme in the pores having the largest radius and which are located in the particles of
radius Ry 11 When also monolayer adsorption of lysozyme occurs on the surface of the
largest in radius pores. Of course, the mathematical model presented here can employ
different values of the effective pore diffusion coefficient Dy;j+1 of an adsorbate of
interest at different values of i=1,2,3,...,N and j=0,1,2,3,...,N'. The values of the
parameters Cqin, K1ij+1, K2,ij+1, L, T, €i, €pji, €pij+1, M, and p in Table 1 are from adsorption

systems reported in the literature [1-4,17-19,26] and, for the purposes of the simulations
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of this study, are considered to have appropriate magnitudes since they characterize
adsorption systems of practical use. The film mass transfer coefficient, Ks;, was
determined from the correlation developed by Wilson and Geankoplis [27] for given
values of Ry, Vi, €, Dim, p and p. When &; = constant and Vy; =constant for i=1,2,..,N, it

can be shown [1] that

R .
Kia = K [(=22)°%]  fori=12,.,N-1 (31)

p,i+l

where Rpi>Rpi+1 for i =1,2,..,N-1. The expression in Eq. (31) indicates that Kgisq is

greater than K¢; for i=1,2,3,...,N-1. A stratified column of two packed beds of total

2
length L (N=2, L:Z L, ) is investigated in this work and its results are compared with

i=1
those obtained when the whole column has only one section (N=1) of length L. The
value of the radius R, of the porous adsorbent particles being packed in the column
having only one section (N=1) and length L, and also in the first section (i=1) of the
stratified column having two (N=2) sections is taken to be equal to 50x10° m.
Furthermore, the values of o; and B; for the stratified column bed system studied here are
taken [1, 2] to be equal to 1.5 and 1.5, respectively. Therefore, from the value of a; and
the total length L of the column, the length L; of each section i of the stratified column
bed can be determined (see Eq. (9)) while from the values of R, 1 and B; the radius Ry of
the porous adsorbent particles packed in each section i of the stratified column bed can be
calculated (see Eqg. (10)). The value of the superficial velocity, Vs;, of the flowing fluid
stream in each section i of the stratified column bed is taken to be constant and equal to

the superficial velocity, Vs, of the fluid in the column that has only one section (N=1) and
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the same total length, L, as the stratified column bed; this implies that V;=V; for
iI=1,2,..,N for the adsorption systems studied in this work.

The values of the parameters Crj+1 (i=1,2 and j=0,1,2) are presented in Table 2.
The proportionality constant, J, in Eq. (3) is taken [28] to be equal, as an approximation
of first degree, to 1/3 and then by knowing the values of Ry, ti, Vyi, and gy the pore
surface area Apores;i,1 (I=1,2) can be estimated from Eq. (3). Then by calculating the total
amount of particles of radius Ry packed in a given section S; of the column, accounting
for the projected surface area of an adsorbed lysozyme molecule onto the surface of the
pores, and considering that the surface area Aporsiy IS covered by a monolayer of
adsorbed lysozyme, the value of C+;; (i=1,2) can be estimated [16] and is reported in
Table 2. As the value of the division (recursion) number, j, of the fractal increases, Egs.
(6) and (7) clearly indicate that the value of Ay, is higher than the value of Apores;i1
and also the value of Apgres;i3 IS larger than the value of Aporesi,2 (Apores,i,3>Apores,i,2>Apores,is1
for i=1,2). This would indicate that the value of Cr,, can be larger than the value of Cr,i;
and, furthermore, the value of Ctjs can be larger than the value of Cr;»
(Ct.i3>Cyi2>Cr; for i =1,2). By considering values of particle parameters employed in
practice and assuming monolayer coverage of the pore surfaces Apores;ij+1 (i=1,2 and
J=0,1,2), estimates of the values of Cr+;+1 could be obtained which suggest that the ratio
Cr,ij+1/Crij (1=1,2 and j=1,2) can be significantly larger than unity. To be on the
conservative side of estimated values for Ct;, and C+;3, we have taken that the ratios
Cris/Criz and Cr;,/Cy;1 are equal to 1.5, respectively. Therefore, the values of Cr;, and
Cris in Table 2 are taken to be 50% larger than the corresponding values of Cr;; and

Cr.i2, respectively, for a given value of i (i=1,2). We have used conservative values for
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Cr.i2 and Cy; 3 because our interest here is to show the significant benefits that could be
realized with respect to the dynamic adsorption of an adsorbate in columns employing
partially fractal particles and, of course, the dynamic results with respect to adsorption
efficiency would even be much better if higher ratios for the values of Cr,;+1/Cr,; (1=1,2
and j=1,2) would be employed.

The column systems studied in this work are packed with partially fractal particles
which are constructed from base matrices and then the ligand was introduced to the
partially fractal particles so that adsorption sites could be immobilized (attached) on the
pore surfaces of the spherical particles of recursion number j=0, 1, 2 (approach (A)); as
was indicated above and on Table 1, the recursion number N’ of the fractal has values of
1 and 2 in this study. The criterion that is used to compare the performance of the
different adsorption column systems is the breakthrough time, t,, [1-4, 15, 29]. The
breakthrough time, t,, is defined as the time when the concentration, Cggou, Of the
adsorbate in the outlet stream from the column becomes equal to 1% of the inlet
concentration, Cqn, Of the adsorbate in the column. In Tables 3 and 4 the values of the
breakthrough time, ty, are reported for a single adsorption column (N=1) and a stratified
column comprised of two sections (N=2), respectively, as well as the times when the
concentration of the adsorbate in the column outlet stream becomes equal to 5% and 10%
of the inlet concentration of the adsorbate in the column.

The simulation results in Tables 3 and 4 clearly show that for given values of V;,
and 1/7; (i =1,2), the breakthrough time, tp, increases as the values of N and N’ increase.
When the value of the total recursion number, N’, of the fractal is increased from 1 to 2,

the adsorptive capacity of the particles increases, as the data for Cr;j+1 (i=1,2 and j=0,1,2)
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in Table 2 indicate, and this leads to a larger amount of adsorbate being adsorbed onto
the partially fractal particles and this can provide a reduction to the overall intraparticle
mass transfer resistance due to the fact that the higher adsorptive capacity leads to a
larger gradient in the concentration of the adsorbate in the pore fluid of the microspheres
from which the partially fractal particles are made from, and this latter effect increases
the intraparticle mass transfer rate. When the total number, N, of the sections of a
stratified column bed is increased from 1 to 2, the film mass transfer coefficient, Ks», in
the second section of the stratified column has a magnitude (see Eq. (31)) significantly
larger than the magnitude of the film mass transfer coefficient, Ks 1, in the first section of
the stratified bed and this can increase the speed of the mass of adsorbate that is being
transferred from the bulk flowing fluid phase to the surface of the particles; but most
importantly the adsorbate can attain large intraparticle mass transfer rates due to the fact
that the partially fractal particles of the second section of the stratified column are smaller
in diameter than the particles packed in the first section of the stratified column and for
the same value of 1/t; (i=1,2) in both sections of the stratified column, the adsorptive
capacity per partially fractal particle is significantly larger in the particles packed in the
second section of the stratified column, as the data on Table 2 clearly show. Thus,when
the value of N is increased from 1 to 2, both (i) the external mass transfer rate of the
adsorbate from the flowing fluid stream to the surface of the particles packed in the
second section of the stratified coclumn can increase, and (ii) the intraparticle mass
transfer rate of the adsorbate can increase due to the larger adsorptive capacity of the
partially fractal particles packed in the second section of the stratified column which

leads to a larger gradient in the concentration of the adsorbate in the pore fluid of the
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microspheres from which the partially fractal particles are made from. Furthermore, the
results in Tables 3 and 4 indicate that for given values of N, N’, and 1/7; (i=1, 2), the
effect of increasing the superficial velocity (increasing the system throughput), Vi,
(1i=1,2), leads, as expected, to a decrease in the value of the breakthrough time, t,, due to
the decreased residence times of the adsorbate molecules in the packed column beds. But
the value of t, obtained for a given value of the superficial velocity, Vi (i=1,2) , has a
larger magnitude for larger values of N, N’, and 1/7; (i=1,2). For the systems studied in
this work, it is observed that for a given value of Vs; (i=1,2) the largest value of t, is
obtained when N=2, N'=2, and 1/t; = 30 (i=1,2) and these represent the largest numbers
of N, N, and 1/7; (i=1,2) employed in this work. If the value of V¢=2.778x10° m/s is
taken to represent the base value of the superficial velocity in this study, then the data on
Tables 3 and 4 indicate that we have examined the effect that increasing values of Vi;
have on the breakthrough time, t,, by considering increments of 100% and 200% on the
base value of V;. If one determines the processed amount of adsorbate up to time t, in
the stratified column bed with N=2, N'=2, and 1/7; = 30 (i=1,2) by multiplying the inlet
concentration of the adsorbate with the result obtained from the product of the volumetric
flow rate with the breakthrough time, one would find that the processed amounts of
adsorbate are reduced by 36.33% and 54.21% when the value of V;is increased by 100%
and 200% above the base value of V;, respectively; these reductions are significantly
smaller than those that could occur when conventional columns packed with conventional
porous adsorbent particles were employed and the base value of the superficial velocity
had been increased by 100% and 200% [1-4, 15, 29]. Of course, if less conservative

values for the parameter Crj+1 (i=1,2 and j=0,1,2) had been used in our simulations, then
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larger breakthrough times, t,, would have been obtained and the magnitude of the effect
that increasing values of the superficial velocity, Vi (i=1,2), has on the breakthrough
time, tp, and the processed amount of adsorbate up to time t,, would have been smaller.
Furthermore, the results in Tables 3 and 4 indicate that for given values of N, N’,
and Vs; (i=1,2), the breakthrough time, ty, increases significantly in magnitude as the
value of 1/1; (i=1,2) increases. Increased values of 1/t; mean that the radii Ry j2and Ryis
of the microspheres are decreased, and the physical reasons for explaining the increases
in the breakthrough time, ty, are that (a) the length of the pathways for the diffusion of the
adsorbate in the microspheres decreases [1,2] and this results to a smaller resistance for
mass transfer in the microspheres and a larger adsorbate concentration gradient in the
fluid of the micropores, which provides a larger mass flux for the adsorbate in the
microspheres, and (b) the total internal surface area, Awsi (i=1,2), of the pores of the
adsorbent particle increases as the size of the microspheres from which the adsorbent
particle is made decreases (see Egs. (6) and (7)) because the number of smaller in size
pores in the partially fractal adsorbent particle of radius R,; increases with increasing
values of 1/7; (see Eg. (9) in Reference [1]), and this leads to larger adsorptive capacities,
as the data for Cr;j+1 (i=1,2 and j=0,1,2) in Table 2 indicate, which result to a larger
amount of adsorbate being adsorbed and this implies that the average mass transfer rate
of the adsorbate in the partially fractal particle of radius Rp; increases. From the
discussion above as well as in the previous paragraphs, it becomes apparent that increases
in the values of N’ and 1/t; act in a synergistic way to reduce the overall intraparticle
mass transfer resistance by increasing the adsorptive capacity of the microspheres and

also by providing a larger concentration gradient for the adsorbate molecules in the pore
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fluid which leads to a larger mass flux of the adsorbate in the microspheres of the
partially fractal particle. In Fig. 2 the breakthrough curves for the adsorption systems
with 1/t; =30 (i=1, 2) and when N=1, 2 and N'=1, 2 are presented. As we discussed in the
above paragraphs the physical reasons and mechanisms to explain the results on Tables 3
and 4, the breakthrough curves in Fig. 2 show with clarity that for a given 1/7; (i=1,2) the
breakthrough time, t,, and the efficacy of the dynamic adsorption of the adsorbate in a
column increase as the values of both parameters N and N’ increase; the largest value of
t, and highest dynamic adsorption efficiency for the adsorption systems whose
breakthrough curves are shown in Fig. 2, are obtained when N=2 and N'=2. It is
important to mention here that the relative importance of the parameters N and N’ on
influencing the value of the breakthrough time, t,, and the efficacy of the dynamic
adsorption of the adsorbate in a column, will depend on the value of 1/7; (i=1,2,..,N) as
well as the values of the other parameters of the system that influence the dynamic
behavior of the external and intraparticle mass transfer mechanisms. But the data in
Tables 3 and 4 and in Fig. 2 indicate that in practice it would be desirable to use a
stratified column (N>2) whose beds are packed with partially fractal particles having
technologically feasible and economically permissible high values of N’ and 1/7;
(i=1,2,..,N). Finally, it is worth mentioning that the results obtained when one uses values
for the inlet concentration, Cq,, Of the adsorbate in the column that are much larger than
25.10x107 kg/m®, follow the trends observed in the results of Tables 3 and 4 and Fig. 2.

It is worth mentioning here that not all types of materials could possess a
corpuscular structure being constructed by assemblies of nano and micro particles, as it

could be the case of cross-linked polymeric materials. Thus, if the research and
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development group of an organization cannot construct, due to technical, material, and
economic limitations, actual partially fractal porous particles, then it might be possible to
construct through a sequence of cross-linking operations a kind of quasi-partially fractal
porous particle as depicted in the figures provided in the supporting information of this
work. Of course, such quasi-partially fractal porous particles would be approximate
equivalents of actual partially fractal porous particles if the physical properties with
regard to local and global particle porosity, pore size and pore connectivity distributions,
and diffusional path lengths associated with the actual partially fractal porous particles

are closely satisfied by the pore structure of the quasi-partially fractal porous particles.

