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Abstract

Development of an efficient method for simulating fixed-bed adsorption

dynamics using Ideal Adsorbed Solution Theory

by Héctor Octavio RUBIERA LANDA, MSc.

A fundamental task to design, optimize € operate adsorption-based separation processes
consists of correctly understanding and describing the physico-chemical principles gov-
erning them. Ongoing research efforts are directed along this line, as innovative adsorp-
tive materials and applications are discovered and state-of-the-art industrial processes
are developed and applied to cope with technically demanding separation € purification
operations of ever-increasing complexity. In this regard, Ideal Adsorbed Solution The-
ory (IAST) provides a simple—albeit powerful—alternative to describe multicomponent
adsorption equilibria from minimal input information. The principal outcome of this re-
search work is the development, demonstration € implementation of a solution approach
to solve the equations of IAST, possessing several advantageous features. Theoretical
and practical application of this approach are demonstrated by numerous calculation
examples. A detailed proof of concept on a high-performance liquid chromatography
experimental system is provided. Necessary details to embed IAST equilibrium calcula-
tions into dynamic simulations of fixed-bed adsorbers are given in a practical, simple &

useful manner.

Zusammenfassung Die Auslegung und Optimierung von adsorptiven Trennprozessen
erfordert Kenntnisse der zugrundeliegenden physikalisch-chemischen Grundlagen. Die
Theorie der idealen adsorbierten Losung (IAS-Theorie) [‘Ideal Adsorbed Solution The-
ory’] bietet eine einfache Mdoglichkeit, aus Einzelstoffgleichgewichten die konkurrierende
Mehrkomponentenadsorption zu berechnen. Als Hauptergebnis dieser Dissertation wird
ein innovativer Losungsansatz fur die IAS-Theorie-Gleichungen abgeleitet, validiert und
verwendet. Zahlreiche Anwendungsbeispiele illustrieren sowohl theoretische als auch
praktische Aspekten. Anhand eines experimentell untersuchten Systems werden die en-
twickelten Berechnungsalgorithmen getestet und validiert. Diese Arbeit gibt weiterhin
Hinweise, die die Anwendung des obengennanten Gleichgewichtsmodells bei der Berech-

nung von Adsorbern unterstitzen.



Sinopsis La comprension correcta de los fenomenos fisicoquimicos involucrados en los
procesos de adsorcion permiten utilizdrseles para disenar, optimizar y operar sistemas de
separacion basados en los mismos. Los esfuerzos de investigacion en esta drea van en-
caminados en esta direccién, ya que actualmente se encuentran en desarrollo materiales
y procesos novedosos, capaces de atender los requerimientos de sistemas de separacion y
purificacion de cada vez mayor grado de dificultad y complejidad. El resultado principal
de este trabajo de investigacion consiste en desarrollar, demostrar e implementar de
manera prdactica un método eficaz y simple para resolver las ecuaciones de la llamada
“Teoria de la Solucion Ideal Adsorbida” [del inglés: ‘Ideal Adsorbed Solution Theory’].
La aplicacion de este novedoso método, asi como sus propiedades matemdticas, se ilus-
tra a través de ejemplos detallados. El concepto propuesto es aplicado en su totalidad
y evaluado por medio de un sistema experimental de la cromatografia liquida de alta
resolucion [del inglés: ‘High-Performance Liquid Chromatography’/. Esta disertacion
contribuye adicionalmente a presentar los elementos necesarios para aplicar la Teoria
de la Solucion Ideal Adsorbida en modelos sencillos de columnas de adsorcion de lecho

empacado, utilizando el método numérico y algoritmos desarrollados.
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Ci, inj.

Ctot

advection velocity [Eq. (8.1), p. 102]

parameter, component 4, several isotherm models [Table 2.2, p. 17]
activity of component 4, [ mol/m3]

surface area occupied by component i in ideal mixture [Eq. (3.5), p. 33|
total area occupied by all adsorbates in ideal mixture [Eq. (3.5), p. 33]
parameter in van Deemter eqn. [Eq. (A10.1), Appendix A10.2, p. 181]
Helmbholtz’ free energy of adsorbed phase, a, [J] [Eq. (2.25), p. 28]
cross-sectional column area, [m?] [Eq. (6.7)]

adsorbent specific surface area, [m?/m3 . ] or [m?/kg s, |

surface area, [m?] [Eq. (2.16a), p. 24]

isotherm parameter, several models [Table 2.2, p. 17]

BET isotherm parameters [Eq. (2.3i), Table 2.2, p. 17]

D-R isotherm parameter [Table 2.2, p. 17]

parameter in van Deemter eqn. [Eq. (A10.1), Appendix A10.2, p. 181]
fluid phase concentration, component i, [ mol/m3] [Eq. (2.4), p. 17]
fictitious fluid phase concentration, component 4, [ mol/ m3]

conc. at reference state, component i, [ mol/m3] [Eq. (3.1), p. 32]
inlet concentration, [mol/m? ]

injected concentration, component 4, [ mol/m3]

total fluid phase concentration, [mol/m3]

arbitrary integration constant [Eq. (9.9b), p. 131

no. of components at equilibrium, in phase rule [Eq. (2.22), p. 27]
auxiliary notation [Eq. (7.24g), p. 98]

parameters to fit to empirical functions [Eq. (9.9a), p. 131]

column diameter, [m], [mm] [Eq. (6.7), p. 81]

particle diameter, [m], [um] [Assumption VI, Table 6.1, p. 80]
parameter in van Deemter eqn. [Eq. (A10.1), Appendix A10.2, p. 181]
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apparent dispersion coefficient matrix, [m?/s]| [Eq. (6.4a), p. 79]
axial dispersion coefficient, [m?/s]| [Table A8, Appendix A10, p. 181]
longitudinal dispersion coefficient, [m?/s] [Eq. (6.1), p. 79]

row vector of ones, size 1 x N, [Table 4.1, p. 53]

absolute computational error [Eq. (5.3), p. 67]

relative computational error [Eq. (5.3), p. 67]

machine epsilon of employed workstation [Section 5.3, p. 66]
fugacity, component ¢ [Table 2.2, p. 17]

numerical flux at cell boundary 6€2, 1 [Eq. (7.8), p. 89]

row vector [Table 4.1, p. 53]

flux function [Eq. (6.15), p. 83]

degrees of freedom specifying intensive state of a phase [Eq. (2.22), p. 27|
numerical flux (diffusion) at cell boundary 6€2; 1 [Eq. (7.18), p. 94]
Gibbs’ free energy of adsorbed phase, a, [J] [Eq. (2.16d), p. 25]
scalars used to compute [Z + ¢J ] [Egs. (7.23¢) & (7.23d), p. 96]
plate height, component i, [m] [Section 6.4, p. 82]

