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ABSTRACT

Chromatographic separations are employed for their excellent resolving power in order to achieve
the purity required for today's bio-therapeutics, diagnostics, and other biological products.
However, existing methods for the prediction of chromatographic sequence performance are
limited and time-consuming given the highly interactive nature of such steps. This PhD study
proposes a graphical framework for the rapid representation of key process trade-offs that need to
be made during chromatographic separation. The output of the framework developed in this thesis
reflects the degree of trade-off between levels of yield and purity and between levels of yield and
the degree of contamination achieved and provides a fast and precise prediction on the sample
fraction collection strategy needed to meet a desired process specification. The graphical
methodology is able to accommodate difficulties posed by situations where the product and
impurity content are measured by different assay techniques and are expressed in different units.
Importantly by the use of cubic-spline methods, situations where the quality of process
information is limited by the small number of fractions collected can be dealt with.
The thesis details the development of the theoretical basis behind fractionation, purification factoryield and contamination index-yield diagrams and the mathematical algorithms used to connect
chromatographic data with these diagrams. To demonstrate the practicality and usefulness of the
approach proposed a range of chromatographic separation data were employed as case studies as
follows. For a single step chromatographic operation, the approach is demonstrated by four
different separation systems: simulation results from a verified size exclusion model separating
three globular proteins (i.e. y-globulin, ovalbumin and Ribonuclease A); experimental results from
the separation of a labile enzyme alcohol dehydrogenase (ADH) from Bakers yeast homogenate on
a hydrophobic interaction STREAMLINE™ Phenyl matrix operated in an expanded bed;
industrial data for the removal of endotoxin from DNA by ion exchange chromatography, and
industrial data for the purification of recombinant protein from host cell protein contaminants by
size exclusion chromatography. The approach is further demonstrated by another simulated
separation operation involving chromatographic sequences: the separation of a hypothetical threecomponent protein system by hydrophobic interaction and size exclusion chromatography.
The studies successfully show how the analysis of chromatographic performance can be carried
out more easily and in a straightforward fashion using the resultant graphical diagrams compared
to the use of conventional chromatograms. The methodology proposed serves as a useful tool for
identifying the process trade-offs during a chromatographic separation and indicating the impact
on further processing of the cut-point decisions that are made.
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CHAPTER 1
INTRODUCTION

1.1

Background

Biochemical engineering has contributed to the immense industrial exploitation of
biological organisms within manufacturing processes. The development o f efficient
and reliable means for protein purification often forms a key element for successful
individual exploitation. Biotechnological innovations have made their mark on a
number o f diverse fields including the pharmaceutical, biomedical, agrochemical,
and food processing industries. While these innovations are in large measure a result
o f recent advances in recombinant DNA and cell culture technologies, few would
have

been

possible

without

concomitant

advances

in

protein

purification

technologies. The need for protein purification methods is greatest in the
biopharmaceutical manufacture where many o f the new products are proteins:
vaccines, blood proteins and hormones (Walsh, 1998). The purification requirements
for these products are very exacting, and hence it is not uncommon that the majority
o f the development cost of the new therapeutic protein is spent on purification and
validation (Walsh and Headon, 1996).

The pharmaceutical industry is one of the great activity. The estimated world-wide
sales o f biopharmaceuticals in 1993 was about $5 billion. In 1997, this value had
risen to over $7 billion. The biopharmaceutical market is likely to be in the region of
$30-$35 billion by 2003, which will represent 15% o f the overall world
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pharmaceutical market, likely to stand at $250 billion by that time (Walsh, 1998).
Table 1.1 shows the estimated market value of some biopharmaceuticals in 1997
while Figure 1.1 shows the therapeutic medicines which were in development in
1999.

a-Interferon

Cancer, Viral infection

1986

1000

fT Interferon

Multiple sclerosis.

1993

35

Viral infection
y-Interferon

Chronic granulomatous disease

1990

45

Erythropoietin

Anaemia

1989

1800

Factor VIII

Haemophilia

1993

445

Ciranulocyte colony

Neutropenia

1991

870

Growth deficiency

1985

660

Insulin

Diabetes mellitus

1982

1000

Interleukin 2

Cancer

1992

50

OKT 3 monoclonal

Kidney transplant rejection

1986

160

Cardiovascular disease

1987

120

stimulating factor
Human growth
hormone

antibody
Tissue plasminogen
activator

Table 1.1; The estimated market value of some biopharmaceuticals in 1997 (Walsh,
1998).
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1.1:

Biotechnology medicines for therapeutic purposes in development

(Holmer, 2000).

Nearly all the drugs listed in Table 1.1 require chromatographic purification in their
manufacture. Chromatography has been established as the pre-eminent separation
technique for the large-scale purification of proteins and other biomolecules due to
its high selectivity, stability and economy.

During the last two decades,

chromatography has therefore become an integral and indispensable part of the
biochemical engineering industry. Most regulatory authorities, such as the FDA
(Food and Drug Administration), expect at least one chromatographic step to be used
in manufacturing a protein-based biopharmaceutical. It is very common that
sequences, consisting of maybe three chromatographic steps, are applied in a
purification scheme for a product derived from a biological source for example
produced by fermentation or cell culture (Sofer and Hagel, 1997). The demand for
efficient preparative and large-scale liquid chromatographic separation processes to
achieve such separations is steadily increasing.
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1.2

Motivation of the Project

Cliromatography is widely used in the manufacture o f biopharmaceuticals.
Prediction of process performance and the trade-offs necessary for efficient
cliromatographic step and sequence operation is limited and time consuming given
the complexity of the system and the highly interactive nature o f the multi-steps
involved in such processes. In order to determine the optimum conditions for a
chromatographic process, decisions have to be made on the trade-offs between the
speed of separation, resolution and recovery. This trade-off relationship is often
represented qualitatively as a triangle, where each apex symbolises a single objective
in the optimisation o f a chromatographic separation (Figure 1.2).

Speed

Recovery

Resolution

Figure 1.2: The major three elem en ts of p rocess trade-offs in chromatographic
separation.

Realising the most desirable values for all three objectives at the same time is
considered impossible because they are closely interdependent on each other. For
example an increase in recovery is often achieved only at the expense o f speed or
resolution. Similarly to achieve higher resolution, the process time may have to be
lengthened and the recovery will then be sacrificed. Chromatographic purification
processes tend currently to be optimised empirically. Separation media, running
conditions and the sequence of purification steps are selected according to the
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expertise of the responsible scientists (Jungbauer and Kaltenbrunner, 1999), and this
is often done in another lengthy “trial and error” development process.

Chromatograms are the final outputs of a mathematical chromatographic simulation
or a chromatographic experiment. The quantity of raw data generated in such trials is
considerable and there is a requirement for an effective approach to handle the large
amount of chromatographic data systematically and to identify suitable operating
strategies rapidly. Such an approach would be capable o f reducing the time for
engineers or scientists^ are involved in the lengthy “trial and error” process
development.

Strategies for the selection o f cutting points for product pooling is another area that
has not been extensively studied. The only research^has been reported is for an
HPLC experimental system to produce a semisynthetic lipopeptide antifungal (Oram
et al., 2001). However this work was system-specific and the generic nature o f the
method was not proven.

Studies had been carried out to investigate the optimised conditions for a single
chromatographic separation (Golshan-Shirazi and Guiochon, 1991; Felinger and
Guiochon, 1996, 1998; Jacobson et al., 1992; Mao and Hearn, 1996; Klatt et al.,
2000, Teoh et al., 2001). To date, no optimisation studies have been reported
analysing chromatographic sequences. However all these studies rely heavily on
chromatographic data produced by the mathematical models developed. The systems
simulated were either semi-preparative or preparative, and no research work on
process scale has been demonstrated. In biotechnology, computer-aided simulation is
less far advanced than in chemical engineering. The major obstacle o f mathematical
modelling of chromatography in biotechnology, is the complexity o f the variables,
problems with the estimation of the parameters o f the process and o f the relevant
biological systems, and the highly non-linear nature o f the chromatography. A
chromatographic system involved in a bioprocess is unique in terms o f the
combinations of physical properties of the biological materials dealt with and
configuration o f the column, therefore mathematical models can easily fail to predict
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the outcome of the separation. Besides, the complexity o f the partial equations
system, parameter estimation and numerical techniques used to

solve the

mathematical model are the unfavourable drawback for engineers or operators.
Therefore a generic methodology, which does not necessary rely on mathematical
modelling to produce the chromatograms, is required to find the optimum conditions,
in terms of speed, resolution and recovery, for the chromatographic steps.

The separation goals of a chromatographic run sometimes can be viewed from two
different angles: product purification and contaminant removal. The former has the
intent o f increasing the recovery and the final purity o f the product. The latter
focuses on the removal of undesired contaminants present in the product to avoid
adverse effects may be caused by the contaminants. The former is important to
develop a cost-effective process, the latter is important in the validation o f the
chromatographic step. In making operating decisions, the consideration o f the trade
offs between these two different separation goals has to be dealt with simultaneously.