4. Conclusions and remarks

In this work a mathematical model is presented that could describe the dynamic behavior
of adsorption in a single column as well as in a stratified column packed with partially
fractal porous adsorbent particles. The model accounts for the mechanisms of the external
mass transfer of the adsorbate through the hydrodynamic boundary layer that surrounds
the spherical particles, intraparticle diffusion of adsorbate in the pore fluid of the
microspheres of radius Rpyij+1 (i=1,2,..,N and j=0,1,2,...N’) from which the partially
fractal particles of radius Rp; (i=1,2,..,N) are made from, and dynamic adsorption of the
adsorbate onto the immobilized active sites (ligands) on the pore surfaces of the
microspheres of radius Rmij+1. The partial differential equations of the model were solved
numerically and results were presented for the adsorption of lysozyme in a single column
(N=1) and in a stratified column of two sections (N=2) packed with partially fractal
porous adsorbent particles. Both the single column and the stratified column had the same

total length L.
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It was shown that as the values of (a) the total number, N’, of recursions of the
fractal and (b) 1/7; (i=1,2,3,..,N) which represents the ratio of the radii between larger and
smaller microspheres that make up the partially fractal particles of radius Ry;
(i=1,2,3..,N), increase, then the values of the surface areas, Aporesij+1 (1=1,2,3,..,N and
j=0,1,2,3,...N"), of the pores in the microspheres of radius Rpmij+1 (i=1,2,3,..,N and
j=0,1,2,3,..,N") increase which results to an increase in the value of the total intraparticle
(internal) pore surface area, Aws;i (i=1,2,3,..,N), of the partially fractal particles of radius
Rpi (1=1,2,3,..,N). This leads to the immobilization of a larger number of ligands (ative
sites) on these larger internal pore surface areas which implies that the values of the
maximum concentration of the adsorbate, Crj+1 (i=1,2,3,..,N and j=0,1,2,3,..,N"), in the
adsorbed phase could be increased as the values of N’ and 1/7; (i=1,2,3,..,N) increase.
Thus, the dynamic (see Egs. (18) and (20)) and the equilibrium adsorptive capacities of
the partially fractal particles can be significantly larger than those obtained from
conventional porous adsorbent particles. Furthermore, increases in the value of 1/
(1I=1,2,3,..,N) lead to smaller in length pathways of diffusion through the microspheres of
radius Rm,j+1 (1=1,2,3,..,N and j=0,1,2,3,..,N’) and this results to increased values in the
concentration gradient of the adsorbate in the microspheres which in turn provide higher
intraparticle diffusional mass fluxes of the adsorbate in the microspheres of the partially
fractal particles. This positive mass transfer effect resulting from increases in the value of
1/7 (i=1,2,3,..,N) together with the fact that larger values of N' and 1/t; can lead to larger
values of Crj+1 Which could provide a larger driving force for adsorption (see Egs. (18)
and (20)), indicate that increases in the values of N’ and 1/7; can lead to increases in the

intraparticle mass transfer and adsorption rates of the adsorbate molecules. When the
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number of the sections, N, of the stratified column increases, the average external mass
transfer rate of the adsorbate through the hydrodynamic boundary layer per unit column
length is increased. Furthermore, increasing values of N could (i) decrease the average
length of the pathways for intraparticle diffusion and this could increase the average
concentration gradient of the adsorbate in the microspheres forming the partially fractal
particles, and (ii) increase the average intraparticle pore surface area per unit length of the
stratified column bed which can lead to higher Ct;j+1 (i=1,2,3,..,N and j=0,1,2,3,..,N")
values that can provide higher dynamic and equilibrium adsorption capacities. Thus,
increases in the value of N could increase both the external and internal mass transfer
rates as well as the adsorption rate of the adsorbate.

The results and analysis presented in this work clearly show that as the values of
N, N', and 1/7; (i=1,2,3,..,N) increase, both the breakthrough time, t,, and the dynamic
utilization of the adsorptive capacity of the partially fractal particles increase. This is
what would be desired to occur in adsorption separations in practice.

It is important to mention here that for the physical reasons and process benefits
presented and discussed in this work, it could be possible that significant increases in
mass transfer and reaction rates could be realized if in packed bed chemical and
biochemical reactors the porous catalyst particles (both in chemical catalysis and
biocatalysis) could be replaced by partially fractal porous catalyst particles which would
be preferably packed in stratified column beds. The physical mechanisms of mass
transfer in chemical catalysis and biocatalysis reactors are similar to the ones considered
in this work while the adsorption mechanism of this work would be replaced by a

chemical reaction or a biochemical reaction mechanism.
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5. Nomenclature

Aei Adsorbate molecule in the pore fluid of particles of radius Rp,j+1 where
i=1,2,...,N and j=0,1,2,...N'

Assijnligij Adsorbed adsorbate onto immobilized ligand on the surface of the pores of
particles of radius R j+1 where i=1,2,..,N and j=0,1,2,..,N’

A i Surface area of the pores in the particles of radius Ry; where i=1,2,..,N, m®

A oresi 2 Surface area of the pores in the particles of radius Rm,;> where i=1,2,..,N,
m2

A e 3 Surface area of the pores in the particles of radius Rm,;s where i=1,2,..,N,
m2

Ausii Total (intraparicle) surface area of the pores in the particles of radius Ry

"
(Ausi= Y Apoesijer ) Where i=1,2,3,.,N, m?
j=0

Cii Concentration of adsorbate in the flowing bulk fluid in section S;
(i=1,2,..,N) of the stratified column, kg/m® of bulk fluid

Ciin Inlet concentration of adsorbate in the flowing bulk fluid of the column,
kg/m? of bulk fluid

Cainlyey Inlet concentration of adsorbate in the flowing bulk fluid in section Sj:;

=i+l

(i=1,2,..,N-1) of the stratified column, kg/m* of bulk fluid

Coou Concentration of adsorbate in the flowing bulk fluid exiting the column,
kg/m® of bulk fluid

Cooutl,o Concentration of adsorbate in the flowing bulk fluid exiting section S;
(i=1,2,..,N) of the stratified column, kg/m® of bulk fluid

Cijn Concentration of adsorbate in the pore fluid of particle of radius Rpm;j+1

where i=1,2,..,N and j=0,1,2..,N'’-1, kg/m3 of the pore fluid in the particle
of radius Rmij+1



p,i,N+1

Cps,i,j+l

s,i,j+1

Cs,i,N'+1

CT,i,j+1

T,iN'+1

Dfm

p,ij+l

Dp,i,N'+1

1ij+1

k2,i,j+1
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Concentration of adsorbate in the pore fluid of particle of radius Ry in+1
(i=1,2,..,N), kg/m® of the pore fluid in the particle of radius R, n+1

Average concentration of adsorbate in the pore fluid and adsorbed phase
of particle of radius Rp,j+> where i=1,2,..,N and j=0,1,2..,N"-1, kg/m3 of
particle of radius Rp,jj+2

Concentration of adsorbate in the adsorbed phase of particle of radius

Rmij+. Where i =1,2,..,N and j=0,1,2..,N'-1, kg/m® of particle of radius
Rm,ij+1

Concentration of adsorbate in the adsorbed phase of particle of radius
Rmin+1 Where i=1,2,..,N, kg/m® of particle of radius Ry,ij+1

Maximum equilibrium concentration of adsorbate in the adsorbed phase of

particle of radius Rm,jj+1 where i=1,2,...,N and j=0,1,2,...,N'-1, kg/m3 of
particle of radius Rp;jj+1

Maximum equilibrium concentration of adsorbate in the adsorbed phase of

particle of radius Ry, in+1 where i=1,2,...,N, kg/m3 of particle of radius
Rm,i,N'+l

Free molecular diffusion coefficient of adsorbate, m?/s

Effective pore diffusion coefficient of adsorbate in the pores of particle of
radius Rpij+ where i=1,2,..,N and j=0,1,2..,N'-1, m’/s

Effective pore diffusion coefficient of adsorbate in the pores of particle
Rmin+1 Where i =1,2,..,N, m?/s

Adsorption rate constant in particle of radius Rmij+1 where i =1,2,..,N and
j=0,1,2..N’, m*/(kg s)

Desorption rate constant in particle of radius Rmj+1 where i =1,2,..,N and
j=0,1,2..,N’, 1/s

Film mass transfer coefficient of adsorbate in section S; (i =1,2,..,N) of
column, m/s

Total column length, m

Length of section S; (i =1,2,..,N) of stratified column, m



Liig,ij+1

Rm,iN+1

Greek Letters

O
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Immobilized ligand (adsorption site) on the surface of the pores of particle
of radius Rm,j+ wherei=1,2,..,N and j=0,1,2..,N’

Total number of sections of stratified bed

Total number of recursions of the fractal (total number of divisions)

Radial coordinate in particle of radius Rm;j+ where i =1,2,..,N and
j=0,1,2..N’-1, m

Radial coordinate in particle of radius Ry j n+1 Wwhere i=1,2,...,N, m

Radius of adsorbent particles in section S; (i =1,2,..,N) of stratified
column, m

Radii of particles from which the particle of radius Ry; is made from and
where i=1,2,...,N and j=0,1,2,...N'-1, m

Radius of the smallest porous microspheres in the particles of radius Ry
where i=1,2,...,.N, m

Section i of stratified column (i = 1,2,..,N)
Time, s
Breakthrough time, s

Superficial velocity of bulk fluid in single column (N=1), m/s

Superficial velocity of bulk fluid in section S; (i=1,2..,N) of stratified
column, m/s

Volume of adsorbent particle of radius Ry (i=1,2,..,N), m?®

Axial coordinate along the column, m

Proportionality constant

L,/L,,, fori=1,2,..,N-1

pri/R fori=1,2,..,N-1

pitl



€pjij+l
€p,iN+1

Ti

1/‘Ci

Subscripts
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Packed bed porosity in column

Packed bed porosity in section S; (i=1,2,..,N) of stratified column
Porosity of particles of radius R, where i =1,2,3,..,N

Porosity of particles of radius Ry, j+1 where i=1,2,..,N and j=0,1,2,..,N'-1
Porosity of the smallest porous microspheres where i=1,2,...,N

Ratio of the radii between smaller and larger microspheres that make up
the partially fractal particle of radius Ry where i=1,2,3,..,N (see Eq. (1))

Ratio of the radii between larger and smaller microspheres that make up
the partially fractal particle of radius Rp; where i=1,2,3,..,N

denotes the section number in a stratified column, i=1,2,..,N

denotes the division (recursion) number of the fractal, j =0,1,2,..,N’
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Table 1. Common values of the parameters used in the adsorption systems of this study.
The adsorbate considered in this work is lysozyme [26, 30].

Cain = 25.10x10° kg/m®
Dim = 11.2x10™ m%s
D, = 0m’s fori=12,3,....N

Dpije1 = 4.04x10" m?s  fori=1,2,3,....N and j=0,1,2,...N’
kiijeo =3.088 m*/(kgs) fori=123,. ,Nand j=0,12,...N'

Kije1 = 0.5483 s fori=1,2,3,...Nand j=0,1,2,....N’

L=0.20m

N =1and N =2 in this study

N’=1 and N’ =2 in this study

Rp1=50x10° m

T=293.15K

a;=1.5 fori=1,23,....N
B, =15 fori=1,2,3,....N
€i=0.35 fori=1,2,3,....N
gp,i=0.60 fori=1,2,3,....N

gp,ij+1 = 0.60 fori=1,2,3,...,
1= 1.0019x10" kg/(m s)
p =997 kg/m’

z

andj=0,1,2,....N’
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Table 2. Values of the parameter Cr;j+1 where i = 1,2 and j = 0,1,2 employed in the
adsorption systems of this study. The indicated values of 1/t; are the same for both
sections (i=1,2) of the stratified column. The units of Ct11, Cr12 and Cry3are given in
the Nomenclature section.

Single column (N=1) of total length L = 0.2 m

N' 1/171 CT,1,1 CT,1,2 CT,1,3

1 5 0.89 1.34
1 10 1.79 2.68
1 20 3.57 5.36
1 30 5.36 8.04
2 5 0.89 1.34 2.01
2 10 1.79 2.68 4.02
2 20 3.57 5.36 8.04
2 30 5.36 8.04 12.06

2
Stratified column with two sections (N=2) and total length L:Z L,=0.2m

i=1

N L, L, Rp. Rp.2 1/z; | Section of length L; | Section of length L,
(m)  (m) (m) (m) Cri1 Cri2 Cras | Crar Craz Crogs

1 012 0.08 5.00x10° 3.33x10° 5 | 0.89 1.34 1.34 201

1 012 008 5.00x10° 3.33x10° 10 | 1.79 2.68 2.68 4.02

1 012 0.08 500x10° 3.33x10° 20 | 357 5.36 536 8.04

1 012 008 5.00x10° 3.33x10°> 30 | 5.36 8.04 8.04 12.06

2 0.12 0.08 5.00x10° 3.33x10° 5 |[0.89 1.34 201|134 201 301

2 012 0.08 5.00x10° 3.33x10° 10 [ 1.79 2.68 4.02 | 2.68 4.02 6.03

2 012 0.08 5.00x10° 3.33x10° 20 [ 357 536 804 536 804 12.06

2 0.2 0.08 5.00x10° 3.33x10° 30 | 5.36 8.04 12.06| 8.04 12.06 18.08
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Table 3. Number of minutes needed for the outlet concentration, Cq oy, Of the adsorbate
from a column bed comprised of one section (N=1) to be equal to 1% (breakthrough time,
tp), 5%, and 10% of the inlet concentration, Cq;i,, Of the adsorbate in the column for

various values of N', 1/t1, and V1. In all cases, Cq;n = 25.10%107 kg/m® and L=0.2 m.