Henry coefficient, comp. 4, [mol/m3 .45 + mol/m3g, ] [Eq. (2.5), p. 18]
matrix used to compute [Z 4+ ¢.J ] " [Eq. (7.23b), Table 7.1, p. 96]
elements of Jacobian 7, m=1,..., N,n=1, ..., N [Fig. 4.3, p. 52]
total number of grid cells in FV method [Eq. (7.4), p. 8§]

Jacobian matrix [Eq. (4.9), p. 50]

identity matrix, size N x N [Eq. (4.11), p. 51]

object used to compute Jacobian matrix, J(¢(c)) [Eq. (4.9), p. 50]
1,2, - [Eq. (3.16f), p. 3]

calib. factors for decylbenzene & undecylbenzene [Section 9.4 p. 123]
iteration counters: 1, 2, --- [Algorithms 3.1 &, p. 41 & 3.2, p. 42]
matrix used to obtain [Z + ¢J]™' [Eq. (7.23¢), Table 7.1, p. 96]
equivalent of [Z + ¢ ] under IAST frame [Eq. (7.24c), p. 97]
r.h.s. function in SSP-RK integration method [Eq. (7.15), p. 93]
column length, [m] [Eq. (6.9), p. 81]

1,2, ... [Eq. (5.1), p. 62]

mass of porous solid adsorbent, [kg] [Fig. 2.4, p. 26]

moles, component i, [mol] [Eq. (2.15), p. 24]

moles of component ¢ in adsorbed phase, a, [mol] [Eq. (2.16a), p. 24]
invariant molar amount of ¢, [mol] [Eq. (A4.7), p. 169]

invariant molar amount of ¢, [mol] [Eq. (2.27), p. 29]
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n degree of a homogeneous function [Eq. (A3.1), Appendix A3, p. 166]
N number of adsorbable components [Eq. (2.4), p. 17]

N number of collected fractions [Table 10.1, p. 146]

N plate,i column plate number, component i [Eq. (6.9), p. 81]

P number of phases at equilibrium of studied system [Eq. (2.22), p. 27]
P pressure, [Pa] [Eq. (2.15), p. 24]

Di partial pressure, component i, [Pa] [Table 2.2, p. 2.2]

¢ adsorbed phase concentration, component i, [ mol/m3] [Eq. (2.1), p. 14]
iy fictitious concentration of adsorbate i, [mol/m3] [Eq. (3.11), p. 34]
g5 saturation capacity, component 4, | mol/ m3] [Table 2.2, p. 17]

dtot total adsorbed phase concentration, [mol/m3] [Eq. (3.11), p. 34]

Q volumetric flow rate, [m3/s] [Eq. (6.7), p. 81]

Q average volumetric flow rate, [m3/s] [Eq. (9.6b), p. (9.6b)]

Tl ratio of differences of consecutive flux function values [Eq. (7.10c)]

s integration variable [Eq. (3.9), p. 34]

S entropy, [J/K] [Eq. (2.15), p. 24]

Se entropy of adsorbed phase, a, [J/K] [Eq. (2.16a), p. 24]

S; stencil of grid cell j [Eq. (7.7), p. 89]

t time, [s]| [Eq. (6.1), p. 79]

to hold-up time, [s] [Eq. (9.3), p. 124]

ty breakthrough time, [s] [Eq. (9.8b), p. 130]

tq process or equipment dead time, [s] [Section 9.4, p. 123]

tp peak time, [s] [Eq. (9.10), p. 138]

tR,i retention time, component i [Eq. (9.10), p. 13§]

T temperature, [K] [Eq. (3.9), p. 34]

u mobile phase velocity, [m/s] [Eq. (6.7), p. 81]

u substitution variable for integration [Appendix A6, p. 172]

U internal energy, [J] [Eq. (2.15), p. 24]

v(c)} conserved variable at grid point (j,n) of FD scheme [Eq. (7.1), p. 87]
v; generating function, component i [Eq. (4.13h), p. 55]

v; partial molar volume, component i, [m3/mol ] [Appendix A4, p. 168
Usolv. partial molar volume of solvent, [ m3/mol ,] [Appendix A4, p. 168]
1% volume, [m3] [Eq. (2.15), p. 24]

Ve volume of porous solid adsorbent, [ m3] [Eq. (2.16d), p. 25]

Ve column volume, [m3] [Eq. (9.3), p. 124]

Vin. injected volume, [m3®] [Eq. (9.6), p. 126]
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Veln. volume of fluid solution, [m*] [Appendix A4, p. 168]

w arbitrary conserved variable [Eq. (6.14), p. 83]

Wi scaled reciprocal ads. phase concentration, component k [Table 4.1, p. 53]
%% matrix used in the calculation of [Z 4+ ¢ ]~ " [Table 4.1, p. 53]

1474 reciprocal of single component ads. phase concentration [Proof 4.3, p. 53]
x; mole fraction of species 7 in ads. phase (Eq. (2.9), [Eq. (3.4),p. 32]

X; auxiliary notation for ¢ [Proof 4.3, p. 53]

Vi mole fraction of species i in the fluid phase [Eq. (2.9), p. 19]

z axial coordinate, [m] [Eq. (6.1), p. 79]

Z; auxiliary notation [Proof 4.3, p. 53]

3 N-dimensional hypersurface [Eq. (4.7), p. 48]

Greek characters

Qj selectivity of component i w.r.t. component j [Eq. (2.10), p. 19]
I5; parameter in D-R isotherm [Eq. (2.3j), Table 2.2, p. 17]

i activity coefficient, component i [Eq. (3.3), p. 32]

Y0, surface tension (clean), surface tension, [N/m] [Eq. (2.17), p. 25]
ok object used in Proof 7.7 [Eq. (7.24e), p. 97]

A object used in Proof 7.7 [Eq. (7.24e), p. 97

Az  size of an equidistant grid cell, 7, [m] [Fig. 7.2, p 88]

€ total porosity, [—] [Eq. (6.1), p. 79]

€o external porosity—i.e., bed void fraction [Eq. (6.6), p. 81]

€p intraparticle porosity [Eq. (6.6), p. 81]