In biotechnology, it is very common for the product and impurity o f a
chromatographic separation to be expressed in different units and for there to be no
mass equivalence. This leads to a further feature to be examined. For example, in the
separation of an enzyme from total protein the enzyme level is often expressed in
terms of enzymatic activity whilst total protein is expressed in normal concentration
units i.e. mgml '; in the purification of plasmid DNA for gene therapy the DNA level
is often expressed in mgml ' whereas that o f a major contaminants, endotoxin, is
expressed in EU (endotoxin unit). Conversion to consistent units is often not
.o f

straightforward. Process optimisation and generation^operating windows for such
systems would be difficult because of the inconsistency o f the masses expressed.

This PhD study aims to address a number o f the above-mentioned problems and
limiting factors.
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1.3

General Background of Chromatography

Having defined the background and main motivations pertinent to this PhD study,
the following sections serve as a general introduction to chromatographic
separations. The theoretical background of chromatography will be discussed in the
next chapter.

1.3.1 Historical Background

Chromatography has long been established as an effective and reliable separation
means in biology and biochemistry since 1906, when the Italo-Russian botanist
Michael Tswett (1872-1919) applied the technique in the separation o f the pigments
o f chlorophyll into bands on a column of chalk (Tswett, 1906). There was no major
development until the 1930s when thin-layer and ion-exchange chromatography
were each established as regularly-used separation techniques. The next major
developments occurred in the late 1940s and early 1950s when the Swedish scientist
Tiselius (1940, 1943) was awarded a Nobel Prize in 1948 for his research on
‘Electrophoresis and Adsorption Analysis’. He developed the new classical
procedures by observing the properties of solutions in the chromatographic process
and classifying these into three major groups, differing in the principle o f the
separation (which will be discussed further in Section 1.4), namely elution
chromatography,displacement chromatography and frontal analysis. Later the British
researchers Martin and Synge (1943) were the 1952 Nobel Prize winners for the
invention o f ‘partition chromatography’.

The 1960s and 1970s saw a rapid rise in the routine use o f chromatography as a
universal analytical technique, particularly in chemistry, biology and medicine.
While chromatography was maintaining its predominant position as a routine
analytical tool and in trace analysis, this period also marked a revival o f interest in its
role as a technique for preparative separation, particularly at process-scale.
Chromatography was first employed as purification means for therapeutic agents in
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the early 1980s for the production of insulin and serum proteins. Currently, almost
all processes for the purification of therapeutic agents require the excellent resolving
power offered by chromatography to meet the stringent purification specifications set
down by the regulatory authorities. Table 1.2 shows the list of some of the most
important

commercial

biotechnological

products

destined

for

therapeutic

administration that involve chromatographic separation in their purification.

Insulin

Treatm ent o f d iab etes m ellitu s

B lo o d

C o ag u lation factors.

Treatm ent o f b loo d disorders e.g.

products

serum album in

h a em op h ilia

C y t o k in e s

Interleukins,

Treatm ent o f ca n ce r and in fectiou s d ise a s e s

H o rm on al
preparations

interferons
Enzym es

V a c c in e s

U rokinase,

T h ro m b o ly tic a gen ts, d ig e s t iv e aids,

asp araginase, tPA

debriding agen ts (i.e. c l e a n s in g o f w o u n d s )

Hepatitis B su rface

V a c c in ation ag ain st various d ise a s e s

antigen, HIV antigens
M o n o c lo n a l

Raised against

P assive im m u n isatio n again st various

an tib o d ie s

sp e c ifie d an tigens

d isea s es, ca n ce r treatm ent, general d ia g n o sis

Table

1.2:

Chromatographically

purified

biochemical

products

destined

for

therapeutic administration.

1.3.2 What is Chromatography?

Chromatography, by definition, involves the differential distribution of solute
molecules between two phases, one of which is known as the stationary phase, and
the other as mobile phase. The most common physical configuration is column
chromatography in which the stationary phase may be a packed bed of solid particles
or a liquid with which the packing is impregnated. The sample is carried through the
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chromatographic column dissolved in a gas or liquid stream known as the mobile
phase, eluent or carrier. The mobile phase in gas chromatography (GC) is usually an
inert gas such as nitrogen or helium, but may be replaced by (or admixed with) a
vapour or by a supercritical fluid. The mobile phase in liquid chromatography (LC)
may be water, an aqueous solution o f an acid, base or salt, organic solvents or
mixtures thereof. The mobile phase and the sample will be introduced to the column
at the inlet and the effluent will be collected and monitored at the outlet. The success
o f the separation depends on the ability of the mobile phase to elute selectively the
components retained by the stationary phase as it flows through the column.

1.3.3 Process Perspective of Chromatography

As biotechnology moves from the research laboratory into the marketplace, the need
for large-scale production processes becomes pressing. Within this thesis the
materials of study are mainly proteins, therefore this section focuses on the role of
chromatography in protein purification. There are many proteins that are currently
available as drugs, such as insulin, hepatitis B vaccine, interferon and human growth
hormone. Many more biotech-produced therapeutics proteins are expected soon and
manufacturing approaches must keep in pace with the development o f these products
and their movement into the marketplace. To manufacture these products, a process
that operates at large scale, producing large quantities economically must be evolved.
The production processes for such biological materials are generally divided into
upstream and downstream operations. A generalised downstream processing scheme
typically utilised in the production of protein-based products destined for therapeutic
or diagnostic application is outlined in Figure 1.3.

The upstream element includes fermentation and cell culture. The downstream
operations include recovery and purification steps o f which chromatography is key.
If the protein of interest is secreted into the medium, the first step involves the
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Source Material

Intracellular Protein

Extracellular Protein

Recovery o f cells

Rem oval o f cells

Cellular disruption (hom ogenisation)
Rem oval o f debris

Concentration o f extract (ultrafiltation, precipitation, ion-exchange)
Ion-exchange chromatography
Hydrophobic interaction chromatography
Size exclusion chromatography
Incorporation o f stabilisers, preservatives and adjustment o f
potency to required value
Final Product

Liquid preparation

Powdered preparation (freeze dried)

Figure 1.3: G eneralised outline for the production of protein products destined for
therapeutic or diagnostic application (Walsh and Headon, 1996).

separation of product from whole cells and other insolubles by a solid/liquid
separation means, such as centrifugation or filtration. In the case o f intracellular
materials, cell disruption, by for example homogenisation, is carried out after the
harvesting step. (Sharma, 1986). Centrifugation is then used for the further removal
o f any remaining whole cells and cellular debris.

In the case of extracellular proteins, often enzymes and antibodies, a concentration
step is usually employed first. This can be achieved by ultra-filtration, precipitation
or batch ion-exchange procedures. In the case of most intracellular proteins, this
concentration step is unnecessary, although precipitation and, in particular, batch
ion-exchange step is often used to "clean up" the extract and contaminants such as
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particulate matter or lipids which might subsequently foul the chromatography
columns.

Chromatography is then employed to achieve the required levels o f high-resolution
purification. Chromatography is frequently the only operation capable o f providing
the very high purity levels required. Moreover, other purification techniques, such as
fractional precipitation, electrophoresis, isoelectric focusing and membrane filtration
often involve heat generation or the presence o f strong shear forces each o f which
might damage the product. Chromatography usually permits milder processing
conditions close to physiological, so avoiding dénaturation (unfolding o f the protein
molecule) and retaining biological activity. Chromatography also offers the
advantages o f process speed, resolving power, and ability to handle small amounts of
material.

The chromatographic separation usually involves a series o f chromatographic steps,
rather than a single step, to achieve the desired high degree o f purification. The
number of steps solely depends on the recovery achieved by each individual step, on
the overall purity required and on the nature and ease o f removal o f the contaminants
from the product. Often the number of these chromatographic steps is kept to be the
minimum for the process to be economical, and hence, it is very important to
optimise or fully utilised each individual step in order to achieve maximum
resolution and recovery.

1.4

Elution Modes o f Chromatography

There are three major ways of desorbing bound solutes from the stationary phase i.e.
medium

of chromatography.

They

are

elution,

frontal

and

displacement

chromatography.
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1.4.1 Elution Chromatography

The elapsed time from the initial application o f the elution buffer until the exit o f the
sample peak from the column is the elution time or the retention time (//?), the
volume o f the elution buffer applied in this time is the elution volume (V r ). A plot of
the concentration o f the solute in the effluent against the elution time, or volume
registered by a detector at the column outlet would typically appear as Figure 1.4,
showing complete separation of the individual components.

ài

tR l

Solute
concentration

time

Figure 1.4: Elution profile of a binary mixture by chromatography.