Time, t

N | N L Rp’l Vf’l 1/’[1 €p1 (mln)

(m) (m) (m/s) 1% 5% | 10%
1|1 0.20]5.00%x10°|2.778x10°| 5 | 060 | 3.48 | 488 | 5.81
1|1 1]0.205.00x10° | 2.778x10° | 10 | 0.60 | 6.41 | 9.02 | 10.76
1|1 1]0.20|5.00x10° | 2.778x10° | 20 | 0.60 | 12.25 | 17.27 | 20.65
1|1 0.20|5.00x10° | 2.778x10° | 30 | 0.60 | 18.07 | 25.53 | 30.53
1|2 |0.20]500%x10°|2.778x10°| 5 | 060 | 4.11 | 581 | 6.95
1|2 |0.20]5.00%x10° | 2.778x10° | 10 | 0.60 | 7.73 | 10.90 | 13.03
1|2 ]0.20 | 5.00x10° | 2.778x10° | 20 | 0.60 | 14.89 | 21.03 | 25.15
1|2 ]0.20 | 5.00x10° | 2.778x10° | 30 | 0.60 | 22.03 | 31.14 | 37.26
1|1 0.20]5.00%x10°|5556x10°| 5 | 060 | 1.04 | 1.62 | 20.73
1|1 0.20|5.00x10° | 5.556x10° | 10 | 0.60 | 1.90 | 2.99 | 3.82
1|1 0.20|5.00x10° | 5.556x10° | 20 | 0.60 | 3.61 | 5.69 | 7.29
1|1 0.20|5.00x10° | 5.556x10° | 30 | 0.60 | 5.31 | 8.39 | 10.77
1|2 |0.20]5.00%x10°|5.556x10°| 5 | 060 | 1.19 | 1.91 | 2.46
1|2 |0.20|5.00%x10° | 5.556x10° | 10 | 0.60 | 2.27 | 3.59 | 4.61
1| 2 ]0.20 | 5.00x10° | 5.556x10° | 20 | 0.60 | 4.37 | 6.92 | 8.87
1|2 ]0.20 | 5.00x10° | 5.556x10° | 30 | 0.60 | 6.47 | 10.23 | 13.13
1|1 ]0.20 | 5.00x10° | 8.334x10°| 5 |0.60 | 0.47 | 0.80 | 1.06
1|1 0.20]5.00x10° | 8.334x10° | 10 | 0.60 | 0.87 | 1.47 | 1.95
1|1 /0.20|5.00x10° | 8.334x10° | 20 | 0.60 | 1.66 | 2.79 | 3.72
1|1 1]0.20|5.00x10° | 8.334x10° | 30 | 0.60 | 2.44 | 4.11 | 5.48
1|2 ]0.20 | 5.00x10° | 8.334x10°| 5 |0.60 | 0.54 | 0.93 | 1.25
1|2 |0.20|5.00%x10° | 8.334x10°| 10 | 060 | 1.03 | 1.76 | 2.35
1|2 ]0.20 | 5.00x10° | 8.334x10° | 20 | 0.60 | 2.00 | 3.38 | 4.52
1|2 ]0.20 | 5.00x10° | 8.334x10° | 30 | 0.60 | 2.96 | 5.00 | 6.68
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Table 4. Number of minutes needed for the outlet concentration, Cq oy, Of the adsorbate
from a stratified column bed comprised of two sections (N=2) to be equal to 1%
(breakthrough time, t,), 5% and 10% of the inlet concentration, Cq;,, of the adsorbate in
the column for various values of N’, 1/t; (i=1,2), and V4; (i=1,2). In all cases, Cqin =

2

25.10x10°° kg/m® and L= L,=0.2 m. The values of Vr;, 1/z;, and &, are the same in
i=1

both sections of the stratified column bed.

Time, t

NIN| L | L Rps Rp2 Vi 17 | & (min)

(m) | (m) (m) (m) (m/s) 1% | 5% |10%
2|1 (012008 |500x10° | 3.33x10° | 2.778x10° | 5 |0.60| 5.07| 6.72| 7.75
2|1 (012008 |500x10° | 3.33x10° | 2.778x10° | 10 | 0.60 | 9.55 | 12.65 | 14.59
2| 1(0.12|0.08 | 5.00x10° | 3.33x10° | 2.778x10° | 20 | 0.60 | 18.48 | 24.49 | 28.25
2|1 (012008 | 500x10° | 3.33x10° | 2.778x10° | 30 | 0.60 | 27.39 | 36.32 | 41.90
2| 2 |0.12|0.08 | 500x10° | 3.33x10° | 2.778x10° | 5 |0.60 | 6.06 | 8.07 | 9.32
2| 2 [0.120.08 | 500x10° | 3.33x10° | 2.778x10° | 10 | 0.60 | 11.57 | 15.35 | 17.71
2| 2012|008 | 500x10° | 3.33x10° | 2.778x10° | 20 | 0.60 | 22.52 | 29.86 | 34.45
2| 2012|008 | 500x10° | 3.33x10° | 2.778x10° | 30 | 0.60 | 33.47 | 44.39 | 51.22
2|1 (012008 |500x10° | 3.33x10° | 5.556x10° | 5 |0.60 | 1.61| 2.40 | 2.96
21012008 |5.00x10° | 3.33x10° | 5.556x10° | 10 | 0.60 | 3.05| 4.52| 5.56
21012008 |5.00x10° | 3.33x10° | 5.556x10° | 20 [ 0.60 | 5.89 | 8.73 | 10.75
21012008 |5.00x10° | 3.33x10° | 5.556x10° | 30 | 0.60 | 8.73 | 12.93 | 15.93
2| 2 (012|008 | 500x10° | 3.33x10° | 5.556x10° | 5 |[0.60| 1.91| 2.87 | 3.54
2|2 (012|008 | 500x10° | 3.33x10° | 5.556x10° | 10 | 0.60 | 3.68 | 5.47 | 6.74
2| 2 |0.12|0.08 | 5.00%x10° | 3.33x10° | 5.556x10° | 20 | 0.60 | 7.17 | 10.63 | 13.10
2| 2012|008 |5.00x10° | 3.33x10° | 5.556x10° | 30 | 0.60 | 10.65 | 15.79 | 19.46
2|1 (012|008 |500x10° | 3.33x10° | 8.334x10° | 5 |0.60| 0.77| 1.23| 1.58
2|1 (012|008 |500x10° | 3.33x10° | 8.334x10° | 10 | 0.60 | 1.46 | 2.32 | 2.97
2| 1 (012|008 |500x10° | 3.33x10° | 8.334x10° | 20 | 0.60 | 2.82 | 4.47 | 5.74
21012008 |500x10° | 3.33x10° | 8.334x10% | 30 [ 0.60 | 4.19| 6.62| 8.50
2| 2 (012|008 | 5.00x10° | 3.33x10° | 8.334x10° | 5 |0.60| 0.89| 1.46| 1.89
2| 2012|008 | 5.00x10° | 3.33x10° | 8.334x10% | 10 [ 0.60 | 1.75| 2.80| 3.60
2| 2012|008 |500x10° | 3.33x10° | 8.334x10% | 20 [ 0.60 | 3.43 | 5.44| 6.99
2| 2012|008 | 500x10° | 3.33x10° | 8.334x10% | 30 [ 0.60 | 5.11 | 8.09 | 10.38
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Figure 1. Schematic representation of partially fractal porous adsorbent particles with the
total number N’ of recursions of the fractal being (a) N'=1, and (b) N'=2, and (c)
schematic representation of a stratified column bed of N sections.
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Figure 2. Breakthrough curves from a single column (N=1) and a stratified column of two sections (N=2) packed with partially fractal
porous adsorbent particles. Both the single and the stratified columns have the same total length L=0.2 m.

Curve I: N=1,N'=1, 1/1, = 30; Curve 2:N=1,N"=2, 1/11 =30
Curve 3: N=2,N'=1,1/1j=30fori=1, 2; Curve 4:N=2,N'=2,1/t;=30 fori=1,2

¢0T
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APPENDIX

Quasi-Partially Fractal Porous Particle

Depiction of quasi-partially fractal porous particle constructed through a sequence of

cross-linking operations.

The above quasi-partially fractal porous particle was constructed by combining the cross-

linking operations shown below, which represent a three-stage process.
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2. CONCLUSIONS

Mathematical models are constructed and solved in order to study the dynamic
behavior of adsorption in column bed systems packed with partially fractal porous
adsorbent particles. The models account for the mechanisms of external film mass and
intraparticle diffusional of adsorbate in partially fractal particles as well as for the
mechanism of the adsorption of the adsorbate onto the immobilized adsorption sites
(ligands) on the pore surfaces of the particles.

The results obtained in this dissertation clearly show that:

1) Conventional columns packed with partially fractal porous adsorbent particles
provide larger breakthrough times and dynamic utilization of the adsorptive capacity of
the column than conventional columns packed with conventional porous adsorbent
particles.

2 Stratified column beds provide larger breakthrough times and significantly
sharper in shape breakthrough curves than those obtained from conventional columns
because the stratified column provides larger average external and intraparticle mass
transfer rates per unit length of packed column, and this effect increases as the number,
N, of the sections of the stratified column increases, the value of Bi (Bi = Rpi/Rp,i+1)
increases, and the value of o; (o = Li/Lj+1) decreases.

(3)  When the spatial distribution of immobilized ligand in the partially fractal
particles is nonuniform and satisfies a certain functional form, then the breakthrough
times and dynamic utilization of the adsorptive capacity of the particles obtained from a

stratified column, especially when the throughput is increased, are significantly larger
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than those obtained from a stratified column packed with partially fractal particles having
a uniform spatial distribution of immobilized ligand. The proper form of the nonuniform
spatial distribution of immobilized ligand increases the intraparticle mass transfer and
adsorption rates.

4) The breakthrough times and the dynamic utilization of the adsorptive capacity of
the partially fractal particles obtained from a stratified column increases as the total
number, N', of the recursion of the fractal and the value of the ratio 1/t; between the radii
of the larger and smaller microspheres from which the particle is made from, increase.

(5) The effect that increasing values of throughput have on the breakthrough time and
dynamic utilization of the adsorptive capacity of the column, becomes smaller as the
values of N' and 1/t; increase, because the intraparticle mass transfer and adsorption rates
increase as the values of N' and 1/7; increase.

(6) Partially fractal porous adsorbent particles and stratified column beds provide to
the designer and user of adsorbent media and column systems more degrees of freedom
with respect to the number of parameters and variables that could be controlled in the

design, construction, and operation of adsorption systems.

The physical and modeling concepts which are relevant to stratified column beds
and porous media having a partially fractal structure could also prove useful in the
design, construction, and operation of packed bed reactors involving chemical catalysis

and biocatalysis, as well as in fluidized and expanded beds.



APPENDIX A.

ESTIMATION OF SURFACE AREAS IN PARTIALLY FRACTAL PARTICLES
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In the following section, the estimation of the surface area of the pores in the
partially fractal particles packed in a stratified column bed is presented. The adsorption
columns considered in this work are packed with spherical porous adsorbent particles
which have a partially fractal structure. The radius of the particles packed in section S;
(i=1,2,..,N) of the column is Ry; (i=1,2,..,N), the microspheres that make up the particle of
radius Rp; have radius Rm;ij+1 and it is related to R through the expression shown in Eq.
(1):

—
Rm,i,j+1_ TiR

o fori=1,23, Nandj=0,1,23,.N (1)
In Eq. (1) i denotes the adsorbent particles packed in section S; of a stratified column bed
[1, 2] and Rp,j+1 represents the radius of the microspheres that make up the adsorbent
particle of radius Rp,; after j divisions, N denotes the total number of divisions (the total
number of recursions of the fractal), and t; represents the ratio of the radii between the
smaller and larger microspheres that make up the adsorbent particles of radius Rp;. The
value of 7 is less than unity (t; < 1) because the partially fractal particles of radii Rp,; are
comprised of the microparticles of radius Rm,j+1 (i = 1,2,..,N and j = 0,1,2,..,N’), and the
value of the total number of recursions of the fractal, N’, has to be finite [3] and have a
magnitude such that all pores in the partially fractal adsorbent particles have linear
dimensions (sizes) that could allow the effective transport of solvent and adsorbate
solute. It is noted that the porosity €p;j+1 Of each microsphere of radius Rpy;j+1 has the
same value of the porosity &,; of the adsorbent particle of radius Ry.

In the following paragraphs, we present the approach for estimating the surface

area, Apores,ij+1, Of the pores in the microspheres of radius Rm,j+1 in one single partially

fractal particle of radius Ry where i = 1,2,..,N and j = 0,1,2,..,N". It is worth mentioning
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here that Aporesis represents the surface area of the pores (macropores) of the partially
fractal particle Ry as it is indicated in Eq. (1) where Rm;j1=Rp;i when j=0.

As an approximation, the geometry of each recursion of the pores in the partially fractal
particles is considered to be cylindrical, and, furthermore, it is taken that the pores in the
microspheres of radius Rpy;j+1 have a quasi-uniform pore size distribution. The radius
(effective linear dimension) of the pores in the microspheres of radius R+ is taken to
be Apore,ij+1 and the length of the cylindrical pores in the microspheres of radius Ry, j+1 IS
taken to be Lporeij+1 Which is related to Aporeij+1 (i=1,2,..,N and j = 0,1,2,..,N’) by the
following expression:

L =yA fori=1,2,.,Nandj=0,1,2,..,N' 2

pore,i,j+1 pore,i,j+1

In Eq. (2), vy is a proportionality constant which characterizes the relationship of length
Lpore,ij+1 and radius Aporeij+1 OF the cylindrical pores in the microspheres of radius Rp,ij+1.

By employing the concept of the construction of partially fractal particles [1, 2, 3]
where the microspheres of radius Rpmjj+1 are formed through the gluing of the
microspheres whose radius is R j+» and satisfies the relationship

R ..
R _ Dmiju fori=1,2,.,N and j=0,1,2,..,N' ®)

m,i,j+2 i
T

it becomes apparent that the surface of the pores in the microspheres of radius Rpj+1 are

made from the microspheres of radius Rpij+2. An important aspect in the fractal structure
is the concept of self-similarity [4] and it could be appropriately related to the concept of
geometrical (physical) similarity of the radius of pores Apore,ij+1 In the microspheres of

radius Rm,j+1 (1=1,2,..,N and j=0,1,2,..,N") through Eq. (4)
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8 ij+ . .
xpore,i,j+l=6( Ml JRmM fori=1,2,.,N and j=0,1,2,.,N'  (4)

1_8m,i,j+l

In Eqg. (4), the parameter dis a proportionality constant that characterizes the packing
structure of microspheres of recursion j into a sphere of recursion j-1. One can then
consider that the volume of a single cylindrical pore of radius Aporeije1 1S
’L

oy the surface area of a single cylindrical pore of radius Aporeij+1 IS

pore,i,j+1 “—pore,i,j+1 ?