€d constant to avoid divisions by zero, g4 < 10710 [Eq. (7.10c), p. 91]

ETol.  stopping criterium for iterations [Algorithms 3.1 & 3.2, pp. 41, 42]

¢ integration variable [Eq. (3.16j), p. 38]

Gi variable to obtain II; in Redlich-Peterson isotherm [Eq. (5.1), p. 62]

n parameter in O’Brien & Myers isotherm [Eq. (2.3f), p. 17]

0 ratio of adsorbed phase concentration to adsorbed phase saturation

concentration—i.e., coverage—in Téth isotherm [Eq. (3.16f), p. 38]
K parameter in num. interpolation formule [Eq. (7.8), p. 89]
A arbitrary parameter, Euler’s theorem [Eq. (A3.1), Appendix A3, p. 166]
A reciprocal of the phase ratio, ¢ [Eq. (7.24a), p. 96]
Auv  wavelength in UV range of spectrum, [nm] [Eq. (9.5), p. 125]
i chemical potential, component ¢, [J/mol| [Eq. (2.15), p. 24]
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s chemical potential of 7 in ads. phase, [J/mol] [Eq. (2.16a), p. 24]
,uf’* chemical potential at standard state, [J/mol] [Eq. (3.1), p. 32]

v Courant number [Eq. (7.2), p. 87]

v parameter for several isotherm models, component i [Table 2.2, p. 17]

13 integration variable [Eq. (4.6), p. 47]

0 spreading pressure, surface potential, [N/m] [Eq. (2.16d), p. 25]

I1; reduced spreading pressure, component i, [mol/m3, ] or [mol/kgads ]
[Eq. (3.9), p. 34]

IF reduced potential, iteration k [Algorithms 3.1 & 3.2, pp. 41, 42]

o scalar used to compute J (g(c)) [Table 4.1, p. 53]

o phase ratio, [—] [Eq. (6.5), p 81]

¢(r) flux limiter monitor function [Eq. (7.10a), p. 90]

Vg function that expresses dependency of ¢} w.r.t. ¢ [Eq. (4.2), p. 46]
W(¢) solution along orbit U at &; for given ¢ = (c1, ..., cy)? [Fig. 4.1, p. 48]
Q spatial domain along coordinate z [Eq. (7.4), p. 88]

Qp,  discretized spatial domain [Eq. (7.4), p. 88]

Q; cell, spatial partition j with j =1, ..., J [Eq. (7.4), p. 88]

Subscripts

ads.  of adsorbent; pertaining to adsorbent
c column

feed of feed; pertaining to feed state

1 component %

inj.  injected; injection

7 component j

k component k
component m

n component n

sIn.  solution; liquid solution

solv. solvent

tot total

Superscripts
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LII, ... numbers of co-existing, distinct, homogeneous phases at equilibrium
a adsorbed phase; adsorbed phase property
abs. absolute
(k] iteration index k, k=1,2, ... [Eq. (3.18a), p. 41]
14 fluid phase property
m denotes a measured, invariant property of a solute [Eq. (2.26a), p. 28]
P total number of phases co-existing at equilibrium [Eq. (2.23), p. 28]
rel. relative
sat saturated; value at saturation
(%) particular value, particular solution [Section 4.1, p. 46]
* reference state [Section 3.1, p. 32]
Physical constants, miscellaneous characters & symbols
C8, C10, C11, C12, C13 octyl-, decyl-, undecyl-, dodecyl-, tridecylbenzene
gradPumpSys injection in HPLC equipment using the dual pump system
[Section 9.4, p. 123]
injLoopSys injection in HPLC equipment using built-in injection loop

Pek
R

& auto-sampler system [Section 9.4, p. 123]
Péclet number of component k£ in EDM1D, [Eq. (6.10), p. 81]

universal gas constant, 8.314 [ } [Eq. (3.9), p. 34]

mol K

2F1[ ()50 hypergeometric function
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Adsorption equilibria






Chapter 1
Introduction & scope of work

“Publication is a self-invasion of privacy.”

— Marshall McLuhan

1.1 An important industrial technology: adsorption-based

separation processes

DSORPTION is a physicochemical phenomenon of large importance and wide field of
A application in the transformation industries. In its most simple form, it consists of
contacting a homogeneous fluid mixture with a porous material, traditionally possessing
large surface area and specific chemical characteristics—i.e., functionalities—allowing
a specific physico-chemical interaction to take place, which can be advantageously ex-
ploited. The origin and type of surface interactions determine if the process is reversible,
i.e., physisorption, or irreversible, i.e., chemisorption. The focus of this work is the first
type, where adsorbed molecules are not chemically modified—i.e., they have a weak, van
der Waals interaction with the adsorbing material; rather, it is applied to selectively iso-
late and recover selected compounds from a fluid mixture—i.e., separation operations.
Principles and mechanisms behind adsorption-based processes for separation € purifica-
tion are complex, and up to now—astonishingly—only partially understood. Scientists
and engineers make a continuing effort to investigate adsorption phenomena, which can
naturally lead to optimal design of relevant industrial-scale process operations. These

operations can roughly be grouped into three comprehensive categories [1-4]:
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1. ADSORPTION OPERATIONS;
2. CHROMATOGRAPHY &

3. ION-EXCHANGE OPERATIONS.

Engineering thermodynamics plays a central role to understand, explain and later design
these operations [3, 5]. A general overview and description of adsorption-based separa-
tion processes can be consulted in [2, 4, 6-12] and numerous references listed therein.

An important separation process where adsorption principles need to be understood and
applied is PREPARATIVE CHROMATOGRAPHY [4, 13-17]. This motivates the following

statement of general character:

W The goal of separation science is to isolate target compounds from
homogeneous mixztures, in quantities that are attractive and with

a pre-determined quality specification.

Adsorption-based separation processes can fulfill this goal for a large number of homoge-
neous mixtures found in different fluid states of matter: GAS, LIQUID or SUPERCRITICAL
FLUID [2-4]. They become an attractive, economically-feasible alternative to conven-
tional, more energy-intensive separation processes such as distillation [3, 4]. Due to their
ability to achieve high separation resolution, by selectively interacting with the compo-
nents of a mixture under relatively mild conditions, this kind of processes may be in
some cases the only technologically viable alternative to handle particularly challenging
separation tasks. An important feature of most adsorption-based separation operations
is—in contrast to other separation techniques—their dynamic character. This feature
poses an additional challenge to describe and understand these processes in order to

design and operate them in an economically attractive way.