The technique shown in Figure 1.4 of achieving the separation o f the sample
components is called elution chromatography. In elution chromatography, the feed
mixture is introduced into the column approximately as a Dirac pulse. If the
composition o f the mobile phase does not change throughout the separation, the
process is referred to as isocratic elution. If the composition o f the mobile phase is
changed abruptly to elute the solute the process is called step elution. If the
composition is varied gradually during the process, it is known as gradient elution or
differential elution. Protein adsorption tends to follow the all-or-nothing principle
(Freitag and Horvath, 1996), i.e. save for a narrow window o f eluent strength, the
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molecules will either adsorb strongly to the surfaee o f the stationary phase or show
no tendeney to adsorb at all. Since the elution windows o f all sample proteins will
rarely overlap, their separation by isocratie elution is difficult. Hence, step or
gradient elutions are applied to bring about the separation o f a multieomponent
protein mixture. Elution with an appropriate gradient or with step gradient will result
in relatively sharp peaks and a reduction o f peak "tailing". The elution mode of
chromatography in commonly employed is preparative and process chromatography.

1.4.2 Frontal Chromatography

Frontal chromatography

or frontal

development constitutes a binary separation

process in which only the least-retained component can be separated. A plot o f solute
concentrations vs. effluent volume for frontal chromatography would appear as
shown in Figure 1.5. If the mixture contains three components A, B and C, and if
compound A is less strongly retained than B and C, compound A appears first in the
effluent from the column, followed by a mixture o f A and B and then by a mixture of
A, B and C. This method cannot be used for preparative separation o f A, B and C,
but is useful for the removal of small quantities o f strongly retained impurities from
bulk of the material.

A+B+C
Solute
concentration

Elution volume

Figure

1.5:

Solute

concentration

profile

of the

column

effluent

in frontal

developm ent.
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1.4.3 Displacement Chromatography

Displacement chromatography involves the use of a displacing agent, say D, which
has a stronger affinity toward the stationary phase than any o f the sample
components A, B and C. Figure 1.6 shows the typical concentration profile o f the
effluent for a displacement chromatography. After the introduction o f the sample
onto the stationary phase, a solution of D in a suitable solvent is allowed to pass
through the column. As it moves down the column, compound D competes with
sample components for the active sites on the stationary phase and displaces them.
C ompound C, in turn, displaces the less strongly retained components A and B, and
so on, resulting in a series of contiguous zones, one for each component.

Solute
concentration

Elution volume
Figure 1.6; Solute concentration profile of the column effluent in displacement
chromatography, shaded areas are the mixed zones. (Ravindranath, 1989).

I'he zones o f pure compounds are interspersed with those o f the mixed fractions that
may be collected and recycled. Displacement chromatography is primarily important
for preparative separations as it uses the column capacity much better than in elution
(Horvath,

1985). A comparison of overloaded elution and displacement in

preparative chromatography shows that the choice between the two modes depends
largely on the comparative economics or displacing agent recovery and fraction
concentrations (Katti e( ciL. 1991a).
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1.5

Types o f Chromatography

An appropriate choice of the chromatographic method is very important in order to
achieve an effective separation o f compounds. Much ingenuity has been exercised in
devising many types of chromatography and only the most basic and relevant to this
PhD study will be discussed. Since this research project is confined to conventional
fixed-bed liquid chromatography and, to a limited extent, on expanded bed
adsorption, no further explanations on gas chromatography, supercritical fluid
chromatography,

perfusion

chromatography,

chiral

chromatography,

and

countercurrent chromatography will be given.

1.5.1 Configuration of Chromatographic Bed

1.5.1.1

Packed Bed System

The most common bed configuration for chromatography is that o f the packed bed in
so called column chromatography. The stationary phase is packed into a tube through
which the mobile phase, or buffer, is pumped. Once the bed is packed, the bed height
o f the matrix is unchanged during the whole chromatographic process. Packed bed
chromatography can be performed as low pressure, medium pressure or high
pressure. The sample load is normally applied at the top o f the column while the
fractions are collected from the bottom of the column.

In packed bed chromatography, it is very crucial to achieve good column packing.
The packing techniques and procedures employed differ depending on the type of
stationary phase (gel matrix). The most important discriminating^is the rigidity o f the
gel matrix. Detailed packing instmctions are usually provided by the manufacturers
for a particular matrix material.
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1.5.1.2

Expanded Bed System

Expanded bed chromatography is a special case o f fluidised bed adsorption in which
a specially designed agarose/crystalline quartz composite adsorbent, and 4 ^ 0
column sample distributor plate, stabilises the fluidised bed to the extent that a plug
flow situation prevails during the sample application cycle (Ersson et a l, 1998). This
will lead to a relatively high binding efficiency in a single sample application cycle.
The particle size and density gradients of the adsorbent particles forming the column
helps to achieve the stabilisation of the bed.

Figure 1.7 is a schematic illustration of an expanded bed adsorption. In expanded bed
adsorption, the adsorbent particles are poured into the column until the bed settles to
a certain sedimented bed height (Figure 1.7(1)). The buffer is then pumped
continuously upward through the bed, causing the bed to expand two or three-fold
(Figure 1.7(2)). After stabilisation of the expanded bed is complete, the sample is
loaded from the bottom of the column (Figure 1.7(3)). Once sample loading is
complete, the column is washed with buffer to remove entrapped particles e.g. cells,
cell debris and to wash out nonadsorbed species. Elution takes place, in a reversed
flow direction, either stepwise (step elution) or by applying a salt or pH gradient
(gradient elution) as depicted in Figure 1.7(4). The concentration profiles obtained
from the output of the expanded bed adsorption are the same as the chromatograms
o f the fixed bed systems.

1.5.2 Scale of Operation

This section is intended to distinguish the different scales o f the chromatographic
systems. The scale of the operation can be classified into three groups: analytical,
preparative and process chromatography. These three categories differ in terms of
size of the column and quantity of the materials, they are carried out. Table 1.3
presents the typical scales of the chromatographic operation.

Chapter 1: Introduction

(3)
Figure 1.7: Schematic illustration of a typical expanded bed adsorption cycle. (1)
sedimentation of adsorbent particles; (2) expansion of bed; (3) loading of sample
and washing step; (4) elution in reversed flow. Arrows show the directions of flow.

( VJilliS,.

xocc)

Internal diameter

Typical dimension (mm)

Quantity of

Analytical

1 -6

2 5 0 x 4 .6

Pg

Semi-preparative

7 -2 5

250 X 1 0 - 2 5

mg

2 5 -1 5 0

3 00 x 5 0 - 100

g

> 150

1000x300

kg

Preparative
Process

Table 1.3: The difference in scales of chromatographic operations (Teoh, 2002)

Besides the scale o f the operations involved, the fundamental difference between
analytical, preparative and process scale chromatography is the intended separation
goals. Analytical chromatography is defined as a procedure carried out for the sole
purpose o f obtaining a measurement and identification of the chemical composition
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o f a sample. Generally a very small sample size is applied onto the column and the
maximum resolution is in order to identify the solute accurately.

Preparative and process scale chromatography on the other hand have the same
separation goal. They are carried out for the purpose o f purifying and isolating a
compound from a mixture. The product is the component o f interest in the sample
which has

been separated and collected, and may be used for further analysis,

research testing, assay reagents, clinical trials, or commercial sale. In contrast to the
analytical chromatography, the maximum throughput, instead o f the maximum
resolution, at a defined purity is the principal consideration in preparative and
process chromatography. The sample is applied as a high concentration solution or in
a large volume as a very dilute solution in order to maximise the throughput.
Preparative chromatography and process scale chromatography may be carried out
on a wide range o f scales, from nanograms to lO’s or lOO’s o f kilograms, depending
upon the application.

1.5.3 Chromatographic Techniques

There

are

fundamentally

two

different

mechanisms

involved

in

liquid

chromatography: one is based on adsorption and another is independent of
adsorption. Adsorption involves the interaction or binding o f the sample components
at the solid stationary phase. The binding can be either non-covalent in nature e.g.
ion exchange and hydrophobic interaction or covalent in nature e.g. affinity
chromatography. Adsorption usually involves competition between different solute
components in the sample for the adsorbed phase. In size exclusion chromatography
the separation mechanism is non-adsorptive. For a given sample and matrix, the rate
o f migration within the size exclusion chromatographic column is primarily
determined by kinetic factors such as the hydrodynamic volume o f the solute. In
adsorption chromatography the rate of migration o f the sample is primarily
controlled

by

the

thermodynamic

properties

of

the

system

(adsorption
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characteristics), and the shape of the elution profiler is determined by the kinetic
factors (diffusion characteristics).

The types o f adsorption chromatography are classified according to the interaction
that occurs between the sample component and the stationary phase. Ion exchange
chromatography is based on the electrostatic interactions between molecules in the
sample and the ion exchange matrix. Hydrophobic interaction and reversed phase
chromatography are based on the interactions between hydrophobic portions o f the
sample and a hydrophobic solid phase. Affinity chromatography is based on specific
interactions between the sample and a complementary structure bonded to the solid
phase. In the case of size exclusion chromatography, the separation is based on the
different rates of diffusion of molecules in a porous matrix.