21\ L and the total volume Voresij+1 Of the pores of size Ayore,ij+1 in @ partially

pore,i,j+1—pore,i,j+1?

fractal particle of radius Ry is determined from the expression

\Y/ =V,;(1-¢,)'e,; fori=1,2,..,.N and j=0,1,2,..,.N' (5)

pores,ij+1™
where V,; is the volume of a single partially fractal particle of radius Ry and gy is the
porosity of the particle which is taken to satisfy the condition p; =¢&pj+1 (i=1,2,..,N and j
=0,1,2,..,N", as indicated above. By combining Eqgs (3)-(5) and considering that in a
single partially fractal particle of radius R the total surface area, Apores,ij+1, Of the pores
of size Apore,ij+1 formed by gluing microspheres of radius Rm i j+2, is the product of the total
number of pores of radius Apore,ij+1 in the particle times the surface area of a single pore of

radius Apore,ij+1, ONE obtains

_2V,(Le, )

pores i+ = SR, T fori=1,2,..,.Nand j=0,1,2,..,N' (6)

When partially fractal particles of radius Ryi with N’ = 2 are considered, then
from Eq. (6) the surface areas of the pores in (a) the microspheres of radius R 3, (b) the
microspheres of radius Ry, i, formed by gluing the microspheres of radius Rp 3, and (c)

the pores of the particle of radius R, formed by gluing the microspheres of radius Rm2,

could be determined from Eqgs. (7)-(9), respectively:
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2V (1€ .)?
poresi3: M for i:1,2,..,N (7)
N OR 5T,
2V (1€ .)*
poresi2: M for i:1,2,..,N (8)
N OR, 1T
2V . (1-g_.
Aporesi1= M for i:1,2,..,N (9)
" oR .1,

It is observed from Eqgs (6) — (9) that the surface area, Aporesin+1, Of the pores in the
smallest microspheres of a partially fractal porous adsorbent particle with the total
number of the recursion of the fractal being equal to N’, could be determined from the

expression

Apores’i’N,ﬂ:(l-gp’i)N'(%)N'Apores’iyl’ fori=1,2,..,N and j=0,1,2,..,N' (10)

The relationship of the surface area, Apores;ij+1, Of the pores in a given recursion j of a
partially fractal porous particle of radius Ry is related to the surface area, Apores,i,1, Of the

macropores of the partially fractal particles of radius Ry through the following equation:

A

pores,i j+1

=(1-¢,, )i(i)JAmm,ivly fori=1,2,..N and j=0,1,2,..,N' (11)
T

Thus, for given values of i (i = 1,2,..,N) and R; of a partially fractal porous adsorbent
particle, the surface area Aporesij+1 increases as (i) the value of 1/t increases (which
means the value of 7; is decreasing), and this means that the ratio of the radii between the
larger microspheres and the smaller microspheres from which the larger microspheres are
made from, increases and (ii) the number of the recursion of the fractal, j, increases.

It is important to note here that the total internal pore surface area, Ays,i, of the partially
fractal particle of radius Ry; is the summation of the surface areas, Aporesij+1

(J=0,1,2,..,N"), of the pores in the particle, that is
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N
2 Ay, fr 21,2, (12)

N .
j=0
Eq. (12) indicates that the value of Ays;increases as the total number, N’, of the recursion
of the fractal increases.

In Table 1, estimates of the values of Apores;ij+1 When i = 1,2 and j = 0,1,2 are
presented.

In the partially fractal porous adsorbent particle whose radius is Rp,i, Apores,ij+1 IS
the surface area of the pores in the microspheres of radius Rmj+1. The volume, Vi;ij+1,

of the microspheres of radius Rnm;j+1, in the particle of radius Ry is determined from the

expression

\Y/

m,i,j+1

=V,;(L-¢,;) fori=1,2,.,Nandj=0,12,.. N (13)
Considering that the surface area Apores,ij+1, 1S covered by a monolayer coverage of
adsorption sites (ligands), then the total molar amount of adsorption sites (ligands), nij+1,

on the pore surface area, Apores;ij+1, IS given by the expression

A .
= Drorsies 1 fori=1,2,.,Nandj=0,1,2,. N (14)

n.. = -
W aR 2N,

ads

where Rqgs is the radius of the adsorbed adsorbate (ligands), nR,,”is the projected

surface area of an adsorbed adsorbate onto the surface of the pores, Na is the Avogadro
number and its value is 6.022x10%° mol ™.
Thus, the maximum equilibrium concentration, Cr;j+1, of adsorbate in the adsorbed phase

of particles of radius Rm,j+1 could be estimated by Eq. (15):

n,; A i
Crjjuy= oo =i L fori=12.Nandj=012.N  (15)
" Vm,i,j+l 7.':I{ads NA Vp,i(l_sp,i)J
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Table 1. Examples of the values of Apgresij+1 (i =1,2and j =0,1,2)

L L R R Section 1 Section 2
N | N k X o o epi | /T 2 2 3 2 2 3
(m) (m) (m) (m) ’ Apores,i,l(m) ‘ Apores,i,z(m) ‘ Apore,i,s(m) Apores,i,l(m) ‘ Apores,i,z(m ) ‘ Apore,i,3(m )
2 1 012 0.08 5.00x10° 3.33x10° 0.40 5 | 1.884x107 5.652x10" 8.373x10® 2.512x107
2 1 012 0.08 5.00x10° 3.33x10° 0.40 10 | 3.768x10" 2.261x10° 1.675x107  1.005x10°®
2 1 012 008 5.00x10° 3.33x10° 0.40 20 | 7.536x107 9.043x10° 3.349x107  4.019x10°®
2 1 012 008 5.00x10° 3.33x10° 0.40 30 | 1.130x10° 2.035x10° 5.024x107  9.043x10°®
2 2 012 008 5.00x10° 3.33x10° 040 5 | 1.884x107 5.652x107 1.696x10° | 8.373x10® 2.512x107 7.536x107
2 2 012. 0.08 5.00x10° 3.33x10° 0.40 10 | 3.768x107 2.261x10° 1.357x10° | 1.675x107 1.005x10° 6.029x10°
2 2 012 008 5.00x10° 3.33x10° 0.40 20 | 7.536x107 9.043x10° 1.085x10* | 3.349x107 4.019x10° 4.823x10°
2 2 012 008 5.00x10° 3.33x10° 0.40 30 | 1.130x10° 2.035x10° 3.663x10™“ | 5.024x107 9.043x10°® 1.628x10™
2 1 012 0.08 5.00x10° 3.33x10° 050 5 | 1.570x107 3.925x10” 6.978x10° 1.744x107
2 1 012 008 5.00x10° 3.33x10° 050 10 | 3.140x107 1.570x10° 1.397x107  6.978x10”
2 1 012 0.08 5.00x10° 3.33x10° 050 20 | 6.280x107 6.280x10° 2.791x107  2.791x10°
2 1 012 0.08 5.00x10° 3.33x10° 050 30 | 9.420x107 1.413x10° 4.187x107  6.280x10°
2 2 012 008 5.00x10° 3.33x10° 050 5 | 1.570x107 3.925x107 9.813x10” | 6.978x10° 1.744x10" 4.361x107
2 2 0.12. 0.08 5.00x10° 3.33x10° 0.50 10 | 3.140x107 1.570x10° 7.850x10° | 1.396x107 6.978x10" 3.489x10°
2 2 012 0.08 5.00x10° 3.33x10° 050 20 | 6.280x107 6.280x10° 6.280x10° | 2.791x107 2.791x10° 2.791x10°
2 2 012 0.08 5.00x10° 3.33x10° 0.50 30 | 9.420x107 1.413x10° 2.120x10* | 4.187x107 6.280x10° 9.420x10°
2 1 012 0.08 5.00x10° 3.33x10° 060 5 | 1.256x107 2.512x10" 5.582x10°% 1.116x10”
2 1 012 0.08 5.00x10° 3.33x10° 0.60 10 | 2.512x107 1.005x10° 1.116x107  4.466x10”
2 1 012 0.08 5.00x10° 3.33x10° 0.60 20 | 5.024x107 4.019x10° 2.233x107  1.786x10°
2 1 012 008 5.00x10° 3.33x10° 0.60 30 | 7.536x107 9.043x10° 3.349x107  4.019x10°®
2 2 012 0.08 5.00x10° 3.33x10° 0.60 5 | 1.256x107 2.512x10" 5.024x10”" | 5.582x10® 1.116x10" 2.233x10°
2 2 0.12. 0.08 5.00x10° 3.33x10° 0.60 10 | 2.512x107 1.005x10° 4.019x10° | 1.116x107 4.466x10" 1.786x10°
2 2 012 0.08 5.00x10° 3.33x10° 0.60 20 | 5.024x107 4.019x10° 3.215x10° | 2.233x107 1.786x10° 1.429x10°
2 2 012 0.08 5.00x10° 3.33x10° 0.60 30 | 7.536x107 9.043x10° 1.085x10* | 3.349x107 4.019x10° 4.823x10°

14



APPENDIX B.

ESTIMATION OF THE EFFECTIVE DIFFUSION COEFFICIENT OF

ADSORBATES IN THE PORES OF THE PARTICLES
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In this work, partially fractal porous adsorbent particles are packed in stratified
column beds. There are pores in each recursion, j, of the partially fractal porous adsorbent
particles which are formed by the surrounding of the microspheres of recursion j+1 in the
particle. Diffusion of the adsorbate is taken place in the pores of each recursion of the
microspheres, and, thus, the adsorbate can be transported onto the surfaces of the pores
and then adsorption of the adsorbate occurs and adsorbate-ligand complexes are formed.

In this work, the pores in the partially fractal porous adsorbent particles are
considered to be of cylindrical geometry so that they can be characterized by a single
parameter, namely the pore radius. They are a series of tortuous, interconnecting paths of
pore bodies and pore throats with varying cross-sectional areas. Diffusive transport
typically is described using Fick’s law to relate the diffusive solute flux to the difference
in adsorbate concentration between adjacent regions by means of a diffusion coefficient
[1]. To consider the diffusion process within each and every of the tortuous pathways in
the particles individually is tedious and not fruitful [2], and, thus, an effective pore
diffusion coefficient is used to describe the diffusion process taking place at any position
in the particle. Because of the constriction of transport of a solute in a pore and the
tortuous flow paths in the pores, the effective pore diffusion coefficient, Dy j+1, is much
lower than the free molecular diffusion coefficient, Dm. An expression that relates Dy j+1
to Dsn, is given by the following equation:

D .
D — fmgp,|,1+1Gc (l)

P+l T T
In Eq. (1) Dy,ij+1 is the effective pore diffusion coefficient of the adsorbate in the pores of

the microspheres whose radius is Rm,ij+1, €p,ij+1 1S the porosity of the microspheres whose

radius is Rm,j+1, oc IS @ constriction factor to account for the constricted transport of a
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solute in the pores of small radii, and t is a tortuosity factor that accounts for the
reduction in diffusive flux caused by the tortuous path lengths. The tortuosity factor is the
ratio of the actual distance the adsorbate travels between two points to the straight line
distance between those two points, and, thus, the tortuosity factor is always greater than
one (> 1).

For the BSA adsorption system studied in this work, the free molecular diffusion
coefficient of BSA has the value D¢y, = 6.70x10™ m?s, the porosity of the microspheres

in each recursion of the particle has the value gpj+1 = 0.60, the value of the constriction

factor g, was chosen to be equal to 0.88 and the tortuosity factor T was taken to be equal

to 1.414. Combining these parameters in Eq. (1), the effective pore diffusion coefficient
of BSA in this study is determined and Dp,jj+1 = 2.50x10™ m?/s.

For the lysozyme adsorption system studied in this work, the free molecular
diffusion coefficient of lysozyme has the value Ds, = 11.2x10™ m%s, the porosity of the
microspheres in each recursion of the particle has the value gj+1 = 0.60, the value of the
constriction factor for the lysozyme is taken to be equal to 0.85, and the tortuosity factor
1 Is taken to be equal to 1.414. By combining these parameters in Eq. (1), the effective
pore diffusion coefficient of lysozyme in this study is obtained and Dy;j+1 = 4.04x10™

m?/s.

When the value of the free molecular diffusion coefficient of the adsorbate is not
known from experimental measurements, its value could be estimated by the following
Stokes-Einstein relation which assumes that the adsorbate is a spherical molecule:

KT
D,,=—— )

6mrm
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In Eq. (2), k represents the Boltzman constant whose value is 1.38x107% J/K, r is the

radius of the molecule, n is the viscosity of the solvent, and T is the temperature of the

system.
Young and others [3] have also suggested a correction to calculate the diffusion

coefficient Dsy, of a protein, and this correction is given by the expression

g T
Dfm = 834)(10 8 W (3)

where T is the absolute temperature of the system (K), M is the molecular weight (g/mol)

of the protein and 1 represents the viscosity of the solvent (cP).
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APPENDIX C.

RELATIONSHIP BETWEEN LIGAND DENSITY CONCENTRATIONS Crij+1,u
AND Cr maxij+1 IN THE PARTIALLY FRACTAL POROUS ADSORBENT

PARTICLES PACKED IN STRATIFIED COLUMN BED SYSTEMS



121

Porous adsorbent particles with partially fractal structure [1, 2] are packed in the
stratified column bed systems and the size of the particles, Rp;, in each section S; is
decreasing along the flow direction. Adsorption sites (ligands) exist on the intraparticle
pores of the partially fractal porous adsorbent particles and, thus, adsorption of the
adsorbate onto the adsorbed phase of the particles occurs.