Fluid mixtures are typically placed in contact with a porous solid phase of large spe-
cific surface area or adsorptive capacity®, thus providing the necessary physicochemical
interaction between the solid and target substances of interest in the mixture. These
interactions are particular for each substance, thus allowing compounds dissolved in the
homogeneous fluid mixture to be separated from each other. Furthermore, a particular

difficulty arises due to the fact that the description of these interactions depends on:

1. species that constitute the fluid phase;

*An example of such are synthetically-manufactured zeolites, as well as other relevant microporous
solids.
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2. species and functionality of the solid phase; &

3. behavior of the different species once they have adsorbed.

This aspect of adsorption-based separation processes poses difficulties in their descrip-
tion, characterization and understanding. In contrast, generalizations and trends, clearly
observed when describing other simpler separation processes, are not possible for these
reasons. This additional challenge of adsorption-based separations has triggered, in
turn, a contemporary approach in the research of materials science that concentrates
its attention on developing tailor-made adsorbents by, for example, engineering spe-
cific porous structures and porous networks—cf. [18], as well as chemically modifying
the surface of porous materials with selected functional groups—just to mention two
of the currently explored alternatives in this ever-growing field of research [19-24]. All
these efforts are pursued with the goal of improving and optimizing industrially rele-
vant separations and discovering novel applications of adsorption principles. A good
example of this trend is the design of chiral stationary phases (CSPs) for preparative
liquid chromatography applications, which play a fundamental role in manufacturing
pharmaceutical and agrochemical products—see e.g., [25-27] and references therein. A
second important challenge, currently of high relevance, is the potential application of
adsorption technologies for carbon capture & storage (CCS), with significant research

effort being led by industrialized nations—see e.g., [28-31].

Porous adsorbents

Materials frequently encountered in adsorption-based processes possess, in general, a
large specific surface area with sufficiently high number of adsorption sites, where
molecules of adsorbing species are able to interact. A detailed discussion of these inter-
actions is outside the scope of this dissertation; however, it is important to mention that
substantial scientific and technical efforts are conducted in order to understand them,

as confirmed by the tremendous amount of literature on the topic [32, 33].

For engineering praxis of adsorption, tailor-made materials are frequently applied. Stan-

dard requirements for these materials are mainly, among others:

1. high adsorptive capacity in the form of—but, not restricted to—large specific surface
area or large number of micropores, mesopores & macropores, depending on the

application and type of molecules to separate;
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2. mechanical, chemical and thermal stability; &

3. capacity to interact specifically with either molecules of one type or groups of molecules
of the same kind in such a manner that it can be exploited for their separation or

purification.

An introductory overview of adsorbents can be found in [19]. Furthermore, the interested
reader is referred to [34]; therein, nanoporous materials for adsorption applications are

specifically addressed.

Table 1.1: Examples of relevant industrial applications of adsorption processes. Adapted
from [11, 12, 33, 35].

APPLICATION ADSORBENT(S) USED
Purification of air Zeolites, silica gel & activated alumina
Removal of radioactive nuclides from Activated carbon

exhaust gas

Removal of organic components from Activated carbon

exhaust air

Desulfurization Activated carbon

Purification of methane Zeolithic molecular sieves, silica gel &
activated aluminum oxide

Purification of hydrogen Zeolithic & carbon molecular sieves

Separation of alkane isomers Molecular sieves

Water purification Activated carbon

Separation of non-aqueous substances Zeolites, silica gel, activated aluminum

oxide, & molecular sieves

Separation of close-boiling liquid mixtures, Zeolites
e.g., xylene isomers
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Adsorption chromatography

A process technology where principles of adsorption are extensively applied, primarily
to design and accomplish difficult separations, is chromatography. Two fundamental

physical phenomena govern this process [2, 4, 14, 36]:

1. THERMODYNAMIC EQUILIBRIUM; &

2. MAss TRANSFER KINETICS.

A complete description of the process requires knowledge and understanding of both.
However, this work focuses on the first aspect due to the fact that in the chosen liquid
phase adsorption chromatography experimental system—described in detail in Part III
to illustrate proof of concept—this is the aspect of the process that needs to be primarily
understood in order to describe it [14, 37]. In this respect, a cornerstone idea of this

dissertation can be formulated as follows:

¥ The dynamic behavior of highly efficient adsorption chromatog-
raphy from a liquid phase is fundamentally controlled by the thermo-
dynamic partition—i.e., equilibrium—established between porous sta-
tionary phase and adsorbable components contained in the fluid phase.
In this case, the chromatographic separation process s THERMODY-
NAMICALLY CONTROLLED, and as such, governed by the functional
dependency of the adsorbed phase concentrations (i.e., loadings) w.r.t.

their fluid phase concentrations.

The reader will affirmatively discover in the subsequent chapters of this work well

founded arguments that support the statement above.

1.2 State of the art

While it has been 50 years (1965) since Myers & Prausnitz postulated Ideal Adsorbed
Solution Theory (IAST) [38]*, it continues to be one of the most popular and widespread

predictive multicomponent adsorption equilibrium models, often serving to benchmark

*[In order to get an idea of the impact brought about by this publication] According to the scien-
tific references’ portal Web of Science™ (Thomson Reuters™) this article has been cited 1234 times!
[Consultation conducted on December 1°°, 2014.]
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alternative, more complex calculation methods—see e.g., Krishna et al. [39], Bartholdy
et al. [40], Swisher et al. [41] and the 50" anniversary review by Walton & Sholl [42].
This fact is confirmed by the long list of articles devoted to the subject, with particular
emphasis on the solution of its constitutive equations. Recent publications [43, 44], for
example, address the possibility to calculate analytical solutions of the model equations,
in order to overcome calculation time overheads, and thus facilitating its implementation
in numerical codes for dynamic adsorber simulation. In this respect, IAST has also
become nowadays a standard option in commercial process simulation environments—
e.g., Aspen Plus® [45]. Nevertheless, the continuing task of developing more efficient
tools and popularizing IAST at its most basic level is an ongoing effort that will continue
for the time to come. The present work should be situated in this context. It is on
one hand, a novel alternative contribution to improve algorithmic efficiency of IAST
calculations; on the other hand, it describes how IAST can be applied in a practical
context to predict competitive equilibria of compounds, which adsorbing alone, display

non-trivial adsorption isotherm courses.