Ion

exchange

chromatography,

size

exclusion

chromatography,

affinity

chromatography and hydrophobic interaction chromatography are the most common
types

o f chromatography

and

are

used

extensively

in

manufacturing

of

pharmaceuticals. These four different modes chromatographic techniques will be
discussed according to the preferred sequence o f used concluded in the analysis by
Bonnerjea et al. (1986). This study showed that ion exchange chromatography was
most often used as the first chromatographic step, followed by hydrophobic
interaction

chromatography

and

affinity

chromatography.

Size

exclusion

chromatography often functions as the ‘polishing step’ and was placed last step in
the sequence.

1.5.3.1

Ion-exchange Chromatography (lEC)

1.5.3.1.1

Basic Concepts

The basis of separation in ion-exchange chromatography is the electrostatic attraction
between the solute molecules and dense clusters o f charged groups on the solid
matrix. Proteins are made up of amino acids that contain various chemical groups
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attached to a peptide backbone. These groups may be positively or negatively
charged, or they may be electrically neutral, hence proteins are considered
"amphoteric". The ion exchange resin contains electrically charged species, such as
carboxyl or quaternary ammonium groups, covalently attached to the resin.
Associated with each linked charge is a counter-ion o f opposite charge, bound only
by ionic attraction.

The retention mechanism is governed by the simple exchange o f solute ions o f solute
X and mobile phase ions Y with charged groups R o f the stationary phase, which can
be expressed as equations below:

X + R^Y 4^ Y + R^X

(Anion exchange)

X^ + R Y^ 4^ Y^ + R X^

(Cation exchange)

Solute ion X in the mobile phase displaces another ion Y from the stationary phase
and is thereby retained at the ion exchange site, R. These reactions are reversible.
Solute ions X that compete only weakly with the mobile phase eluent ions Y for ion
exchanger sites R will be retained only slightly on the column. Solute ions that
interact strongly with the ion exchanger elute later in the chromatogram. The
mechanisms of these reactions used to bring lEC about resemble those o f adsorption
so closely that for most engineering purposes lEC can be simply considered as a
special case of adsorption.

Common

chromatographic

column

packings

include

carboxymethyl

and

diethylaminoethyl groups attached to cellulose, agarose and dextran. The last two
resins are widely used for protein chromatography. Solutes are eluted by changing
the pH or ionic strength of the mobile phase. Salt gradients are the most common
way of eluting proteins from ion exchange chromatography.
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1.5.3.1.2

Applications

Ion exchange is a versatile separation technique, with applications throughout the
biochemical-process industries. Ion exchange chromatography is capable of
providing high resolution of macromolecules in separation and has been employed
extensively for the fractionation of multicomponent ionic mixtures such as
antibiotics and proteins.

At physiological pH values most proteins exhibit a net negative charge, and hence
anion exchange chromatography is more commonly used than cation exchange. The
amphoteric nature of proteins ensures that conditions exist under which almost any
soluble protein can be purified by ion exchange chromatography. The relatively mild
binding and elution conditions allow high protein recovery with intact biological
activity. While the protein must be soluble, ion exchange matrix can withstand harsh
conditions, allowing the use of nonionic detergents and chaotropic agents to maintain
sample solubility.

lEC is often employed in the early stage o f purification i.e. the first step in
chromatographic sequence (Bonnerjea et al., 1986) because it can deal with
relatively high sample loads. The volume and concentration o f the sample can be
very high since all product is adsorbed, unless the solution contains a high
concentration of competing ionic substances (e.g. has a high ionic strength). The
maximum sample loading is recommended to be below 80% o f the maximum
capacity o f the ion-exchange column. For cases where high purity and recovery are
desired, the sample load may be restrained to 30% o f the capacity o f the
cliromatographic medium (Sofer and Hagel, 1997).

The vast majority of protein purification procedures employ at least one ion
exchange step (Ersson et a l, 1990). Besides this, lEC also plays an important role in
the purification of many antibodies and nucleic acids, and to a lesser extent peptides.
The popularity of ion-exchange chromatography is based upon the high level o f
resolution achievable, its straightforward scale-up, together with its ease o f use and
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ease of column regeneration. In addition, it leads to a concentration o f the protein of
interest. Ion-exchange chromatography is also one o f the most inexpensive
chromatographic methods available.

1.5.3.2

Hydrophobic Interaction Chromatography (MIC)

1.5.3.2.1

Basic Concepts

Hydrophobic interaction chromatography is a technique based on the attraction
between exposed hydrophobic groups on the molecule and hydrophobic groups
covalently attached to the matrix. Eight out o f the twenty amino acids commonly
found in proteins are hydrophobic in nature: alanine, valine, leucine, isoleucine,
tryptophan, methionine, phenylalanine and pro line.

Proteins, in aqueous solution, achieve the minimum free energy by burying most of
their hydrophobic groups internally within the molecule, leaving only the charged
groups on the outside. However, some hydrophobic groups will remain exposed on
the protein surface, giving localised hydrophobic regions that are available for
interaction with hydrophobic groups on the matrix.

Chromatography media for hydrophobic interaction basically consists of a gel
filtration medium to which hydrophobic groups are attached. Some common groups,
in order o f increasing hydrophobic interaction strength are: butyl < octyl < phenyl.
The interaction increases with ligand density. The matrix may comprise a
hydrophobic polymer such as styrene cross-linked with divinylbenzene, or it may be
a hydrophilic polymer such as agarose with hydrocarbon chain attached to provide
hydrophobicity.

W ithin the column protein is distributed between the hydrocarbon-containing matrix
and the polar mobile phase. Protein retention and selectivity depend on the nature
and size o f the hydrophobic moiety. The interaction is mediated by a polar solvent
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and is enhanced by a high ionic strength o f the mobile phase. At low salt
concentration, the mechanism is believed to be dominated by electrostatic effects,
however, at high salt concentration hydrophobic interaction dominates the retention
and logarithmic retention factors increases linearly with the salt concentration.
Therefore the process is often carried out in gradient elution with decreasing salt
concentration. In practice, the pH of the mobile phase, the nature o f the solid matrix
and the temperature o f the column will also have significant effects on the
chromatographic separation of HIC.

1.5.3.2.2

Applications

Hydrophobic interaction chromatography is applicable to many protein purifications
and offers distinct advantages for unstable proteins. Due to the comparatively mild
operating conditions, the molecular integrity o f the native protein is well preserved
and no significant loss o f biological activity occurs. It can be run in high
concentrations of ammonium sulphate, a condition which favours the stability of
many proteins, these including glycoproteins from mammalian cells. Hydrophobic
interaction chromatography can also be applied as a concentration technique, and if
the sample contains a high salt concentration, such as the eluate from an ion
exchange step, it can be applied directly to the column without first exchanging the
buffer. For all these factors, hydrophobic interaction chromatography is extensively
adopted in preparative and process scale chromatography. Two industrial examples
that involve hydrophobic interaction chromatography are the production of
Somatotropin

[a Bovine

growth hormone]

(Shahidi,

1988)

and

L-Leucine

Dehydrogenase [a compound required for the synthesis L-amino acids] (Schutte et
al., 1985).

The hydrophobicity of the protein molecules can be enhanced by increasing the ionic
strength o f the mobile phase, and hence HIC is often performed following a salt
precipitation step, or after ion exchange chromatography. The interactions between
hydrophobic media and sample increase with ligand density, the degree of
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substitution is usually in the range of 10 - 50 fimol per 1 ml o f chromatography
medium, which provides typical protein-binding capacities up to 60 mg per ml of
matrix (Sofer and Hagel, 1997).

1.5.3.3

A ffinity Chromatography (A 0)

1.5.3.3.1

Basic Concepts

This chromatographic technique exploits the unique binding specificity o f biological
molecules. Column packings are prepared by immobilising a binding molecule called
a ligand to an insoluble support. As the sample travels through the column, only
solutes with appreciable affinity for the ligand are bound and retained. The
mechanism depends on the specific adsorption which results from the molecular
"recognition". The "lock-and-key" mechanism shown in Figure 1.8 involves a
number o f co-operating interactions within regions o f high complementarity on two
molecules, i.e. the ligand and ligate (or analyte). The adsorptive interaction is
selective but reversible.

spacer arm

matrix
support

specific binding

product molecule

ligand

Figure 1.8; Principle of m olecular recognition in affinity chromatography.
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The ligar.d is chemically bonded to the support matrix and the solute to be
chromatographed is the termed ligate. Because the adsorption complex results from a
multisite mechanism, the interaction is very specific to the two molecular species
concerned Bio-affinity chromatography uses the variety o f such complexes that
occur in biological systems, for example, antibody-antigen, hormone-receptor,
enzyme-inhibitor and enzyme-cofactor complexes, and specific base sequences for
binding nucleic acids. In each case either component o f the pair may be bound to the
matrix in order to isolate the other from the sample mixture.

Molecules known as 'spacer arms' are often applied to hold the ligand away from the
support matrix surface in order to make it more accessible to the solute and avoid the
problem of steric hindrance. Many ready-made support-ligand preparations are
available commercially and are suitable for a wide range o f proteins.