There are at least two different approaches which could be employed for the
immobilization of adsorption sites (ligands) on the intraparticle pore surfaces of the
partially fractal porous adsorbent particles. Both approaches depend on the construction
procedures of the partially fractal particles. In approach (A), partially fractal porous
particles with recursion N' of the fractal is constructed from base matrices and then
ligands are introduced to the pores of the partially fractal particle, and, thus, adsorption
sites could be attached on the pore surfaces of the spherical particles of recursion number
] =0,1,2,...,N". In Approach (B) the adsorption sites (ligands) are only introduced to the
pores of the microspheres of recursion number N' (smallest microspheres), then these
smallest microspheres are glued together to form spheres of recursion numbers N'-1, N'-
2,...,1, and 0. Thus, in Approach (B), there are no adsorption sites (ligands) on the
surface of the pores in the microspheres of recursion numbers N'-1, N'-2, N'-3,...,1 and 0,
and adsorption sites (ligands) are only immobilized on the pore surfaces of the
microspheres of recursion number N'.

In many studies as well as in the work of Li and Liapis [2], the distribution of the
adsorption sites (ligands) on the pores of particles is considered to be uniform and has the
same value in every spatial position. However, recently obtained results [3-5] determined

from molecular dynamic modeling and simulation studies of the polymeric particles of
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which the charged ligands are immobilized onto the pore surfaces, indicate that the
spatial density distribution of the immobilized ligands is likely to be non-uniform.
Furthermore, Liapis et al. [6] showed that the dynamic adsorption performance of the
conventional columns packed with porous adsorbent particles having conventional pore
structures depends largely on the spatial density distribution of the immobilized ligands,
and better adsorption performance can be achieved when the packed porous adsorbent
particles in the adsorption column systems employ non-uniform ligand density
distribution and the concentration of the immobilized ligands increases monotonically
from the center of the particle to the outer particle surface when compared with the
adsorption performance of the column in which the packed adsorbent particles have
uniform ligand density distribution.

Therefore, it is interesting to analyze the dynamic performance of the stratified
column bed systems whose sections are packed with partially fractal porous adsorbent
particles employing non-uniform ligand density distribution on the pore surfaces of the
particles and compare it with the dynamic adsorption performance of the stratified
column beds whose packed partially fractal porous adsorbent particles have uniform
ligand density distribution. In order to make a fair comparison of the performance
between the uniform ligand density distribution system and the non-uniform ligand
density distribution system, it is necessary to require that the total number of adsorption
sites (ligands) in both systems be the same.

The expression of the adsorption of the adsorbate onto the immobilized ligand on
the pore surfaces of the particles of radius Ryi and Rm;j+1 IS considered to follow a

second-order adsorption mechanism given by the form
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oC...
;’Hl =kl,i.j+lcp,i,j+1(CT,i.j+l_Cs,i.j+l)_k2,i,j+le.i,j+l for i=1,2,..,N and j=0,l,2,..,N'-l (1)

It is important to mention here that, Rpi = Rm;1 (i=1,2,..,N). The adsorption of the
adsorbate onto the immobilized ligand on the pore surfaces of the smallest microspheres

of radius Ry, i+ takes the form

0C, s .
%:kl,i,N‘+levi,N'+1(CT,i,N‘+l_Cs,i,N'+1)_kz,i,N'+1Cs,i,N'+1 fori=1,2,...N ()

The terms Crij+1 and Crine1in Eq. (1) and Eq. (2), respectively, denote the local
maximum equilibrium concentration of adsorbate in the adsorbed phase of the pores in
the spherical particles of radii Rm;j+1 (i=1,2,.,.N and j = 0,1,2,..,N’-1) and Rpyin-1
(i=1,2,..,N). When monovalent adsorbate-ligand adsorption is considered, Cr,j+1 and
Cr.in+1 also represent the local maximum concentration of the immobilized ligands in the
microspheres Rm;ij+1 (i=1,2,..,N and j = 0,1,2,..,N"-1) and Rpin+1 (1=1,2,..,N).

For the adsorption system whose packed adsorbent particles have uniform ligand
density distribution, the term Cr;ij+1 has the same value along every radial position, r, of

the microspheres Rp;ij+1 (i=1,2,..,N and j = 0,1,2,..,N") and, thus,

=C fori=1,2,..,.Nandj=0,1,2,..,N-1 3)

Tijl S Tij+U

=C fori=1,2,....N (4)

TiN+L TiN+1,U
But for the adsorption systems whose spatial ligand density distribution on the surface of
the pores in each recursion j of the microspheres is not uniform, the value of C+;+1 in EQ.
(1) and the value of Crin+i in Eq. (2) need to vary along the radial position r of the

microspheres Rm,ij+1 and R inv+1, respectively.
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For the non-uniform ligand density distribution on the pores of the partially fractal
porous adsorbent particles, different ligand density distribution functional forms could be
employed for each recursion, j, corresponding to the microspheres packed in each
section, S;, of the stratified column bed system, and, thus, the C+j+1 and Cr -+ could be
represented in the following forms

ri=Crroipn fiy(=——)  for0<r<R

T,max,ij+1 "ij R

C i=1,2,.,Nand j=0,1,2,.,.N-1  (5)

m,i,j+1?
m,i,j+1

r

C =C

T,i,N'+1 T,max,i,N'+1 fi,N‘( R ) for O <rs I:am,i,N'+1' i:1'2""N (6)

m,i,N'+1
where Crmaxij+1 and Crmaxin+i denote the maximum adsorption sites (ligands)

concentration on the pores of the microspheres of radius Rpyij+1 and Ruinw1, respectively,

and fi’j(#) and fi]N.(;) are dimensionless functional forms.

miij+1 mi N1

The amount of adsorption sites (ligands) on the pore surfaces of the microspheres
of radii Rmj+1 (i=1,2,.,N and j=0,1,2,..,.N’-1) and Rn;in+: in a partially fractal porous
adsorbent particle, is given by expressions (7) and (8), respectively,

m|' 1

M= | 4nCpyyr’dr fori=12,.Nandj=0,12..N-1 (7)
0

leN +1

Mgy = f An Cor i r’dr fori=12,.N (8)
0

The total amount of adsorption sites (ligands) in a partially fractal porous
adsorbent particle of radius Ry is determined from the summation of the amount of
adsorption sites (ligands) in every recursion, j, of the particle, and is given by expression
(9)

mg;, =mg;,+mg,,+...+m

s,i,1 s,i,N' m

ann TOri=12..N ©)
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By combining Egs. (3), (4), (7)-(9) together, the total amount of adsorption sites
(ligands), ms;u, in the partially fractal porous adsorbent particle of radius R,; whose
microspheres employ uniform ligand density distribution, could be obtained.
Furthermore, by combining Egs. (5), (6), (7)-(9) together, the total amount of adsorption
sites (ligands), ms;p, in the partially fractal porous adsorbent particle of radius R,; whose
microspheres employ non-uniform ligand density distribution could be obtained. By
equating the values of mg;y and mg;p which means that the total amount of adsorption
sites (ligands) in the particle whose microspheres have uniform ligand density
distribution is equal to the total amount of adsorption sites (ligands) in the particle whose
microspheres have non-uniform ligand density distributions, the relationship between
Cr.ij+1,u and Crmax,ij+1 could be obtained.

Egs. (1)-(9) represent a quantitative approach for the determination of the total
amount of adsorption sites (ligands) in a partially fractal porous adsorbent particle of
radius Rp; which has ligand molecules immobilized on the surface of the pores in the
microspheres of each division (recursion) number j = 0,1,2,..,N’, and it consideres that the
immobilization of the ligands in the adsorbent particles took place by approach (A). If the
immobilization of the ligands in the adsorbent particles took place by approach (B) so
that there are only ligands immobilized on the surface of the pores in the smallest
microspheres of radius Ry i1, then the values of mgj:1 fori=1,2,..,.N and j=0,1,2,..,N'-
1 are all equal to zero and Eq. (9) takes the form

m,; =m fori=1,2,...N (9-a)

s,i,N'+1
Then by combining Egs. (4), (6), (8) and (9-a), the relationship between Crn-1.u and
Crmaxin1 1IN the partially fractal porous adsorbent particles whose construction process

employed approach (B), is obtained.
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For example, if a partially fractal porous adsorbent is constructed by approach (B) and
the spatial distribution of the immobilized ligand in the smallest microspheres of radius
Rm.in+1 has the form

— L ) foro<r<R,,,., and i=123,..N (10)

T,max,i,N'+1(
R

Crinen=C
m,i,N'+1
then by combining Egs. (4), (8) and (10) the following expressions are obtained for mg;

and mg; p:

ms,i,U:%nCT,i,N'+l,U an,i,N'+1 fori=1,2,3,.,N (11)

ms,i,ngﬁc rmacine R fori=1,23,.N (12)

Therefore, one can now easily show that the relationship between the ligand density

concentrations of C+ jn+1,u @nd Cr max,in+1 1S given by expression (13)

Cromae = (2)Criway fori=123,.N (13)
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APPENDIX D.

EQUILIBRIUM LANGMUIR ISOTHERM CURVES FOR THE BOVINE SERUM

ALBUMIN (BSA) AND LYSOZYME ADSORPTION SYSTEMS



129

It is assumed that in the stratified column bed packed with porous adsorbent
particles of fractal structures, only one-site adsorbate-ligand complexes are considered to
be formed from the interaction between the adsorbate molecules and the immobilized
ligands, and, thus, the interaction between unbound adsorbate, Aagsij+1, and vacant

immobilized ligand, Liig;j+1, is considered to be of the form

k1,i,j+1
Aads,i,j+1 + I—Iig,i,j+1 (WAads,i,jﬂLlig,i,jﬂ (1)
where Ag;ijs1loigij+1 represents the one-site adsorbate-ligand complex. The dynamic

adsorption mechanism which can quantitatively describe expression (1), is given by

aC,;:
%’*1:l<m.+1c:p,i,j+1(CTJ,H-CS,iJ.ﬂ)-kmﬂc&i,,}1 fori=1,2,.,Nand j=0,1,2,..,N' )

which is, of course, a second-order adsorption mechanism. In Eq. (2), Cp,ij+1 represents
the concentration of the adsorbate in the microspheres Rm;j+1, Csij+1 represents the
concentration of the adsorbate in the adsorbed phase in the microspheres Rpy;j+1 and
Cr.ij+1 represents the concentration of the adsorption sites (ligands) in the microspheres
Rmij+ (i=1,2.,.Nandj=0,1,2,.N').

If the left hand side of Eq. (2) is set equal to zero, this could imply that the
adsorption step occurs in effect infinitely fast and adsorption equilibrium takes place and
follows the Langmuir equilibrium adsorption isotherm, and, therefore, the relationship of
Cp,ij+1, Csjj+1 and Crij+1 is shown as follows

_k

S,i,j+l_ k

1,i,j+lC
C

C...
T,ij+1 (3)
+k2,i,j+l

pi,jt+l

C

Lij+1p,ij+1
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For BSA adsorption systems studied in this work, ki; = 1.05 m*/(kg s) and k,; =
0.131 s™; for the Lysozyme adsorption systems studied in this work, ky;j+1 = 3.088 m*
/(kg s) and k;j+1=0.5483s™ (i=1,2,..,Nandj=0,1.2,..,N').

When one uses k; and k; to represent the terms Kk ;j+1 and ko,ij+1, respectively, in
Eq. (3) and replaces Csjj+1, Cr,ij+1, Cpiij+1 With the more general terms Cs, Cr, and C,,
respectively in Eq. (3), then Eq. (3) acquires the form

_ kC,C,
* k,C,+k,

(3-a)

where k; and k, denote the forward and backward adsorption rate constants of the
adsorption mechanism, C, is the concentration of the adsorbate in the pores of the
particle, Ct denotes the maximum equilibrium concentration of adsorbate in the adsorbed
phase of the particle, and C represents the concentration of the adsorbate in the adsorbed
phase of the particle.

In Figs. 1-4, for given values of Cr, the equilibrium values (Eq. (3-a)) of C as a

function of the value of C, for the BSA and lysozyme adsorption systems, are plotted.



Cs (kg/m®)

80.00

70.00

60.00

50.00

40.00

30.00

20.00

10.00

0.00

5.00

| Cr =78.3 kg/m®
0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50
C, (kg/m®)

Figure. 1 Equilibrium Langmuir adsorption isotherm curve for BSA system
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Figure. 2 Equilibrium Langmuir adsorption isotherm curve for lysozyme system
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ADDITIONAL RESULTS
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APPENDIX E present additional results for the Bovine Serum Albumin (BSA)
and lysozyme adsorption systems of this work. Tables 1-6 show additional results for the
BSA adsorption system (Paper 1) whose packed porous adsorbent particles employ
uniform ligand density distribution; Tables 7 and 8 show additional results for the BSA
adsorption system in which the packed porous adsorbent particles employ non-uniform
ligand density distribution (see Paper 2); Tables 9 and 10 show additional results of the

lysozyme adsorption system (Paper 3) when N’ =1 and N' = 2.