1.3 Objectives & highlights of this work

This dissertation features the following OBJECTIVES:

1. INTRODUCTION, DESCRIPTION, PROOF, & IMPLEMENTATION of an efficient approach

for multicomponent adsorption equilibria prediction, applying IAST—cf. Chapter 4.

2. DEVELOPMENT OF ANALYTICAL FORMULZE under IAST framework to calculate par-
tial derivatives of adsorbed phase concentrations w.r.t. corresponding fluid phase
concentrations at equilibrium, focusing on its application in the numerical simula-

tion of adsorber dynamics—cf. Chapter 7; &

3. EvaLuATION OF TAST as a tool to describe the adsorption behavior of an experi-

mental system to illustrate proof of concept—cf. Chapter 10.

1.4 Sources of information

Books Several textbooks, monographies, compendia and doctoral theses were con-
sulted in order to acquire the necessary knowledge to develop the ideas presented in the

current dissertation. The list of references on the discussed topics is vast. Some of the
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classics to the topics, constituted the bases to develop the concepts in this research.
The following books are suggested to the reader as general, all-purpose introduction
to the topic. For Part I, Principles of adsorption and adsorption processes by D. M.
Ruthven [46] & Adsorption Analysis: Equilibria and Kinetics by D. D. Do [36]; for
Part II, Numerical solution of time-dependent advection-diffusion-reaction equations by
W. Hundsdorfer & Jan G. Verwer [47] and finally for Part III, Fundamentals of Prepar-
ative and Nonlinear Chromatography by G. Guiochon et al. [14].

Scientific articles A vast number of technical publications from peer-reviewed jour-
nals was consulted in order to reach the goals of this work. Although it is difficult to
categorize many of them, due to their degree of specialization on a particular topic, they
can be divided roughly into three main fields of knowledge: adsorption fundamentals
(thermodynamics €& mass transfer), numerical methods (ODEs, PDEs, interpolation &
integration) and experimental techniques of liquid chromatography (HPLC € adsorp-
tion isotherm determination). Four articles merit special acknowledgement. The first
one is the milestone classic by Myers and Prausnitz, “Thermodynamics of Mized-Gas
Adsorption” [38], which discusses application of solution thermodynamics to describe
an adsorbed phase, in an analogous way to the thermodynamic treatment applied in
vapor-liquid equilibria (VLE) [48, 49]. The second article is “Thermodynamics of Multi-
Solute Adsorption from Dilute Liquid Solutions” [50] by Radke & Prausnitz. Herein,
the natural extension of the concepts in [38] for the particular case of adsorbates found
in dilute liquid solutions is explained. The details of this extension will be presented
in Chapter 2 and its importance to liquid adsorption chromatography will be explained
in practice in Part ITI. The third one is “Adsorption Isotherm and QOverloaded Elution
Profiles of Phenyldodecane on Porous Carbon in Liquid Chromatography” [51] by Diack
& Guiochon. The peculiar elution behavior of overloaded injections of this compound in
the system ACN/PGC is documented, whilst yielding insight into its complex adsorp-
tion mechanism. And finally, “Adsorption Isotherms and Owverloaded Elution Profiles
of Phenyl-n-alkanes on Porous Carbon in Liquid Chromatography” [52] again by Di-
ack & Guiochon, this time discussing other phenyl-n-alkanes of the homologous series,
with different lengths in their alkyl chain, and thus providing a systematic explana-
tion of observed retention times and inflection points along the adsorption isotherm
courses. These articles provided the starting basis to develop the present dissertation.
Moreover—perhaps needless to stress, all articles listed under Bibliography, p. 195, are
relevant to different extent to each of the topics herein discussed, and certainly recom-

mended to the interested reader.
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Conference proceedings Three important topic-related international conferences—
attended by the author—provided valuable information. The first one is the Interna-
tional Conference on Fundamentals of Adsorption (FOA), organized by the International
Adsorption Society (IAS) and publishing its proceedings in the journal named Adsorp-
tion (Springer). The second is the International Symposium, Exhibition & Workshops
on Preparative and Process Chromatography, Ion Exchange, Adsorption Processes &
Related Separation Techniques (PREP). And finally, the International Symposium on
Preparative and Industrial Chromatography and Allied Techniques (SPICA).

Personal communications Important information was conveyed to the author in the
form of technical discussions with colleagues from the PCG research group and colleagues
from external institutions in Germany & Europe as well as other countries of the world
while attending high-profile seminars and conferences. These productive contributions,

focusing in particular on aspects of liquid chromatography, will be addressed in Part III.

1.5 Published results in peer-reviewed journals

As an important outcome of the partial results obtained in this work, three research
articles were published in peer-reviewed journals, thus contributing to the studied field

of research:
1. “A Method for Efficiently Solving the IAST Equations with an Application to Adsor-
ber Dynamics” [53] (main author);

2. “Use of Adsorbed Solution theory to model competitive and co-operative sorption on

elastic ion exchange resins” [54] (co-author); and
3. “Evaluating the application of discrete adsorption data to predict competitive equilib-

ria and fized-bed dynamics using Ideal Adsorbed Solution Theory” [55] (main author).

Other technical contributions in the form of scientific posters and talks were presented

in the respective conferences & meetings attended*.

*Conference contributions are listed under “List of Publications” at the back of this thesis.
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1.6 Structure of this thesis

In accordance with the dissertation’s objectives listed in Section 1.3, this work consists

of eleven chapters, which are grouped into four thematic parts:

Part I: Some notions on adsorption & adsorption equilibria (Chapters 1 - 5)
Chapter 1 introduces the general topic of this work and provides preliminary defini-
tions and concepts necessary in aiding with subsequent chapter presentation. Chapter 2
discusses fundamentals of adsorption. Chapter 3 introduces Ideal Adsorbed Solution
Theory (IAST) and reports on different strategies commonly used for its solution. Chap-
ters 4 presents an efficient approach to solve IAST equations; application examples and

additional implementation details are discussed in Chapter 5.

Part IT: Adsorber dynamics (Chapters 6 - 8) Chapter 6 presents a basic process
description of liquid adsorption chromatography, as well as details of common isothermal
models applied to understand & characterize it. Chapters 7 & 8 focus on applications
of the solution approach of Chapter 4, with emphasis on tubular fixed-bed adsorbers &
HPLC columns.

Part III: Experimental demonstration (Chapters 9 - 10) Chapters 9 & 10
summarize experimental measurement work conducted for practical demonstration and

validation of the tools presented in Chapters 4, 5, 6, & 7.