1.5.3.3.2

Applications

The high selectivity and specificity of affinity chromatography cannot be matched by
other conventional chromatographic procedures and hence make it a very powerful
tool for purification. It is widely used to isolate a variety o f biological materials,
including enzymes, hormones, membrane receptors, antibodies, antigens, viruses,
binding proteins, nucleic acids, vitamins and intact cells.

Rather than relying on relatively small differences in the characteristics o f molecule
between the product and contaminant components that may lead to purification of
only a few-fold improvement, affinity ^eparsjM can achieve hundred- to thousand
fold purification within a single step. The rapid purification — compared to less
specific methods accounts, in a large measure, for the popularity o f affinity
chromatography. Affinity chromatography, like ion-exchange chromatography, is a
concentration technique, handling large volumes o f dilute media and delivering a
small volume of concentrated product. Therefore an affinity chromatography could
drastically reduce the number of subsequent purification steps required to achieve a
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certain degree o f separation if it is placed in the early stage o f purification process.
This in turn could result in dramatic time and cost savings during downstream
processing.

Ligands vary in their specificity for the binding o f proteins, and both highly specific
and less specific ligands are used. Highly specific ligands will bind only one type of
protein, while general ligands will bind to a structure that multiple proteins may have
in common. Some common ligands and their applications are illustrated in Table 1.4.

Conditions for elution depend on the specific binding complex formed: elution
usually involves a change in pH, ionic strength or buffer composition. Enzymes can
be desorbed using a compound with higher affinity for the enzyme than the ligand,
e.g. a substrate. Affinity chromatography that uses antibody ligands is known as
immuno-affinity chromatography. Dye-ligand affinity

chromatography, which

employs reactive dyes that were first developed for use in the textile industry, has
received considerable attention recently as the means o f protein purification. The
lower cost and general availability of the reactive dyes, along with the ease of
immobilization, represents major advantages over other conventional forms of
affinity chromatography (Boyer and Hsu, 1993).

Despite the advantages discussed, affinity chromatography has also suffered several
drawbacks, largely due to economic reasons and validation problems. Biospecific
ligands are extremely expensive, compared to other chromatographic media, and
often exhibit poor stability. Many of the ligand coupling techniques are chemically
complex, hazardous, time consuming and costly. Any leaching o f coupled ligands
from the matrix also gives cause for concern for two reasons: (1) the capacity o f the
system can be drastically reduced, and (2) leaching o f noxious chemicals into
valuable proteins products, in particular those destined for therapeutic use, is
undesirable (Sofer and Hagel, 1997).
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General ligands:

î

Anthraquinone dyes
Cibacron blue

Kinases, dehydrogenases

Procion red
Heparin

Lipoproteins

Lectins
Concanavalin A

Glycoproteins, polysaccharides

Lentil lectin
Metal chelates

Histidine, cysteine groups

Protein A

Antibodies

Protein G
Thiol

Sulphydryl groups

Specific ligands;
Enzymes

Substrates, inhibitors

Receptors

Hormones

Antibodies

Antigens

Table 1.4: Common ligands for affinity chromatography and their applications.
(Wheelwright, 1991)

1.5.3.4

Size-Exclusion Chromatography (SEC)

1 .5 .3 .4 .1

B a sic C o n c e p ts

Size exclusion chromatography is also known as gel filtration, gel permeation,
molecular-sieve, steric exclusion, or gel chromatography. However, the term "size
exclusion chromatography" has become an universal description o f the process
which is also in line with lUPAC nomenclature (Ettre, 1993). Size exclusion
chromatography is an entropically controlled chromatographic separation that
depends on the relative size or hydrodynamic volume of a macromoleeule with
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respect to the average pore size of the packing (Porath and Flodin, 1959). Gel
matrices most often used are chemically cross-linked dextrans, agaroses and
polyacrylamide and vinyl polymers. Separation is achieved by the differential
exclusion or inclusion of the sample molecules within the packing particles as they
pass through an inert and porous-particle stationary phase. Large molecules that are
totally excluded from the gel matrix travel quickly through the column and appear
first in the chromatogram. Smaller molecules are able to permeate through the pores
o f the packings to a varying extent depending on the molecular size and therefore are
retained to varying extents in the reverse order of size.

1.5.3.4.2

Applications

In biochemical applications, size exclusion chromatography is most suitable for rapid
and convenient separation of sample components having substantially different
molecular weights. The principal feature of size exclusion chromatography is its
gentle non-interaction with the sample, enabling high retention o f biomolecular
activity while separating compounds that are not easily distinguished by other
chromatographic methods. SEC is in common use on account o f its generality of
application, particularly in bio separations where it can be used for a wide range of
feedstocks and a wide range of molecular sizes.

The following well-documented applications reflect the versatility o f size exclusion
chromatography (Wheelwright, 1991; Wu, 1995; Barth et al., 1996):

•

Isolation of proteins from crude feedstock

•

Buffer exchange and desalting

•

Removal of high and low molecular weight contaminants (e.g. virus, small
molecules)

•

Removal of aggregates

•

Study of molecular interactions

•

Study o f protein structure
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•

Determination of moleeular weight o f a particle or a molecule, or the
molecular distribution of a series of synthesised molecules

•

Characterisation of synthetic polymers and biopolymers

SEC is rarely used at the initial stages o f protein purification, mainly because small
sample volumes must be applied to the column in order to achieve effective
resolution.

So it is often used as a final polishing step following other

chromatographic techniques in the purification protocol (Kovar and Plocek, 1986;
Welling et a l, 1986). In analytical SEC, the sample size should be in the range o f 25 % o f the column volume; however, in preparative work the sample may occupy up
to 15% of the column volume. The maximum sample concentration prior to gel
filtration column is 70 mg of protein per ml of solution due to physicochemical
restrictions. If the sample is very concentrated, the viscosity o f flow will be increased
and hence lead to irregular flow patterns and hydrodynamic instability within the
column. In order to achieve effective separation, the flow rates employed in SEC are
often lower than in any other chromatographic methods, this leads to a longer
processing time which has adverse process cost implications.

Knowledge on the theories governing chromatographic separation mechanism is
important during process design, performance optimisation and even trouble
shooting the process. A rational design o f a chromatographic purification procedure
is largely based upon the experience and practical implications o f chromatography
theory. These forms the need of the next chapter on the fundamental theoretical
concepts involved in chromatography.

1.6

Chromatographic Sequences

The requirements of purification for the products used in therapeutic or diagnostic
purposes are extremely stringent and exacting. It is not uncommon that the purity
levels required reach at high as 99.9%. This is especially so in the case of any protein
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intended for parenteral administration, i.e. by direct injection or infusion into the
human body. Such a high product purity is required to minimise or eliminate the
occurrence of adverse clinical reactions against trace contaminants in the products. A
single chromatographic step will not suffice to achieve the strict requirement in
purity and the level of removal of critical contaminants, and there a minimum of
three chromatographic steps is usually involved for the purification o f biological
molecules destined for therapeutic purposes (Ersson et al., 1990).

Figure 1.9 is a schematic illustrating a typical purification process for human growth
hormone synthesised in recombinant E. coli (McGregor, 1983). The manufacturing
procedure involves three chromatographic steps for purification purposes: anion
exchange chromatography, cation exchange chromatography and size exclusion
chromatography.

E. coli extraction by mechanical breakage

Polyethyleneimine precipitation

Ammonium sulphate precipitation o f supernatant

Anion exchange chromatography o f dissolved pellet

Cation exchange (cellulose chromatography)

Ammonium sulphate precipitation

Size exclusion chromatography

Figure 1.9: Schem atic outline of the purification process for human growth horm one
(McGregor, 1983).
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Generation o f this type of flowsheet is not straightforward task and the selection o f
chromatographic methods and sequences in $uJl A way as to be effective and
economic, is often very difficult. The choice is largely dependent on personal
experience and preference. Bonnerjea and co-workers at UCL (1986) provided a
useful literature survey analysing the various techniques involved in protein
purification. The analysis was drawn from the 100 papers published in 1984 from
eight journals [J. Bio. Chem., Biochim. Biophys. Acta, Biochem., Biochem. J , Eur. J
Biochem., Arch. Biochem. Biophys., Anal. Biochem., and Int. J. Biochem.^. The
survey showed that the most prevalent chromatographic techniques employed
industrially were ion-exchange,

size exclusion chromatography and affinity

chromatography. Ion-exchange chromatography was the most popular purification
technique, and was present in 75% o f all the purification schemes. Approximately
three-quarters of the ion-exchange chromatography used were anion-exchange.
Affinity chromatography was found to be the second most common method, which
was used in 60% of the schemes. In nearly half o f all the processes studied, size
exclusion chromatography was employed. Inorganic adsorption and hydrophobic
interaction chromatography were less common, only used in less than one-third o f
the schemes analysed. For the preferred sequence o f use, the results obtained are
plotted as Figure 1.10, where the occurrences o f each different purification
techniques is expressed, as the percentage o f all purification schemes analysed, at
each stage of the purification process.