Table 1. BSA adsorption systems with uniform ligand density distribution
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Cain = 0.1kg/m® Cuin = 1.5kg/m®
N Ly Rp.1 Ve Time, t Time, t
. 0 Bi 1/% ' e,
(m) (m) (m/s) (min) (min)
1% 5% 10% 1% 5% 10%

2 03 75x10° 15 15 3 2.778x10° 3.28 11.96 27.28 2.40 5.81 10.99
2 03 50x10® 15 15 3 2.778x10°° 26.62 87.45  163.10 14.76 35.78 55.32
2 03 25x10® 15 15 3 2.778x10° | 34385 54611 669.61 | 12060 135.61 141.90
2 025 75x10° 1 15 3 2.778x10°° 3.96 14.84 33.52 2.80 7.20 13.22
2 025 50x10° 1 15 3 2.778x10° 32.68 10353 187.61 18.00 41.70 62.22
2 025 25x10° 1 15 3 2.778x10° | 37550 577.76  697.99 | 123.90  136.80 142.46
2 03 75x10° 15 15 10 2.778x1073 20.20 68.05 121.11 11.67 27.30 39.00
2 03 50x10® 15 15 10 2.778x10° | 11190 22052  305.62 49.59 70.49 82.38
2 03 25x10° 15 15 10 2.778x10° | 473.45 643.03 74441 | 13620 143.20 146.48
2 025  75x10° 1 15 10 2.778x107 25.04 79.63  136.58 14.10 31.20 42.64
2 025 50x10° 1 15 10 2.778x10° | 126,59  240.46  328.37 54.60 75.60 87.17
2 025 25x10° 1 15 10 2.778x10° | 501.91 670.88  769.52 | 13740  143.70 146.71
2 03 75x10° 15 15 20 2.778x1073 42.08 98.44  147.32 21.00 34,50 42.85
2 03 50x10°® 15 15 20 2.778x10° | 139.20 239.09  318.07 56.97 73.48 83.45
2 03 25x10® 15 15 20 2.778x10° | 486.09 650.81  749.99 | 138.10  143.60 146.69
2 025 75x10° 1 15 20 2.778x10°° 49.09 109.38  160.91 23.70 37.50 46.16
2 025 50x10° 1 15 20 2.778x10° | 15299 257.85  339.98 61.50 78.30 88.17
2 025  25x10° 1 15 20 2.778x10° | 513.94 67836 77491 | 13920 144.30 146.91
2 03 75x10® 15 3 3 2.778x10°° 33.44 98.60  169.27 18.60 39.60 56.10
2 03 50x10® 15 3 3 2.778x10° | 160.21 30059  401.13 75.60 99.41 110.09
2 03 25x10® 15 3 3 2.778x10° | 580.15 736.22 818.15 | 150.90  154.10 155.57
2 025 75x10° 1 3 3 2.778x10°° 52.97 142.03  228.29 28.20 53.70 70.09
2 025 50x10° 1 3 3 2.778x10° | 216.11 37250  476.95 9122 110.75 119.46
2 025  25x10° 1 3 3 2.778x10° | 663.25 806.74 877.40 | 15150 154.10 155.83
2 03 75x10% 15 3 10 2.778x10° | 111.73 208.95  285.50 52.18 69.27 78.68
2 03 50x10% 15 3 10 2.778x10° | 278.10 41584 506.36 | 105.05 116.06 121.32
2 03 25x10® 15 3 10 2.778x10° | 685.93 816.36 881.60 | 15450  156.00 156.81
2 025  75x10° 1 3 10 2.778x10° | 146.69 259.67  343.19 63.90 80.99 90.12
2 025 50x10° 1 3 10 2.778x10° | 33757 48254 573.74 | 11506 124.20 128.64
2 025 25x10° 1 3 10 2.778x10° | 760.22 877.31 93239 | 154.80  156.10 156.91
2 03 75x10® 15 3 20 2.778x10° | 136.00 22929  301.12 57.90 71.70 79.84
2 03 50x10% 15 3 20 2.778x10° | 297.26 42862 51586 | 107.74  117.07 121.83
2 03 25x10°® 15 3 20 2.778x10° | 696.18 822.94 886.42 | 155.10  156.30 156.88
2 025  75x10° 1 3 20 2.778x10° | 172.00 277.38  356.38 69.30 83.10 91.05
2 025 50x10° 1 3 20 2.778x10° | 354.47 49374 58213 | 117.44  125.09 129.06
2 025  25x10° 1 3 20 2.778x10° | 769.13 88298 93655 | 155.12  156.30 156.97
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Cd‘in = 0.1kg/m3 Cd,in = 1.5kg/m3
N L1 Rp1 Vs ; Time, t
) ) ) Time, t '
(m) m w B Un g (min) (min)

1% 5% 10% 1% 5% 10%
2 0.3 75x10® 15 15 3 5.556x10° 0.60 1.16 231 0.56 085 1.27
2 0.3 50x10® 15 15 3 5.556x10° 221 8.39 18.74 1.48 397 730
2 0.3 25x10® 15 15 3 5.556x10° 6351 14230  205.96 30.60 47.70 56.27
2 025 75x10°® 1 15 3 5.556x10° 0.61 1.36 2.83 0.58 095 1.48
2 025 50x10°® 1 15 3 5.556x10° 2.72 10.37 22.84 1.80 480 874
2 025 25x10°® 1 15 3 5.556x10° 73.66  157.41  222.07 3450 51.00 5857
2 0.3 75x10® 15 15 10  5556x10° 1.52 6.50 15.25 1.20 330 6.06
2 0.3 50x10°® 15 15 10  5.556x103 14.35 43.49 72.84 782 16,61 22.48
2 0.3 25x10° 15 15 10  5.556x10° 13281 20751  259.73 4918 57.60 62.03
2 025 75%x10°® 1 15 10 5.556x10° 1.89 8.14 18.65 1.40 390 7.22
2 025 50x10° 1 15 10 5.556x10° 17.52 50.03 81.10 9.60 18.60 24.37
2 025 25x10°® 1 15 10 5.556x10° 14398 22061  273.35 5159 59.89 63.94
2 0.3 75x10® 15 15 20  5.556x10° 4,00 15.74 30.01 2.70 6.90 10.24
2 0.3 50x10°® 15 15 20  5.556x103 27.13 58.31 84.68 12.75 19.72 24.08
2 0.3 25x10® 15 15 20  5.556x10° 14240 21323  263.61 50.30 58.49 62.24
2 025 75%x10°® 1 15 20 5.556x10° 5.07 18.75 34.28 3.30 7.80 11.30
2 025 50x10° 1 15 20 5.556x10° 31.12 64.28 92.03 1438 2150 25.84
2 025 25x10°® 1 15 20 5556x10° 153.05 226.02  277.06 53.98 6059 64.15
2 0.3 75x10° 15 3 3 5.556x1073 2.93 10.84 23.09 2.10 510 8.79
2 0.3 50x10° 15 3 3 5.556x1073 22.34 61.38  100.45 12.03 2401 3212
2 0.3 25x10° 15 3 3 5.556x10° 177.26  259.04  308.30 64.79 69.00 7150
2 025 75%x10°® 1 3 3 5.556x1073 4.89 17.61 35.91 3.00 7.80 13.06
2 025 50x10° 1 3 3 5.556x1073 34,58 86.00 132.04 17.76 3127 39.24
2 025 25x10°® 1 3 3 5.556x1073 215.75  297.94 34453 67.80 7170 73.33
2 0.3 75x10° 15 3 10  5.556x10° 17.25 44.67 70.03 9.60 17.36 22.06
2 0.3 50x10° 15 3 10  5.556x10° 66.41 118.70  158.64 2985 3821 4273
2 03 25x10® 15 3 10  5.556x10° 237.31  309.86  351.17 70.67 7280 73.89
2 025 75x10°® 1 3 10 5556x10° 26.31 60.72 90.53 1350 21.90 26.92
2 025 50x10° 1 3 10  5.556x10° 86.70 14553  188.60 3596 44.11 48.38
2 025 25x10°® 1 3 10  5.556x10° 27327 34424 38269 7258 7438 7527
2 03 75x10° 15 3 20  5.556x10° 2785  56.84 81.66 13.80 19.80 2351
2 03 50x10® 15 3 20  5.556x10° 7862 12831  165.84 3247 3926 4324
2 0.3 25x10° 15 3 20  5.556x10° 24431 31447 35461 7140 7290 74.00
2 025 75x10° 1 3 20  5556x10° 3816 7250  100.90 17.40  24.00 28.04
2 025 50x10° 1 3 20  5.556x10° 98.15 153.83  194.71 3832 45.02 4879
2 025 25x10°® 1 3 20  5.556x10° 279.40 34826  385.69 7310 7450 75.36
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Cd‘in = 0.1kg/m3 Cd,in = 1.5kg/m3
N Ly Rps B I Vi Time, t Time, t
(m) (m) i i i (mis) (min) (min)
1% 5% 10% 1% 5% 10%

2 03 75x10° 15 15 3 8.334x10° 0.35 0.38 0.67 0.35 0.38 0.50
2 03 50x10® 15 15 3 8.334x10° 0.58 1.95 4.47 0.49 1.08 1.96
2 03 25x10® 15 15 3 8.334x10° 18.36 51.76 86.38 9.88 19.80 27.01
2 025  75x10° 1 15 3 8.334x10° 0.36 0.41 0.78 0.36 0.40 0.54
2 025 50x10° 1 15 3 8.334x10° 0.68 241 5.53 0.60 121 2.35
2 025  25x10° 1 15 3 8.334x10° 22.06 59.52 96.39 11.39 22.20 29.21
2 0.3 75x10° 15 15 10 8.334x1073 0.41 1.42 3.50 0.39 0.86 1.61
2 03 50x10% 15 15 10 8.334x10° 412 15.38 29.66 2.68 6.60 10.09
2 03 25x10® 15 15 10 8.334x10° 56.85 99.07  130.53 23.40 29.89 33.48
2 025  75x10° 1 15 10 8.334x10°° 0.47 1.78 4.39 0.40 0.90 1.95
2 025 50x10° 1 15 10 8.334x1073 17.52 50.03 81.10 3.27 12.75 25.49
2 025  25x10° 1 15 10 8.334x10° 62.84 106.65 138.91 24.90 31.50 35.08
2 03 75x10® 15 15 20 8.334x10° 0.83 3.89 9.03 0.60 2.00 3.59
2 03 50x10% 15 15 20 8.334x10° 8.18 22.70 36.14 437 8.38 10.95
2 03 25x10® 15 15 20 8.334x10° 64.96 10410  133.87 25.20 30.60 33.72
2 025  75x10° 1 15 20 8.334x1073 1.06 4.86 10.89 0.78 2.40 419
2 025 50x10° 1 15 20 8.334x10° 9.86 25.67 39.88 5.40 9.30 11.86
2 025  25x10° 1 15 20 8.334x10°° 7056  111.37  142.05 27.00 32.10 35.30
2 03 75x10® 15 3 3 8.334x10°° 0.73 2.58 5.84 0.60 1.43 2.45
2 0.3 50x10° 15 3 3 8.334x1073 5.65 18.83 35.64 3.24 7.97 12.50
2 03 25x10® 15 3 3 8.334x10° 7853  130.04  164.03 33.90 39.60 41.96
2 025  75x10° 1 3 3 8.334x107® 1.15 4.30 9.56 0.90 2.10 3.80
2 025 50x10° 1 3 3 8.334x10° 9.28 28.67 51.05 5.10 11.55 16.89
2 025  25x10° 1 3 3 8.334x1073 100.70 15547  189.35 37.80 42.30 44.24
2 0.3 75x10® 15 3 10 8.334x1073 4.36 14.87 26.86 2.70 6.30 9.15
2 03 50x10® 15 3 10 8.334x10° 24.95 51.46 73.63 12.29 18.02 21.28
2 03 25x10° 15 3 10 8.334x10°° 119.27 167.24  196.83 41.00 43.48 44.66
2 025  75x10° 1 3 10 8.334x10°° 7.29 22.07 37.00 4.20 8.70 11.85
2 025 50x10° 1 3 10 8.334x1073 34.64 65.88 90.75 15.77 21.65 24.94
2 025  25x10° 1 3 10 8.334x10° 14118 19019  219.03 43.20 45.30 46.46
2 03 75x10® 15 3 20 8.334x10° 9.32 22.65 34.99 5.10 8.70 10.83
2 03 50x10% 15 3 20 8.334x10°° 33.08 59.21 80.07 14.70 19.12 21.81
2 03 25x10® 15 3 20 8.334x107° 12492 17097  199.61 41.65 43.70 44.79
2 025  75x10° 1 3 20 8.334x10°3 13.79 30.28 44.84 6.90 10.80 13.22
2 025 50x10° 1 320 8.334x107® 42.87 72.83 96.19 17.94 22.59 25.38
2 025  25x10° 1 320 8.334x10°° 146.12 19345 22147 43.79 45.60 46.56
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Cd‘in = 0.1kg/m3 Cd.in = 1.5kg/m3
N L. Rp1 o Bl Vi Time, t Time, t
(m) (m) (min) (min)
1% 5% 10% 1% 5% 10%