Part IV: Concluding remarks (Chapter 11) Chapter 11 outlines conclusions of

this dissertation and briefly suggests potential workscope along treated lines of research.

The following chapter 2 provides theoretical foundations of this work.
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Chapter 2

Adsorption isotherms &

thermodynamics

“First things first.”

— English proverb

Introduction

discussion of liquid phase adsorption chromatography requires an exposition of
A fundamental concepts of adsorption & tools that describe adsorption-based sep-
aration processes. Adsorption isotherms are therefore the central focus of this chapter.
Firstly, an overview of important definitions concerning adsorption phenomena and
technical systems is given. Afterwards, discussion continues on aspects of adsorption
thermodynamics to set the foundation upon which IAST relies, including the classical
context postulated by Gibbs [56], which continues to find application today [48, 49, 57].
Finally, a general review on solution thermodynamics of adsorption, presented by My-
ers [58] and more recently updated by Myers & Monson [59], is briefly introduced and
discussed. The definitions and concepts herein addressed are applied throughout the

rest of the thesis.

13
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2.1 Single component adsorption isotherm models

In a system consisting of two phases, an adsorbed phase, a, and fluid phase, ¢, a
temperature-dependent partition of solutes, ¢, indicates their distribution at equilib-
rium. A natural representation of this equilibrium partition is given by an equation
that relates adsorbed phase concentrations, g;, with corresponding fluid phase concen-
trations, ¢;:

¢ = f(c;, T). (2.1)

In order to systematically investigate such a system temperature, T, is kept constant
and partition values, ¢; vs. ¢;, i.e., {q(l) (1)} {q (2)} etc., are measured after a
sufficiently long time*. The ensemble of partition values constitute the ADSORPTION
ISOTHERMS, which can be measured experimentally for single compounds or simultane-

ously for multiple ones, depending on the applied experimental technique(s)T. Figure 2.1

1 1
\
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— \
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= =T e
s 27 °
£
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05 205
g <
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g o o N
o] T~
Z ¢ T~
=
2 o
< /
/
/
0 0
0 1 2 3 0 1 2 3
Fluid phase concentration, ¢; , [ mol /1] ¢, [mol /1]

Figure 2.1: Simple example for an adsorption isotherm. Circles (o): measured equilibrium
(partition) points, {qg1 (1)} {q(2) (2)} . Dotted line(——): fitted function, ¢; = f(c;), to
equilibrium points shown. The points were generated artificially with the Langmuir isotherm,
Equation (2.3a), p. 17 using parameters listed in Table A2, Appendix A2.1, p. 165.

illustrates this simple definition in graphical form for an adsorbate 4, including quanti-

ties, q;/ci—these quotients become relevant in Chapter 3 to implement TAST.

*Meaning that enough time should be given to the system to reach equilibrium. In principle, Ac; — 0
and so Ag; — 0 as t — oo.

tThis is addressed in detail in Part IIL.
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2.1.1 Classification criteria

Due to the fact that molecular interactions at high concentrations are complex, a non-

linear dependency between equilibrium values in the adsorbed phase, ¢;, and fluid phase,

¢;, can be established. Elaborate isotherm equations are therefore required for appro-

priate description over relevant concentration ranges. As a result, a plethora of models,

covering a wide spectrum of systems, whilst either justified theoretically or empirically,

are reported in the literature. See among many others [4, 7, 14, 36, 60] and the refer-

ences therein.

A general classification system introduced by the pioneering work of Brunauer et al. [61],

later extended by Giles et al. [62]—and most recently standardized by the IUPAC [63,

64]—is based on the shape taken by experimental data and fitted adsorption isotherm

courses, as illustrated with some examples in Figure 2.2.
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Figure 2.2: Examples of isotherm equations, based on the classification of Brunauer et
al. [61]. From left to right & top to bottom: Langmuir (Type I), Eq. (2.3a); BET (Type
II), Eq. (2.3i); Anti-Langmuir (Type III); Quadratic + Langmuir (Type IV), Eq. (2.3e); &
Quadratic (Type V), Eq. (2.3d). (—): ¢ = f(¢); (——): dg/de; (—): q/c; & (-): linear limit,
applying . Expressions for ¢/c, dg/dc and b are listed in Tables 2.3 & 3.3, p. 37. Parameters
used to generate these figures can be found in Appendix A2.1, p 165.

da/dc, a/c

Additionally, adsorption equilibrium equations can roughly be grouped into five com-

prehensive categories, in accord with the applied principle used to define and generate

them [7, 36, 40]. These categories are listed in Table 2.1. It is important to highlight

that several well-known and applied equilibrium models are simple empirical equations,
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with sufficient parameters to fit observed experimental behavior. This approach works
well over measured concentration ranges, but difficulties can appear when equilibrium is
required outside these ranges. Table 2.2 lists important, well-known single component
adsorption isotherm model equations® Some of these models are addressed in Chap-
ters 5, 8, 9, & 10; the complete list is given to provide an additional guideline and useful

references to interested readers.

Table 2.1: Some principles applied to generate adsorption isotherm models.

Founding principle(s) Examples
1. Kinetics of adsorption & desorption Langmuir [65], BET [61, 66]
2. Potential Theory, volume filling in D-R [7, 67, 68], D-A [7]

micropores [7, 67, 68]

3. Empirical (‘goodness of fit’) Redlich-Peterson [69], Téth
4. Classical thermodynamics & EOS 2D van der Waals EOS [7, 70],
approach [7, 14, 36, 70-72] Virial Mixture Coefficient

(VMC) method [72, 73]

5. Statistical thermodynamics, e.g., [74, 75] Quadratic [43]

A more detailed review of some of the adsorption isotherm models listed in Table 2.2 as
well as a discussion on model linearization & parametrization can be consulted in [60, 76].
These aspects become useful to perform model discrimination from experimentally ac-
quired equilibrium data. It is also important to highlight that some of the equations

listed in Table 2.2 are of the general form:

a=1()=" 22)

This applies for example to the LANGMUIR, BI-LANGMUIR, QUADRATIC, & QUA-
DRATIC PLUS LANGMUIR models, Equations (2.3a), (2.3b), (2.3d), and (2.3e) in Ta-
ble 2.2, respectively. Equation (2.2), together with the concept of INCREASING ISOTHERM
—i.e., an isotherm equation, ¢; = f(¢;), displaying arbitrary increasing values for in-
creasing arguments, ¢;, proves its usefulness with regards to the solution principle pre-

sented in Chapter 4.