Apparently, there was a distinct trend for the preferred sequence o f use:
homogenisation was used at the initial step, precipitation was the following step,
then ion-exchange chromatography, affinity chromatography and lastly, size
exclusion chromatography. Similar analysis was carried out for the purification o f
lipase (Taipa et a l, 1992) and general protein purification (Freitag and Horvath,
1996). Ion-exchange was still found to be the most popular chromatographic
separation, followed by size exclusion chromatography and affinity chromatography.
The results agreed well with those o f Bonnerjea et a l (1986). The limited use o f
affinity chromatography compared to the ion-exchange chromatography is likely due
to the fact that most of the purification schemes researched dealt with the isolation
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and purification of microbial products. In mammalian cell cultures, highly selective
affinity

ehromatography

is needed

due

to the

comparatively

low

product

concentration inherent in cell cultures. The analysis carried out by Freitag and
Horvath (1996) suggested that conventional packed bed liquid chromatographic
technique were still dominating the purification schemes and there was no
compelling evidence to support the assertion that new separation techniques were
entering the field.

H o m o g en isatio n
P re cip itatio n
Ion-ex ch an g e
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G el filtr a tio n
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S tage in Purification S c h em e

Figure

1.10:

Different

purification

techniques

used

at

successive

steps

in

biochemical downstream processing schemes (Bonnerjea et al., 1986).

Generally, downstream processing accounts for more than 50% of the total
production costs, with chromatographic steps accounting for most o f this (Ersson et
u/., 1990). Improved and more efficient chromatographic systems therefore hold the
key to reducing such production costs. The number o f chromatographic steps
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depends primarily on the recovery achieved in each step and on the final purity
required. For economical reasons, this number should always be kept to the
minimum. Therefore each chromatographic step should be optimised in terms of
resolution and recovery.

To date there has been little research carried out studying the process interactions
between chromatographic steps. Research has been carried to study the process
interactions between fermentation, centrifugation, precipitation, and homogenisation
(Siddiqi et a l, 1991, 1995; Clarkson et a l, 1993; Zhou et a l, 1997, 1999; Groep et
a l, 2000). The knowledge of the interactions involved in chromatographic steps is
vital in order to select and design the optimum sequence which is able to provide the
most economic and effective purification.

1.7

Aims o f Research

The major aim of the research conducted in this PhD is to develop a novel and
systematic

graphical

approach

which

enables

the

effective

handling

of

chromatographic data and the visualisation o f the important process trade-offs in
chromatographic separations, namely resolution, recovery and speed and hence
reduce the time involved in process development. The engineering framework
developed is intended to achieve the following objectives so as to enable this goal:

•

To provide a quantitative measure and qualitative observation o f the key
process trade-offs present in the system so as to enable the engineer to seek
the best combination of chromatographic operations to be employed to
achieve a given process target, and to identify the optimum operating
conditions.
The chromatographic data used to develop the approach is not limited to the
outputs produced by the advanced mathematical models, it can be obtained
experimentally.
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The graphical approach can be used either when the separation goal is product
purification or contaminant removal.
The graphical approach developed should be able to accommodate systems where
the product and impurities are expressed in different units and there is no mass
equivalence between these.
The approach should be applicable to the study of both single chromatographic steps
and chromatographic sequences.
The approach should be able to provide insight to enable effective cut point
decisions to be made so as to realise acceptable levels of purity and recovery of the
product.
The approach developed should be generic and applicable to a wide range of
chromatographic operations.

1.8

Contributions of Thesis

Each of the objectives have been achieved in this PhD research. Fundamentally the
proposed methodology serves as a useful tool for identifying process trade-offs during a
chromatographic separation. The engineering framework has the following distinctive
and generic features:

•

Inputs can be obtained through experimentation or simulation;

•

Proven applicability to a wide range of chromatographic operations;

•

Proven applicability to the study of both single chromatographic step separations
and chromatographic sequences;

•

Demonstrated use for different separation goals, either product purification or
contaminant removal;

•

Can be used whether or not product and impurities are quantified and expressed
in the same units;

•

Able to determine the cutting point strategy needed so as to realise the optimal
operation and to indicate the impact on further processing of the cut-point
decisions that are made.
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It is envisaged that the output of this research is sufficiently easy to interpret and
powerful that it will provide a significant advance in the capacity to design integrated
process sequences. The approach enables engineers and non-engineers alike to identify
process behaviours both for single and highly interactive multiple chromatographic
steps and hence reduce the time for the development of new processes based upon
chromatographic separations.

1.9

Organisation of Thesis

In this chapter the general background and the process perspective of chromatography
has been briefly outlined. The various chromatographic techniques and elution modes
have been introduced. The limitations of the current research that motivate this PhD
study have been explained. The major objectives of the research have also been listed.

In the next chapter, the theoretical background and modelling of chromatography will
be discussed. In Chapter 3, the whole development process involved in the study of the
engineering framework proposed in this thesis will be illustrated. Chapter 4 outlines the
first case study, in simulated size exclusion chromatography, used to verify the
application of the graphical approach proposed.

Chapter 5 examines the extension of the research work from simulation data to small
scale experimental and full-scale industrial data. Three individual case studies will be
used to demonstrate the usefulness and practicality of the approach.

Chapter 6 presents the background of a chromatographic sequence study and the
formulation of the models used in the case studies.

Chapter 7 discusses the results obtained for the sequence study.

Finally the overall conclusions for the research are drawn in Chapter 8. Future work is
also suggested. Appendix A l includes the listings of all the programs developed in the
thesis. Appendix A2 and A3 provide the raw data and a working example of one on the
industrial case studies used in Chapter 5 respectively. Appendix A4 lists out the
publications arising from this research work.
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CHAPTER 2
THEORETICAL CONCEPTS AND MODELLING OF
CHROMATOGRAPHY

2.1

Introduction

To date, chromatographic separation constitute perhaps the single most important
means for the isolation and purification of biological products. Chromatographic
applications also have a dramatic impact on many disciplines such as medicine,
pharmaceuticals, chemistry, biotechnology and food sciences. Parallel with these
developments are the advances in the subject o f chromatography itself, with each of
its different aspects, namely theory, techniques, instrumentation, mathematical
modelling and applications, developing endlessly and rapidly at an exceptional rate.
This chapter will detail the theoretical concepts involved in a chromatographic
process (Section 2.2).

The basic theory of chromatographic separation has been discussed extensively by
many researchers since its application as a separation means in 1950s (Giddings,
1965; Helfferich and Klein, 1970; Scott, 1976; Said, 1981; Ravindranath, 1989;
Snyder, 1992). In this PhD, only some fundamental and important concepts that are
necessary for the later parts of thesis are covered.
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Some insights into the mathematical modelling aspect o f chromatographic process
will be outlined in Section 2.3. In later parts o f the thesis, mathematical models were
employed to provide the chromatographic profiles to demonstrate the applications of
the engineering framework proposed. Since the focus o f the PhD study is not about
the mathematical modelling, only a very brief overview o f the subject will be
discussed in this chapter. Concluding remarks are drawn in Section 2.4.

2.2

Theoretical Concepts

2.2.1 Retention Parameters

A plot o f the solute concentration in the effluent against the elution volume, or
elution time would typically appear as Figure 2.1. This plot is also known as the
chromatogram.

Solute
concentration

time

Figure 2.1: Elution profile of a typical two-com ponent mixture by chromatography.
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The elapsed time from the initial application of the elution buffer until the exit o f the
sample peak from the column is the retention time

, the volume of the elution

buffer applied in this time is the elution volume Vr . The values o f Vr and Ir are
usually determined at the peak maxima in the chromatogram, to is the column
"deadtime", i.e. the retention time for a non-retained component, e.g. the solvent in
which the sample is dissolved. The value of tg can be expressed in terms o f mobile
phase flow rate F, and the total volume of mobile phase contained within the column
Vq :

(2 .1)

Similarly, the relationship between retention time and retention volume is:

V „ = F x t,
For a linear equilibrium distribution of a solute between two phases in
chromatography, the concentrations in the stationary and mobile phases can be
related by a simple equation:

(2 -3)
where K is known as the thermodynamic equilibrium constant or distribution
constant, Cr and Cm are the solute concentrations in the stationary and the mobile
phase respectively. If the distribution constant is large, the compound at equilibrium
is present mainly in the stationary phase, with only a small fraction o f the solute in
the mobile phase.

The retention of solute is often determined in terms o f a retention factor or capacity
factor, k, which is defined by the ratio of the number o f molecules in the stationary
phase to that in the mobile phase:
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1

Z

Where n s and

(2.4)

are the number of molecules of the particular solute in stationary

and mobile phase respectively.