3 0.237 75%10° 15 15 3 2.778x10° 8.35 30.99 65.45 5.16 13.95 24.58
3 0.237 50x10° 15 15 3 2.778x10° 63.18 168.67 271.03 33.64 66.95 87.12
3 0.237 25x10° 15 15 3 2.778x10° 461.52 654.63 763.15 143.51 149.78 152.46
3 0.1667 75x10° 1.0 15 3 2.778x10° 14.66 51.87 101.29 8.56 22.36 37.13
3 0.1667 50x10° 1.0 15 3 2.778x10° 99.01 234.14 349.52 50.61 85.47 103.72
3 0.1667 25x10°® 1.0 15 3 2.778x107° 546.88 731.20 828.39 144.66 149.87 152.37
3 0.237 75%x10°® 15 15 10 2.778x10° 48.18 121.55 187.31 25.69 45.12 56.25
3 0.237 50x10° 15 15 10 2.778x107 176.58 303.67 397.33 74.88 93.68 103.75
3 0.237 25x10° 15 15 10 2.778x107 579.31 741.09 829.88 149.95 152.94 154.36
3 0.1667 75x10° 1.0 15 10 2.778x107% 73.78 162.86 236.79 36.58 56.20 67.51
3 0.1667 50x10° 1.0 15 10 2.778x107 226.31 365.47 464.45 89.72 107.32 116.45
3 0.1667 25x10° 1.0 15 10 2.778x107 655.90 808.89 887.46 150.08 152.91 154.28
3 0.237 75x10° 15 15 20 2.778x107 75.06 147.32 206.98 34.94 49.25 58.01
3 0.237 50x10°® 15 15 20 2.778x107 199.86 318.47 407.43 79.66 95.26 104.36
3 0.237 25x10° 15 15 20 2.778x107 590.40 748.20 835.20 150.73 153.22 154.45
3 0.1667 75x10° 1.0 15 20 2.778x107 101.53 85.26 252.87 44,50 59.57 68.84
3 0.1667 50x10°® 1.0 15 20 2.778x107 246.83 378.12 473.15 93.90 108.69 116.94
3 0.1667 25x10°® 1.0 15 20 2.778x107% 665.62 815.10 891.98 150.85 153.18 154.38
3 0.237 75%x10°® 15 3.0 3 2.778x107% 280.03 400.85 475,58 100.35 107.31 110.36
3 0.237 50x10° 15 30 3 2.778x107% 421.49 542.00 610.92 136.71 138.73 139.66
3 0.237 25x10° 15 30 3 2.778x107% 794.38 903.98 950.37 159.49 159.79 159.96
3 0.1667 75%x10° 1.0 3.0 3 2.778x107% 42191 551.96 624.18 122.89 127.19 129.22
3 0.1667 50x10°® 1.0 3.0 3 2.778x107 603.65 716.59 772.23 145.33 146.90 147.70
3 0.237 75%x10° 15 30 10 2.778x107% 331.64 442.80 509.08 116.58 119.81 121.37
3 0.237 50x10® 15 30 10 2.778x107 523.01 635.66 696.27 142.95 143.92 144.43
3 0.237 25x10° 15 30 10 2.778x107% 883.20 971.40 1003.20 157.44 158.67 160.08
3 0.1667 75%x10° 1.0 3.0 10 2.778x107% 48751 601.94 663.25 132.81 134.91 135.95
3 0.1667 50x10® 1.0 30 10 2.778x107 696.86 795.17 840.51 149.32 150.15 150.59
3 0.237 75%x10° 15 30 20 2.778x107% 350.31 457.72 521.37 117.80 120.57 121.99
3 0.237 50x10°® 15 3.0 20 2.778x107 537.95 646.29 704.53 143.37 144.22 144.68
3 0.237 25x10° 15 30 20 2.778x107 926.67 982.23 1008.76 157.49 158.72 160.08
3 0.1667 75%x10° 1.0 3.0 20 2.778x107% 502.42 613.18 672.37 133.44 135.35 136.29
3 0.1667 50x10°® 1.0 3.0 20 2.778x107% 708.23 803.02 846.62 149.64 150.36 150.76
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L R Cyjn = 0.1kg/m® Cyjn = 1.5kg/m®
1 pl ) ) .
N© ) m @ B lm Vi Time. 1 Time, t
(min) (min)

1% 5% 10% 1% 5% 10%
3 0237 75x10° 15 15 3 5.556x10° 0.83 2.67 5.99 0.74 1.49 2.71
3 0237 50x10° 15 15 3 5.556x10° 5.83 21.05 42.83 3.47 9.23 15.69
3 0237 25x10° 15 15 3 5.556x10°° 11021 20041 26273 | 49.94 6290  68.00
3 01667 75x10° 10 15 3 5.556x10° 1.30 459 10.48 0.98 2.38 433
3 01667 50x10° 10 15 3 5.556x10° 10.21 34.35 65.51 5.79 1445 2297
3 01667 25x10° 10 15 3 5.556x10° 146.04 24157 30255 | 59.01 6771 7110
3 0237 75x10° 15 15 10 5.556x10° 431 16.86 33.91 2.68 7.54 12.41
3 0237 50x10° 15 15 10 5.556x10° 31.47 72.68  107.85 16.12 2589  31.39
3 0237 25x10° 15 15 10 5.556x10° 17842  257.95 309.44 | 6295 6859 7115
3 01667 75x10° 1.0 15 10  5.556x10° 7.84 27.25 49.84 458 11.46 16.93
3 01667 50x10° 10 15 10  5.556x10° 46.23 9490 13396 | 21.92 3169  37.25
3 01667 25x10° 1.0 15 10 5556x10° | 21227 294.06 34437 | 68.08 7183 7350
3 0.237 75x10° 15 15 20  5.556x10° 10.67 30.26 49.09 6.03 11.85 15.42
3 0237 50x10° 15 15 20 5556x10° 45,53 8481 11671 | 2042 2766  32.12
3 0237 25x10° 15 15 20 5.556x10° 186.36 262.82 31292 | 6411 6894  71.28
3 01667 75x10° 1.0 15 20  5.556x10° 17.15 41.83 63.79 9.00 15.18 18.94
3 01667 50x10° 10 15 20 5.556x10° 60.14 10529 14122 | 2555 3316  37.85
3 01667 25x10° 10 15 20 5556x10° | 219.20 298.37 34750 | 69.02 7213 7361
3 0.237 75x10° 15 3.0 3 5.556x1073 5579  101.60 134.46 27.72 35.79 39.27
3 0237 50x10° 15 30 3 5.556x1073 131.34  187.87 222.92 53.56 56.45 57.73
3 0237 25x10° 15 30 3 5.556x10° | 301.27 361.79 39260 | 7745  77.84  78.02
3 01667 75x10° 10 30 3 5.556x10° 11060 17171 21025 | 44.48 4996 5241
3 01667 50x10° 10 30 3 5556x10° | 21049 27221 306.16 | 6351 6535  66.21
3 0.237 75x10® 15 3.0 10  5.556x10° 96.76 14625  179.34 40.88 44.87 46.75
3 0237 50x10° 15 30 10 5.556x10° 179.94 23587 268.69 | 60.75 6210 6275
3 0237 25x10° 15 30 10 5556x10° | 351.00 403.73 42836 | 7850 7872 7885
3 01667 75x10° 10 30 10 5.556x10° 159.17 217.97 25334 | 5385 5654  57.85
3 01667 50x10° 10 30 10 5556x10° | 25968 31591 34547 | 67.85 6875  69.21
3 0237 75x10° 15 30 20 5.556x10° 106.84 155.43 18753 | 4224 4567  47.37
3 0237 50x10° 15 30 20 5.556x10° 189.14 24305 27453 | 6125 6242  63.02
3 0237 25x10° 15 30 20 5556x10° | 356.78 407.60 431.28 | 7857 7877  78.89
3 01667 75x10° 10 30 20 5.556x10° 168.02 22521 25949 | 5472 5700  58.18
3 01667 50x10° 10 30 20 5556x10° | 26693 32128 34980 | 6820 6896  69.38
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L R Cg,n = 0.1kg/m? Cajn = 1.5kg/m?
1 p.l ) . .
N (m) (m) & B 1 V/f Time, t Time, t

(m/s) (min) (min)

1% 5% 10% 1% 5% 10%

3 0237 75%x10°® 15 15 3 8.334x10° 0.36 0.71 1.47 0.36 0.55 0.80
3 0237 50x10° 15 15 3 8.334x10° 1.34 5.13 11.43 0.91 2.45 451
3 0237 25x10° 15 15 3 8.334x10° 38.45 86.19 12538 | 19.46  31.17 36.92
3 01667 75x10° 10 15 3 8.334x10° 0.38 1.14 2.46 0.38 0.71 1.19
3 01667 50x10° 10 15 3 8.334x10° 2.35 8.88 18.98 1.47 4.02 7.15
3 01667 25x10° 10 15 3 8.334x10° 55.95 111.19 15267 | 26.63  36.80 41.25
3 0237 75x10° 15 15 10 8.334x10°® 0.94 4.02 9.35 0.70 2.00 3.78
3 0237 50x10° 15 15 10 8.334x10°® 8.78 26.39 4433 491 10.60  14.29
3 0237 25x10° 15 15 10 8.334x10°® 8230 129.80 163.06 | 32.27  37.79 4061
3 01667 75x10° 1.0 15 10 8.334x10°® 1.71 7.15 15.52 1.12 3.32 5.89
3 01667 50x10° 1.0 15 10 8.334x10°® 14.50 37.59 58.56 770 1392 1761
3 01667 25x10° 1.0 15 10 8.334x10°® 10153 15228 18642 | 37.19 4193 4421
3 0237 75x10° 15 15 20 8.334x10°® 2.49 9.65 18.28 1.60 4.29 6.49
3 0237 50x10° 15 15 20 8.334x10°® 16.58 36.09 52.71 8.22 1257 1522
3 0237 25x10° 15 15 20 8.334x10°® 89.02 13390 16589 | 3347 3817 40.76
3 01667 75x10° 1.0 15 20 8.334x10°® 455 14.89 25.64 2.68 6.10 8.40
3 0.1667 50x10° 1.0 15 20 8.334x10°® 23.54 46.52 65.52 | 10.84 1548 18.36
3 01667 25x10° 1.0 15 20 8.334x10°® 107.38 15585 188.93 | 3824 4226 44.33
3 0237 75x10° 15 30 3 8.334x10°® 19.57 4355 63.18 | 1035  16.49 19.70
3 0237 50x10° 15 30 3 8.334x10°® 60.45 9542 11844 | 2756  31.06 3254
3 0237 25q0° 15 0 3 8.334x10°® 165.08 20576  228.05 | 4846 4897  49.20
3 01667 75x10° 1.0 30 3 8.334x10°® 4574 8264 10833 | 2088 2657 2911
3 01667 50x10° 10 O 3 8.334x10° 106.00 147.88 17236 | 36.95  39.13  40.12
3 0237 75x10° 15 30 10 8.334x10° 42.97 71.24 9181 | 1972 2345 2532
3 0237 50x10° 15 30 10 8.334x10° 90.88 126.82 149.12 | 3443  36.06 36.85
3 0237 25x10° 15 30 10 8.334x10° 199.19 23612 25499 | 49.92  50.18 50.32
3 01667 75x10° 1.0 30 10 8.334x10° 7673 11362 137.81 | 2931 3211 33.46
3 01667 50x10° 1.0 30 10 8.334x10° 139.07 17817  200.05 | 4137 4247  43.00
3 0237 75x10° 15 30 20 8.334x10° 4955 77.66 97.86 | 2107 2418 2586
3 0237 50x10° 15 30 20 8.334x10° 9750 13237 15381 | 3497 3640 37.13
3 0237 25x10° 15 30 20 8.334x10° 202.20 23824 256.00 | 50.00 50.25 50.39
3 01667 75x10° 10 30 20 8.334x10° 82.99 11899 14253 | 3022 3261 33.83
3 01667 50x10° 1.0 30 20 8.334x10° 14450 18239 20353 | 4177 4270 43.18
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Table 7. BSA adsorption system with non-uniform ligand density distribution

Cyin = 0.1 kg/m® Rp=7.5%x10°m Rp =5.0x10°m Rp =2.5%x10°m
Non-Uniform ligand Non-Uniform ligand Non-Uniform ligand
density distribution density distribution density distribution

N o B 1/7; (;q/;g) Time, t (min) Time, t (min) Time, t (min)

1% 5% 10% 1% 5% 10% 1% 5% 10%

1 15 15 3  2778x10° 237 8.60 20.54 19.93 7176  139.97 | 297.39 479.68 598.06
1 15 15 3 5556x10° 0.53 0.87 171 1.58 6.17 14.54 53.69 12351 179.25
1 15 15 3  8334x10° 0.35 0.36 0.48 0.44 147 3.32 14.68 44.47 75.55
1 15 15 10 2.778x10° | 12.95 48.48 88.01 79.94 16139 228.27 | 36941 528.00 632.87
1 15 15 10 5.556x10° 0.95 4.16 10.42 9.66 3151 53.23 98.44 159.80 206.15
1 15 15 10 8.334x10° 0.36 0.90 2.26 2.06 8.91 18.65 41.41 7412  100.01
1 15 15 20 2.778x10° | 26.95 66.55 102.15 95.35 171.24 23455 | 375.77 53170 635.39
1 15 15 20 5556x10° 2.22 10.20 20.29 17.86 40.04 59.51 | 10354 162.68 207.99
1 15 15 20 8.334x10° 0.41 2.33 5.89 5.17 15.35 24.93 45.88 76.73  101.66
2 15 15 3 2.778x10° 6.11 24.61 55.05 53.01 151.85 24798 | 42348 609.65 719.81
2 15 15 3 5.556x10° 0.66 1.97 456 4.40 17.24 36.99 99.84 183.32 242.01
2 15 15 3  8.334x10° 0.36 0.54 1.10 0.98 3.95 9.25 33.99 78.74  114.96
2 15 15 10 2.778x10% | 35.02 92.08 142.80 | 13360 23575 315.92 | 483.77 649.39 748.97
2 15 15 10 5.556x10° 2.79 12.17 25.78 23.45 55.37 82.67 | 140.59 21219 262.91
2 15 15 10 8.334x10° 0.61 271 6.72 6.21 20.13 34.10 63.38 103.19 133.28
2 15 15 20 2.778x10% | 52.03 105.88 15224 | 14586 242.86 320.45 | 488.73 65240 751.12
2 15 15 20 5.556x10° 6.94 21.32 35.12 32.07 61.70 86.87 | 144.46 21438 264.37
2 15 15 20 8.334x10° 1.46 6.61 13.06 11.51 25.85 38.38 66.80 105.11 134.52
3 15 15 3 2.778x10° | 16.93 60.89 118.63 | 111.75 24494 35091 | 535.33 71155 807.92
3 15 15 3 5.556x10° 1.39 5.27 12.37 11.97 40.17 73.96 | 149.10 237.22 293.94
3 15 15 3 8.334x10° 0.37 1.25 2.82 2.71 10.53 22.48 60.44 11270 150.11
3 15 15 10 2.778x10° | 68.30 14240 203.66 | 19535 31584 405.68 | 588.30 74681 834.06
3 15 15 10 5556x10° 8.09 26.59 45.84 42.20 8255 11521 | 184.88 261.91 312.26
3 15 15 10 8.334x10° 1.74 7.49 15.66 14.25 34.03 51.23 87.74 13315 165.37
3 15 15 20 2778x10° | 83.83 15297 210.64 | 20519 321.49 409.43 | 59256 749.49 836.01
3 15 15 20 5556x10° | 15.11 35.08 52.80 49.73 87.38 11835 | 188.03 263.78 313.58
3 15 15 20 8.334x10° | 4.28 13.11 21.75 19.86 38.52 54.32 90.48 134.72  166.44




Table 8. BSA adsorption system with non-uniform ligand density distribution
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Cyin = 1.5 kg/m?® Re=7.5x10°m Rp=5.0x10°m Rp=2.5x10%m
Non-Uniform ligand Non-Uniform ligand Non-Uniform ligand
density distribution density distribution density distribution