*The expressions are valid for the two fluid phases considered in this work, liquid and gas.
TThis functional form is directly linked to statistical thermodynamics [14].
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Table 2.2: Selected single component adsorption isotherm equations, ¢; = f(c;). @ °
Model Equation
Langmuir [65] _ sar_ DiCi 2.3
G =4 (2.3a)
) . bi1c; biaci
Bi-L 14 = sat _ 701 sat_ 1o 2.3b
i-Langmuir [14] 4 = g1 1+ bic: Qi2 1+ biges (2.3b)
. 1
Freundlich [7, 14] ¢ = a;c (2.3¢)
. at Ci [bi1 + 2biac;]
dratic [43 i = ?dtc[— 2.3d
Quadratic [43] 4 = q; 1+ bincs + binc? (2.3d)
: sat Ci bz +2bl C; sa bz Ci
Quadratic plus @ = g5 t% s t# (2.3e)
Langmuir [51, 52] SR e
O’Brien & Myers [77] ¢ =q™ bici + 02 bici (1 - bicé) (2.3f)
1+ bc; 2 (]_ + bicz)
/ bici
Toth [78, 79] ¢ = q;atﬁ (23g)
[14 [bici]™ ]
a;Cq
lich- = —— 2.3h
Redlic qi 1+ bic (2.3h)
Peterson [69, 80)
BET [14, 44, 66, 81, 82 aat bisci .
) ’ ) ) i = q; 2.3i
4 q [1 — bﬂ_Ci] [1 - biLCi + biSCi] ( )
sat 2
Dubinin-Radushkevich ¢ = ¢ exp | —B? <In [Clc } > , B; = BD»QE- (2.3))
(D-R) [7, 68, 83, 84] ' e
sat . . .
UNILAN (79, 85] 4 = 4q; In [ Ki+ ¢ exp[n;] } >0 (2.3k)
2n; Ki+ci exp[—m;]
1
Sips (Langmuir- ¢ = Zﬂt% (2.31)
Freundlich) [36, 86] 1+ [bic;]™
bisIn[1 — b;Lc;
Fractal BET [87] g = —gsot-DisIn[1=baci] (2.3m)

bi [1 — biLe; + bisc; ]

a. Parameter notation has been slightly modified in some of the model equations for convenience.
Consult the provided reference on each model for further details.

b. For the sake of convenience, fluid phase concentration is expressed as c;. For the gas phase, ¢;
should be replaced simply by partial pressure, p;, if perfect gas behavior is valid, or fugacity, fi,

otherwise.

2.1.2 Henry coefficient and selectivity

Let

= f(¢), 1=1,...,N, at constant T,

(2.4)
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be a smooth, continuous function™ representing the dependency of the adsorbed phase
concentration of a component 4, g;, with respect to the fluid phase concentration, ¢;,
i.e., an adsorption isotherm model equation. The Henry coefficient for adsorption of
component i is thus defined as'

% _ im dai

h; ;== lim =
i
=0 ¢;  ¢—0 dg;

— (D). (2.5)

Physically this means that at infinite dilution of an adsorbable component, ¢, the coef-
ficient represents a positively-valued and finite equilibrium partition of an amount of i,

established among the fluid and the adsorbed phase, hence
g =bhici = f(c) at constant T'. (2.6)

This partition is from a practical point of view difficult to quantify experimentally for
certain systems. Often extrapolations from a physically attainable low concentration
region to the limit ¢; — 0 must be assumed, with their corresponding errors. An
extrapolation is justified if the gathered data behaves linearly in the measured low
concentration range. The limit given by (2.5) is also helpful to test adsorption isotherm
model equations for thermodynamic consistency [88, 89]. It will later be observed that
for practically relevant adsorption isotherm model equations, the Henry coefficient can
either take the value

hi =0 (2.7)

e.g., the Dubinin-Radushkevich (D-R) isotherm, Equation (2.3j), Table 2.2, or

e.g., Freundlich isotherm, Equation (2.3c), Table 2.2, thus violating the thermodynamic
consistency requirement expressed by Equation (2.5)—i.e., positively-valued, finite [88,
89]. For these particular isotherms, strategies have been developed in order to alleviate
this drawback, as done for the D-R isotherm, Equation (2.3j) [83, 84, 90-92]. Table 2.3
lists expressions of the Henry coefficient for several isotherms. The Henry coefficient is an

important piece of information that allows understanding a limit behavior of adsorption

*Formally, from the mathematical point of view, this function is C*°, i.e., infinitely differentiable.

"The term Henry coefficient is adopted in this work in order to remind the reader that it is actu-
ally a temperature-dependent term. Often the misleading designation « Henry constant» is frequently
encountered in the chemical engineering literature.
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equilibria. It plays a fundamental role in studying the dynamic behavior of certain fixed-
bed adsorbers—e.g., packed columns for analytical liquid adsorption chromatography™*.
Now, let the molar fractions at equilibrium of an adsorbable component, 7, in a mixture
of N adsorbable components in a diphasic system, consisting of a bulk fluid phase and
the adsorbed phase be written as

¢ i

yi = and x; := , i=1,..., N, (2.9)
Ctot qtot

respectively. The selectivity, a, of component ¢ with respect to component j in such a

system is defined as

:yz‘/ﬂfz‘
yj [ zj’

Qg i,j=1,..., N, i#j], (2.10)
thus indicating the degree of affinity or preference to concentrate of a particular com-
ponent with respect to any of the other adsorbable components in the two distinct
co-existing phases at equilibrium. This important parameter therefore allows to quickly
assess the separation performance of different adsorbents when put in contact with
mixtures of adsorbates of interest. Hence, for a given adsorbent, a quantified value of
a;j — 1 is to be in general interpreted as a difficult separation task, since the equilib-
rium partition of such a component under this situation does not vary significantly—this
naturally implies that there is no particular preference to concentrate in either phase
of the system. In contrast, values of o;; > 1 mean that the affinity of each component
i and j to bind with the applied stationary phase is quite different, thus indicating a
potentially undemanding separation task. Moreover, for diluted systems, the connection

with Henry coefficients, b;, h;, defined by Equation (2.5), is straightforward:

Q5 = — (2.11)

b
bi
The limit behavior expressed by Henry coefficient, Equation (2.5), and used to define
selectivity, Equation (2.10), allows only a limited description and understanding of ad-
sorption equilibria—i.e., under diluted conditions; it does not suffice to appropriately

describe equilibrium partitions covering wider concentration ranges, which are of prac-

tical interest for industrial-scale separations and their optimization.