The capacity factor can also be related to the distribution constant, K. The number of
moles of the solute in the two phases is given by the molar concentration in each
phase multiplied by the volumes of the two phases. If Vm and Vs are the volumes of
the mobile and the stationary phases;

The capacity factor, k, can be then evaluated from the chromatogram:

k =^ - \
^0

(2.6)

The separation between two components is strongly influenced by the proximity of
the two component bands in the chromatogram. An important measure o f band
proximity is the relative retention or the selectivity, a, which is a function o f the
relative physicochemical interactions of the solutes with the two phases and is
defined as:

2 __ K
-2

( 2 .7 )

If,

The values of retention time (Ir ), retention volumes (Vr ), capacity factor (k),
equilibrium distribution constant (K) and selectivity (a) derived above are very
important quantities required to evaluate column efficiency (e.g. HETP) and
performance (e.g. resolution) o f a chromatographic separation. The efficiency and
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resolution o f chromatography will be further discussed in Sections 2.2.3 and 2.2.4
respectively.

2.2.2 Characteristics of Chromatographic Peak

Ideally, a chromatographic peak has Gaussian shape, that is, describable by the
Gaussian concentration distribution equation (2.8) and by the curve shown in Figure

2.2:

c =l

F

M
(2;r)^

( 2 . 8)

where C = solute concentration in the effluent (mgcm'^)
F = flow rate of mobile phase (cm^s ')
M = mass of solute introduced into the column (mg)
cr= standard deviation (s)
tji = retention time (s)
t = time (s)
q2

= variance (sf)

As seen from Figure 2.2, the width of a Gaussian curve at specified ordinate
positions is proportional to the standard deviation a o f the distribution. The
inflection point (x=cr) of the Gaussian peak occurs at a height o f 0.607H and the
tangents to the peak drawn from the inflection points intercept the baseline at x=2cr,
so that the peak width at the inflection point (w/), at half height (w/2) and at the base
(w^) are:

w. = 2 cr

( 2 .9 )
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(2 . 10)

w, = Act = 2w;

w,.

= 2crV21n2 = 2.354<r

(2 11)

If the x-axis o f the chromatogram is volume instead o f time, the units o f a and all
peak widths are in volume. The peak width determined from the chromatogram is
useful in the calculation of the column efficiency as will be discussed in the
following section.

Peak Height, H

Inflection Ft., 0.607//
Half Height, 0.5//

4cr

Figure 2.2: Characteristics and key dim ensions of a G aussian peak.

2.2.3 Measures of Column Efficiency

The efficiency of a chromatographic column is a measure o f the ability o f a column
to provide very narrow bands, i.e. small values o f peak width, w, in the final
chromatogram. By analogy with distillation, the column efficiency is expressed by
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the number o f theoretical plates (TV) and the height equivalent to a theoretical plate
{HETP):

HETF =

(2.12)
~N

where L is the length of the column. A Gaussian peak is described by its variance, so
that the variance divided by the length of the column is the plate height:

HETP = —
L

(2 13)

Then, equating equations (2.12) and (2.13),

(2.14)

Substituting wt, for a:
N =

= 16

(2 15)

w ,.

Expressing the value o f L as the distance travelled by a component through the
length o f the column in the time scale (i.e. the retention time,

or eluted volume

Vr :

TV = 16

= 16

(2.16)

or.

TV = 5.54

(2.17)
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The number of theoretical plates can therefore be evaluated by measuring the peak
width either at the base or at the half height. Equations (2.12) and (2.17) are often
used in experimental runs to predict the efficiency o f the column even though the
peak obtained may not have an ideal Gaussian shape. It is apparent that in a given
column N is related to the retention time and to the peak width. For a given solute,
the peak width decreases with increasing number o f theoretical plates. The value
may vary for different solutes. This is mainly because different solute has different
degree o f band broadening while travelling through the column. The greater the
zone-broadening effect the poorer the separation, and hence higher HETP and lower
N. The significance of zone broadening will be further discussed in Section 2.2.6.

2.2.4 Resolution

Chromatographic separation is considered to be more efficient if the peaks are well
separated both at the apices and at the bases. In quantitative terms, the separation is
expressed by two parameters, i.e. the relative retention (or the separation factor or
selectivity, d) and the resolution {Rs). Resolution is a measure o f zone overlap and
acts as an indicator of the column efficiency. For the separation o f a binary system,
resolution is defined by the following equations:

C2.18)
K

+

j

Resolution is a dimensionless quantity. It is useful in describing the degree of
separation o f successive solute bands or peaks in a chromatographic system. The
higher the value of Rs the more separated are the two solute peaks. A value for Rg of
1.0 corresponds to about 3-5% overlap of peaks whilst larger values represent
progressively smaller levels of overlap. An Rg value o f 1.5 corresponds to a baseline
resolution o f 99.8% or 'virtual' complete separation. For two bands with similar size,
Wt, J is approximately equal to

and hence ;
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(2.19)

Substituting for

from Equation (2.16):

't

-t

^

R, = - 4 n
4

(2 .20 )

Substituting Equations (2.6) and (2.7) into Equation (2.20) becomes:

R = -4 n
4

^a - \ ^ ( K

1

v^2 + ly

( 2 .21 )

C2.22)

Equation (2.21) is a fundamental relationship in chromatography and clearly
indicates how the changes in the values of N, a and k affect the resolution. Although
these three parameters are inter-related, they can be optimised one at a time to
improve the overall resolution. Derivation o f Equation (2.22) involves Equation
(2.16), which applies to chromatography systems where a relatively small quantity of
sample size is injected rapidly. Resolution is very sensitive to the increases in sample
size. As the amount o f sample increases, resolution declines. Exceeding the sample
capacity causes overloading and therefore results in unsymmetrical peak shapes,
modification o f retention times and loss of resolution.

Sample capacity is defined as the amount of solute (in mg) per g o f stationary phase.
This quantity will depend on the surface area and available volume o f the stationary
phase. In laboratory analytical work, it is common to use extremely small sample
volumes, relative to the column size. However, depending on the type of
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chromatography used for production-scale purification, sample volumes 5-20% o f
the column volume and higher are used so long as the resolution level is still
acceptable.

2.2.5 Adsorption isotherms

The equilibrium distribution of a molecule between stationary and mobile phases in
chromatography can often be represented mathematically. Since this equilibrium
distribution varies with temperature, the relationship, or equation, at a given
temperature is called an ‘isotherm’. They are many types of isotherms documented
for chromatographic operation: linear, Langmuir, constant separation factor, mass
action, Fowler and Freundlich isotherms. Only the linear and Langmuir isotherms are
discussed in this section because they are most commonly used isotherms, and also
because they will be adopted in later parts o f the thesis.

2 .2 .5 .1

Linear Iso therm

In the case o f a linear isotherm, the equilibrium concentrations o f a component in the
stationary and mobile phases are proportional and can be represented by the
following equation:

C, = KC^

(2.23)

where K is known as the thermodynamic equilibrium constant or distribution
constant, C s and Cm are the solute concentrations in the stationary and the mobile
phase respectively.

The chromatographic separation associated with a linear isotherm is termed linear
chromatography. Linear isotherm is only valid when the sample is very dilute and it
applies only if the interactions between molecules in the sample are negligible.
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Analytical chromatography is considered to be linear chromatography because the
sample concentration in analytical applications is often very low. The peak shape and
retention time in linear chromatography can be considered to be independent of
sample concentration and is solely determined by the column parameters and by the
equilibrium constant (Janson and Jonsson, 1998).

2 .2 .5 .2

Langmuir Isotherm

For a single component system the Langmuir isotherm can be mathematically
represented as:

This equilibrium relationship can be extended to accommodate a more realistic
system o f materials i.e. multi-component. For the ith component o f a multicomponent system the equation becomes:

C.v, = -----------

(2.25)

,/= l

n is the number o f components in the mixture, af and bj are the adsorption coefficient
for component z obtained from the single Langmuir isotherm (Equation 2.24). The
ratio af/bi is the column saturation capacity o f component z. Figure 2.3 shows the
typical shape o f a Langmuir isotherm.

Note that the lower-left part of the Langmuir isotherm, which represents low
concentrations, is almost linear but that at higher concentrations the isotherm
becomes non-linear. Since the linear region is very brief, the operation usually falls
in the non-linear region. Chromatography which follows a Langmuir isotherm is
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often termed non-linear chromatography. All preparative and process scale
chromatographic separations of multi-component system are considered to be non
linear because the sample loads applied onto the column are usually very
concentrated.
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Figure 2.3: The Langmuir isotherm.

In the case o f a Langmuir isotherm, the isotherm behaviour depends on the
concentration of all the other components in the mixture. Equation (2.25) is also
called the competitive type Langmuir isotherm because it considers the competition
of all components in the mixture for the available adsorption sites o f the stationary
phase. Theoretically, the Langmuir isotherm is applicable to systems where: (1)
adsorbed molecules form no more than a monolayer on the surface; (2) each site for
adsorption is equivalent in terms of adsorption energy; (3) there are no interactions
between adjacent adsorbed molecules (Doran, 1995).
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The Langmuir isotherm is the most widely applied adsorption isotherm but it suffers
one limitation: the isotherm will not be applicable if the column saturation i.e. the
ratio o f (a /6 /) exceeds 5% to 10% between any two components o f the system [ratio
o f ailbi is assumed to be the same for all components in Langmuir isotherm
formulation] (Guiochon e ta l, 1994).