N  a Bi U (n\fg) Time, t (min) Time, t (min) Time, t (min)

1% 5% 10% 1% 5% 10% 1% 5% 10%

1 15 15 3 2.778x107° 1.83 4.46 8.53 | 11.18 29.06 45.62 98.15 117.38 126.67
1 15 15 3 5.556x107° 0.53 0.71 1.02 1.14 3.03 5.78 23.93 38.24 46.51
1 15 15 3 8.334x107° 0.35 0.36 0.43 0.39 0.85 151 7.61 15.98 21.92
1 15 15 10 2.778x10° 752 1869 2750 | 33.80 51.35 62.09 | 113.18 124.46 130.22
1 15 15 10 5.556x1073 0.79 2.19 4.30 5.23 11.50 16.05 36.44 45.35 50.36
1 15 15 10 8.334x1073 035 0.62 1.13 131 3.86 6.33 16.40 2244  26.01
1 15 15 20 2.778x10° | 12.90 23.29 30.20 | 39.00 53.51 62.74 | 11495 12493 130.33
1 15 15 20 5.556x1073 152 4.38 6.89 8.14 13.61 17.18 38.12 45.83 50.47
1 15 15 20 8.334x1073 0.40 128 241 | 272 559 7.61 17.89 2295  26.13
2 15 15 3 2.778x10°° 3.93 11.30 20.90 | 28.02 56.81 74.81 | 130.02 140.48 145.09
2 15 15 3 5.556x107° 0.62 1.20 2.15 2.68 7.65 13.63 41.73 54.36 60.43
2 15 15 3 8.334x10°° 0.36 0.46 0.66 0.74 1.94 3.73 16.47 26.45 31.74
2 15 15 10 2.778x10°° 18.21 33.11 4230 | 55.47 72.99 83.31 | 130.70 143.73 146.65
2 15 15 10 5.556x10° 1.83 556 938 | 11.55 19.18 23.86 | 50.80 5825 6221
2 15 15 10 8.334x10°° 0.51 144 2.82 351 7.82 10.67 24,73 30.42 33.68
2 15 15 20 2.778x10° | 23.95 35.67 43.34 | 58.76 73.98 83.59 | 138,52 143.95 146.70
2 15 15 20 5.556x1073 396 826 11.07 | 1423 20.32 2427 | 5170 5847 6227
2 15 15 20 8.334x1073 1.03 299 459 | 558 9.01 11.21 | 2559 30.66 33.75
3 15 15 3 2.778x10°° 9.86 26.21 4248 | 56.27 85.54 99.78 | 147.39 151.76 153.73
3 15 15 3  555x10° | 1.04 269 505 | 677 1687 2573 | 5849 6683 /031
3 15 15 3 8.334x10°° 0.37 0.77 1.32 1.65 4.73 8.43 27.52 35.84 39.67
3 15 15 10 2.778x10°° 33.11 4855 57.76 | 78.76 95.00 104.26 | 150.56 153.15 154.42
3 15 15 10 5.556x107° 476 11.02 15.02 | 19.58 27.37 32.02 63.89 68.87 71.25
3 15 15 10 8.334x10°° 1.16 3.50 5.93 745 12.26 15.09 33.25 38.10 40.73
3 15 15 20 2.778x107 37.12 4991 58.26 | 80.69 95.54 104.46 | 150.90 153.25 154.44
3 15 15 20 5.556x1073 786 1265 1566 | 21.39 27.96 3223 | 6435 69.00 71.29
3 15 15 20 8.334x107° 256 528 7.06 | 914 1291 1534 | 33.73 38.23  40.78




Table 9.

Lysozyme adsorption system, N'=1and N'=2

Cain=25.1x10" kg/m’ Cyin= 25.1x10 kg/m’ Cain = 0.5 kg/m® Cain = 1.0 kg/m®
Time, t Time, t Time, t Time, t
N N' L Rp,1 Vf,l /'y €p,1 n - - F
(m) (m) (m/s) (min) (min) (min) (min)
1% | 5% 10% 1% | 5% | 10% 1% | 5% | 10% 1% | 5% | 10%

1 1 02 5.00x10° 2.778x10° 5 0.6 3.48 488 5.81 2.96 3.77 4.22 254 3.05 331 | 206 235 2.49
1 1 02 5.00x10° 2.778x10° 10 06 6.41 9.02  10.76 5.30 6.71 7.47 438 5.18 557 | 3.30 3.69 3.88
1 1 02 5.00x10° 2.778x10° 20 06 | 1225 1727  20.65 995 1256  13.96 8.02 939 1007 | 571 6.31 6.61
1 1 02 5.00x10°° 2.778x10° 30 06 | 1807 2553 3053 | 1460 1841 2044 | 11.65 1360 1455 | 8.10 8.92 9.32
1 2 02 5.00x10° 2.778x10° 5 0.6 411 5.81 6.95 3.47 4.46 5.00 2.97 3.58 3.88 | 2.37 2.71 2.88
1 2 02 5.00x10°° 2.778x10° 10 06 773 1090  13.03 6.36 8.07 8.99 5.23 6.19 6.66 | 3.89 435 458
1 2 02 5.00x10° 2.778x10° 20 06 | 1489 2103 2515 | 1207 1524  16.94 970 1135 1216 | 6.84 7.56 7.91
1 2 02 5.00x10° 2.778x10° 30 06 | 2203 3114 3726 | 1777 2241 2488 | 1414 1650 1766 | 977 1075  11.23
1 1 02 5.00x10°° 5.556x10° 5 0.6 1.04 162 2073 0.91 1.31 1.58 0.82 1.11 1.29 | 0.70 0.89 1.00
1 1 02 5.00x10°° 5.556x10° 10 06 1.90 2.99 3.82 1.62 2.33 2.79 1.41 1.89 218 | 1.3 1.42 1.58
1 1 02 5.00x10°° 5.556x10° 20 06 361 5.69 7.29 3.03 435 5.21 257 3.44 396 | 1.99 2.46 273
1 1 02 5.00x10°° 5.556x10° 30 06 5.31 839  10.77 4.44 6.36 7.63 374 4.99 574 | 2.84 350 3.86
1 2 02 5.00x10°° 5.556x10° 5 0.6 1.19 191 2.46 1.05 1.54 1.86 0.93 1.29 151 | 0.79 1.02 1.15
1 2 02 5.00x10°° 5.556x10° 10 06 2.27 3.59 461 1.93 2.79 3.35 1.67 2.25 260 | 1.33 1.67 1.87
1 2 02 5.00x10°° 5.556x10° 20 06 437 6.92 8.87 3.67 5.27 6.32 3.10 4.16 478 | 2.38 2.95 3.27
1 2 02 5.00x10°° 5.556x10° 30 06 6.47 1023  13.13 5.39 7.73 9.28 453 6.05 6.96 | 3.43 422 4.66
1 1 02 5.00x10°° 8.334x10° 5 0.6 0.47 0.80 1.06 0.43 0.66 0.83 0.39 0.57 069 | 0.35 0.47 0.55
1 1 02 5.00x10°° 8.334x10° 10 06 0.87 1.47 1.95 0.76 1.17 1.46 0.67 0.97 017 | 056 0.75 0.87
1 1 02 5.00x10° 8.334x10° 20 06 1.66 2.79 3.72 1.41 2.17 2.71 1.22 1.76 202 | 097 1.29 1.49
1 1 02 5.00x10°5 8.334x10° 30 06 2.44 411 5.48 2.06 3.17 3.96 1.77 2.54 3.05| 1.38 1.84 211
1 2 02 5.00x10°° 8.334x10° 5 0.6 0.54 0.93 1.25 0.48 0.77 0.97 0.44 0.66 0.80 | 0.39 0.54 0.63
1 2 02 5.00x10°° 8.334x10° 10 06 1.03 1.76 2.35 0.89 1.39 1.75 0.79 1.15 1.39 | 0.65 0.88 1.02
1 2 02 5.00x10°° 8.334x10° 20 06 2.00 3.38 452 1.70 2.62 3.28 1.46 211 254 | 1.16 1.55 1.78
1 2 02 5.00x10°8 8.334x10° 30 06 2.96 5.00 6.68 2.50 3.85 4.82 2.14 3.07 369 | 1.66 221 254

514}



Table 10. Lysozyme adsorption system, N'=1and N' =2

Cajn = 25.1x107% kg/m®

Cain = 25.1x102 kg/m®

Cain = 0.5 kg/m®

Cuin = 1.0 kg/m®

Time, t Time, t Time, t Time, t
Ly L, Rp.1 Rp.2 Vii i g (min) (min) (min) (min)
N N (m) (m) (m) (m) (m/s)
1% 5% 10% 1% 5% | 10% 1% 5% 10% 1% 5% 10%

2 1 012 008 500x10° 333x10° 2.778x10° 5 0.6 5.07 6.72 7.75 425  5.09 550 | 356  4.00 420 | 275 2.96 3.06
2 1 012 008 500x10° 3.33x10° 2.778x10° 10 0.6 9.55 12.65  14.59 779 923 991 | 6.23 6.89 7.18 | 4.44 471 4.83
2 1 012 0.08 5.00x10° 3.33x10° 2.778x10° 20 0.6 | 1848 2449 2825 | 14.82 1747 1871 | 1150 12.60 13.09 | 7.72 8.13 8.33
2 1 012 008 500x10° 3.33x10° 2.778x10° 30 0.6 | 27.39 36.32 41.90 | 21.85 25.70 27.50 | 16.75 18.30 18.99 | 10.99 1154 11.81
2 2 012 008 500x10° 333x10° 2.778x10° 5 0.6 6.06 8.07 9.32 506 6.08 656 | 420 473 4,96 320 344 356
2 2 012 0.08 5.00x10° 3.33x10° 2.778x10° 10 06 | 11.57 1535  17.71 941 1116 11.98 | 747 8.27 8.61 527 558 5.73
2 2 012 008 500x10° 3.33x10° 2.778x10° 20 0.6 | 22.52 29.86 3445 | 18.03 21.25 2275 | 1393 1526  15.85 929 977 1001
2 2 012 008 500x10° 333x10° 2.778x10° 30 0.6 | 33.47 4439 5122 | 2666 31.35 3353 | 20.38 2226 23.09 | 1329 13.96 14.67
2 1 012 0.08 5.00x10° 3.33x10° 5556x10° 5 0.6 1.61 2.40 2.96 140 191 221 | 123 157 176 | 1.01 1.22 1.32
2 1 012 008 500x10° 333x10° 5556x10° 10 0.6 3.05 452 5.56 257 347 400 | 219 275 305 | 1.70 2.00 2.14
2 1 012 008 500x10° 333x10° 5556x10° 20 0.6 | 5.89 873  10.75 491 658 756 | 410 5.10 562 | 3.05 352 3.74
2 1 012 0.08 500x10° 3.33x10° 5556x10° 30 0.6 | 873 12.93  15.93 723 969 1113 | 600 7.44 8.18 | 4.39 5.03 5.33
2 2 012 008 500x10° 333x10° 5556x10° 5 06 | 191 2.87 354 | 165 262 263 | 144 1.85 207 | 1.18 1.42 154
2 2 012 008 500x10° 3.33x10° 5556x10° 10 0.6 | 3.68 5.47 6.74 310 419 483 | 263 331 3.66 202 237 2.54
2 2 012 008 500x10° 3.33x10° 5556x10° 20 06 | 7.17 10.63  13.10 596 800 920 | 4.97 6.18 6.81 368 423 450
2 2 012 008 500x10° 333x10° 5556x10° 30 0.6 | 10.65 1579  19.46 882 1182 1576 730  9.05 9.96 5.32 6.09  6.89
2 1 012 0.08 500x10° 3.33x10° 8334x10° 5 06 | 077 1.23 1.58 068  1.00 121 | 061 084 098 | 052 0.67 0.75
2 1 012 008 500x10° 3.33x10° 8334x10° 10 06 | 146 2.32 297 125 181 218 | 108 147 171 | 0.87 1.10 1.23
2 1 012 0.08 5.00x10° 3.33x10° 8.334x10° 20 0.6 2.82 4.47 5.74 238 344 413 | 221 273 315 | 157 1.95 2.16
2 1 012 0.08 500x10° 3.33x10° 8334x10° 30 06 | 4.19 6.62 8.50 351 5.06 6.07 | 297 398 459 | 226 2.80 3.10
2 2 012 008 500x10° 3.33x10° 8334x10° 5 0.6 | 0.89 1.46 189 | 079 118 141 | 070 0.98 1.16 | 0.59 0.77 0.87
2 2 012 008 500x10° 3.33x10° 8334x10° 10 06 | 175 2.80 360 | 1.49 218 263 | 129 1.77 2.05 | 1.03 131 1.46
2 2 012 008 500x10° 3.33x10° 8334x10° 20 0.6 | 343 5.44 699 | 289 417 502 | 245 331 381 1.89 235 260
2 2 012 008 500x10° 3.33x10° 8334x10° 30 06 | 5.11 8.09 10.38 428 6.16 7.40 361 4.85 5.58 274 339 3.75

ti4)



APPENDIX F.

FORTRAN CODES ON CD-ROM
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Included with this dissertation is a CD-ROM which contains Fortran 77 codes
employed in obtaining the numerical results in the three papers published (papers 1-3).

The codes are included in the following folders:

1. Uniform Ligand density distribution
Fortran 77 code used for the computations for the paper titled “Adsorption in a
stratified column bed packed with porous particles having partially fractal

structures and a distribution of particle diameters”.

2. Non-uniform Ligand density distribution
Fortran 77 code used for the computations for the paper titled “The dynamic
behavior of a stratified column bed packed with porous adsorbent particles having

partially fractal structures and a non-uniform ligand density distribution”.

3. Stratified column beds packed with partially fractal particles (recursion greater
than one)
Fortran 77 code used for the computations for the paper titled “Adsorption in
columns packed with porous adsorbent particles having partially fractal

structures”.
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