*These connections between adsorption theory and the aforementioned liquid adsorption chromatog-
raphy application are clarified in Part III.
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Table 2.3: Henry coefficients, b;, and derivatives, dg;/dc;, of selected single component isotherm models.

a

Isotherm Henry coefficient Derivative
. dg; b;
Langmuir [65] . gsatyp. 2.12a & _ sat g 2.12b
bi = ¢ " b ( ) q 4 (15 bici 2 ( )
. . dg; bi1 bi2
Bi-Langmuir [14 i = g5 bjy + q520 b 2.12¢ Dogsat o gttt F
g [14] i =41 i1+ g Yi2 ( ) de; 41 (14 biei 2 4i2 (14 biacs |2
Quadratic [43] b = ¢ bin (2.12¢) dg; sat T:.H + 4bizci + @S@Bﬁﬂ (2.12f)
S =4 2 °
de; [1+birci + bise? |
) e b o2
@Cm&wmio _,Q_Em Q&Hmn bi1 + Q&mwm; bi3 Aw.“_.wmv &Qw. B Qv_wn _H?H + 4bioc; + @i?mn& H_ n Qv_.@n ?.w AN HMTV
—= =g B .
Langmuir [51, 52] de; ! T +bi1ci + biac? g 2 P 14 bie)?
b 3 H
O’Brien & Qs.mma b; ﬁw._. MQSL (2.121) dai w+Qw +?.0;%I%Qw + bic; ﬁwnquﬁ Q
Myers [77] 3 L =g, 7 (2.12j)
Ci 2 ﬁu i F.QL
Vi _ .
Redlich- hi = a; (2.12K) doi _ . Zn|?wi (2.121)
Peterson [69, 80] dei ﬁ 1+bicy Q
dg; 14 b [ b +bis]c2
BET [14, 44, 66] b = S.mi bis (2.12m) a9 _ S.mi bis Pw_ 2E isle; 3 (2.12n)
de; ﬁlu. + vs.rns._ —H —bjLc; + ?.mﬁl
Téth [78, 79] by = ¢S b; (2.120) dai _ a7 bi
: i = a7 b : = — (2.12p)
o[ e ]
Sips [36, 86] bi={oo,vi > 1 0, <1 (212q) i _ e [bici]™
do q; R (2.12r)
¢ V;C; _HHnT ::.9. H_
Dubinin- b =0 (2.125) é ) esat ]\ ?
. q;* exp |—=B; | In
Radushkevich dg; 1 Ci | v ( v
. , ¢ €]0,00 2.12t
(D-R) [7, 68, 83] ® de; 2 osat t
—142B2In | &
Ci
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a. Parameters applied in each model are listed in Table 2.2.
b. Possesses zeros of higher order at the origin; a finite, positive value of the slope as defined by (2.5) does not exist.
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2.2 Multicomponent adsorption isotherm models

The description provided by single component adsorption equilibrium data and corre-
sponding fit of these data to an adsorption isotherm model equation, covered in Sec-
tion 2.1, is only useful to a certain extent. The crucial task in developing adsorption-
based separations consists of thoroughly understanding adsorption behavior of multiple
species, i.e., complex mixtures [14, 93]. It is necessary to recall that all adsorbable
species in a homogeneous mixture can potentially interact with adsorption sites of the
stationary phase and also among themselves once they have adsorbed, leading to com-

plex interactions. These interactions include among several others: a) competitive be-

@ = f(c1,62) ¢ = f(c1,0)

0.8 +

0.6
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Figure 2.3: Simple competitive binary adsorption isotherms, ¢1 = f(c1,¢2), g2 = f(c1,c2),
generated with the competitive Langmuir equation (2.14a) listed in Table 2.4, p. 23. Param-
eters used to generate the plots are listed in Table A3 of Appendix A2.2, p. 165.

havior for the adsorption sites; and b) cooperative behavior, where adsorption of one or
more species enhances adsorption of other components in the fluid mixture. These two
basic type of interactions amongst adsorbable species are often observed in experimental
systems and are in some cases only partially understood. Henceforth, a qualitative and
quantitative description of competitive adsorption of multiple species continues to be
a challenge to modern research. Already when a few chemically similar species in a
mixture are taken into account—for a particular system under investigation—requires
a substantially costly and time-consuming experimental effort [94, 95]. A second as-
pect of fundamental importance is the nature of the adsorbing material used. Surface
heterogeneity and the different theories behind it—see e.g., [96-98], aim at providing a
more detailed picture of adsorption mechanisms, trying to reconcile physical observa-
tions with applied models in a better fashion.

Recent advances in high-throughput screening (HTS) and high-throughput experimental
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platform design have become one important alternative aimed at tackling the cumber-
some task of experimentally measuring multicomponent, competitive adsorption equi-
libria; they are particularly useful in several biotechnological and biopharmaceutical
applications, as explained in [99-103]. This empirical approach seems to be increasing
in popularity in separation science overall. Nonetheless, the classical approach, whereby
thermodynamics’ principles are applied in order to predict multicomponent adsorption
based on single component adsorption equilibria, continues to be an important and

useful tool due to three factors:

1. it is of general validity;
2. it is simple to apply and usually not cost-demanding; &

3. a comprehensive amount of reported single component adsorption equilibrium data
on commercial adsorbents of industrial relevance is readily available—see e.g., [79];

in turn, this information can be employed to predict multicomponent behavior.

2.2.1 Classification criterium for multicomponent isotherms

A simple way to group multicomponent adsorption isotherm models reported in the
literature is by considering whether a given equation is expressed EXPLICITLY as a func-
tion of arguments cq, ..., ¢y, or expressed by an IMPLICIT equation of more general
character. First practical attempts to provide explicit expressions for mixtures by ex-
tending the Langmuir model to several components can be traced back to the work
of Markham & Benton [104]. This model, together with other common examples for
explicit models, are listed in Table 2.4. Mathematically, in analogy to Equation (2.4)
for a single adsorbable component, a competitive multicomponent adsorption isotherm

model consisting of N adsorbable species is given in explicit form by

g = f(c1,...,en), i=1,..., N (2.13)

at constant temperature, 1. For specific application in liquid chromatography—the
focus of Part III, explicit expressions exist for many systems—see e.g., [105, 106]. The
choice of applying either an explicit, algebraically simple equation, or an implicit model
to describe multicomponent adsorption equilibria is important f