2.2.6 Band Broadening

The effectiveness o f chromatography is very much affected by whether the elution
bands for individual solutes remain compact and do not overlap. In the ideal case,
each solute should travel through the column at a different velocity. However, in
practice, elution bands spread out and each solute takes a finite period of time to pass
across the end of the column. Zone broadening is not so significant when the
migration rates vary widely because there is little chance that the solute peaks will
overlap. However if the molecules to be separated have a similar structure, the
migration rates will also be similar and zone broadening must be carefully
controlled.

Four basic processes were found to contribute to the band broadening in a
chromatographic column: eddy diffusion, longitudinal (or axial) diffusion, mass
transfer in the stationary and mobile phases. H (or HETP, height equivalent to a
theoretical plate), is used to express in simple terms the net effect o f the band
broadening processes. Equation (2.26) is known as the Van Deemter equation, it
relates the physical parameters within the column that contribute to band broadening
and thus to the efficiency of the chromatography. Figure 2.4 is a plot o f the Van
Deemter equation.

H - A + B/^ + C^u + C „ u

(2 .26)

The average linear velocity u is used rather than flow rate since it is directly related
to the speed o f analysis, whereas flow rate depends on the internal volume o f the
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column packing material, u can be determined, with known values o f column length
(L) and retention time o f mobile phase in the column (to), from the equation defined
below:

u =

L
—

t..

C2.27)

Wu

miti

0
Mobile phase linear velocity, u

Figure 2.4: Van D eem ter plot, relating plate height H (or HETP) to mobile p h ase
linear velocity u.

Eddy diffusion - A term
The A term describes the eddy diffusion and relates to the pathways o f the mobile
phase taken through the interstitial space between the solid (support) particles in a
packed eolumn which are not straight or uniform, but tortuous and random.

C2.28)
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Where d is the mean particle diameter and A is a constant reflecting the packing
uniformity and column geometry. Molecules finding relatively easy pathways,
including the more rapidly moving stream near the walls o f the column, will elute
first, whilst those following longer more erractic paths will follow, leading to a
spreading out o f the solute band.

Longitudinal diffusion - B term
The B term describes the band broadening due to longitudinal diffusion resulting
from random motion of the molecules. The solute molecules at any given point in a
fluid do not remain stationary but diffuse in all directions until there is no
concentration gradient. The B term is related to the hindrance to diffusion by the
column packing, often termed the ‘tortuosity factor' or ‘obstruction factor’(y), and the
diffusivity o f solute in the mobile phase {Dm ).

=

(2:29)

The tortuosity factor for packed columns is approximately 0.6 and 1.0 for capillary
columns. The contribution of the B term to the Van Deemter equation is most
significant at low mobile phase velocities.

Mass transfer - C terms
The C term describes the resistance to mass transfer processes in the two phases. In a
two-phase system, the transfer of a solute from one phase to another is not
instantaneous because the solute molecules take a finite amount o f time to traverse
from the bulk o f one phase to the interface and then enter the other phase. The
resistance to mass transfer is a function of the distribution constant, phase ratio,
support-particle diameter, effective film thickness o f the stationary phase, the
diffusivity o f solutes and the mobile phase linear velocity.

C a results from resistance to mass transfer at the solute-stationary phase interface. It
depends on the diffusion coefficient of the solute in the stationary phase {Df) and the
effective film thickness of the stationary phase on the support particles {dthickmss)-
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thickness

—

^

--D r

(2 .30)

Band broadening results from lower mass transfer rates and higher mobile phase
velocities. Thinner stationary phase films produce higher mass transfer rates, but
there is an accompanying decrease in solute capacity o f the column. Fluid liquid
stationary phases give acceptable Dg values, i.e. not too low.

The Cb term describes the resistance to radial mass transfer caused by the particles of
packing material. It is related to the particle diameter {d) and diffusion coefficient of
the solute in the mobile phase {Dm ).

(2.31)

Therefore, in the Van Deemter equation.

C = C ,+ C „

(2.32)

The higher the degree of band-broadening is in a chromatographic separation, the
more difficult the purification procedure is. The next section outlines the standard
performance measures used to characterise a chromatographic process.

2.2.7 Separation Performance Measure

The most frequently employed parameters in the characterisation o f the process
performance of an industrial or preparative chromatographic run are purity, recovery,
throughput and productivity.
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The purity of a component, i, is defined as the concentration o f this component in the
collected fraction (solvent excluded):

^ .
Purity o f component i

=

Amount of component z in the fraction
----------------------Total amount of materials in the fraction

/o
t z .i j ;

^
,
Amount of target molecule in the fraction
Purity of product = ------------------------------------------------------------------------------Total amount of (target molecule + impurities) in the fraction
(2.34)
Equations (2.33) and (2.34) are fractions, however purity is often expressed as a
percentage i.e. multiply Equations (2.33) and (2.34) by 100. The regulations for
production of biopharmaceuticals, especially those by the recombinant DNA
technologies, require very high final product purity for example 99% or higher.
Often to achieve a high purity, the most important parameter is the selectivity
(Equation 2.7) of the system of materials. A higher selectivity will give a greater
resolution between the product and the impurities and hence a better purity.

Recovery, also known as yield, is defined as the proportion o f the product (desired
component) contained in the feed loaded into the chromatographic column which is
eventually recovered in the final product from a purification step. It is also often
expressed as a percentage:

^
Amount of target molecule in the fraction collected
Recovery or yield = ------------------x 100
Initial amount o f target molecule in the feed
(2 35)
The recovery o f a process is dependent upon the resolution attained and the
requirement of the final product purity. The major factors that contribute to the
recovery being less than 100% are: product loss in contaminant stream, unspecific
(irreversible) adsorption to the stationary phase, aggregation, dénaturation o f product
and enzymatic degradation (Jungbauer and Kaltenbrunner, 1999).

72

Chapter 2: Theoretical Concepts an d M odelling o f Chrom atography

Throughput is defined as the amount of purified product obtained per unit time:

,
Amount of purified product
Throughput = -------Processing time

(2.36)

Productivity is the throughput divided by the bed volume:

Productivity =

Throughput
Bed volume
Amount o f purified product
Processing time x bed volume

(2.37)

For the calculations of throughput and productivity, the processing time o f
chromatographic process includes the periods of loading, elution and washing. The
time involved in CIP (cleaning-in-place) procedure is usually not included because it
is constant for a particular chromatographic system and independent o f the quantity
o f the materials processed. Throughput and productivity are functions o f recovery
and purity. There is a trade-off relationship between throughput and productivity
with recovery and purity. Maximising the throughput, or productivity, will have
detrimental effects on the purity and recovery (and vice versa). In making process
decisions, therefore a compromise has to be achieved between realising the desired
productivity at an acceptable level of recovery and product purity.

The fundamental theoretical concepts of chromatography have been outlined. An
overview on the background of the mathematical modelling o f chromatographic
separation will be discussed in the following section.
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2.3

Modelling of Chromatography

2.3.1 Overview

Mathematical models are composed of equations and relationships that describe a
process. Mathematical modelling has become an essential tool in modern
biotechnology and biochemical engineering. It plays key role in scale-up, product
design and manufacture and plant operation. For downstream processes, which often
make up the significant proportion of total production costs, mathematical modelling
and bioprocess simulation is gaining recognition as an aid to achieve optimal process
design and operation. By reducing the cost and time o f process development,
mathematical modelling can also play a crucial role in the success o f a protein
product.

Modelling of cliromatography has been regarded as a relatively difficult task,
compared to those of other unit operations in the downstream process, due to the
high level of complexity involved in the separation mechanisms and the infeasibility
o f the solution procedure of the mathematical model. However, the increasing power
and flexibility of computers has opened new horizons in the development o f the
mathematical and numerical aspects of the chromatographic models. Various
mathematical models have been generated for the studies in liquid chromatography
with different complexities. According to Ruthven (1984) and Wheelwright (1991)
the models can be generally classified into four major categories, namely.
Equilibrium Model, Plate Model, Statistical Model and Rate Model. Particular
emphasis will be placed on the Rate Model which is the chosen model to provide the
chromatographic data in the simulation case studies within this thesis.
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2.3.2 Mathematical Models of Chromatography

2.3.2.1

Equilibrium Model

In the Equilibrium Model, a direct local equilibrium between the stationary phase
and the mobile phase is assumed, ignoring the effects o f axial dispersion and mass
transfer resistance (Gu, 1995). The model is able to predict the experimental
retention times for chromatographic separation with high mass transfer rates.
Although the models can predict the retention times o f elution peaks, it fails to
describe peak shapes and the band broadening effects accurately if mass transfer
effects within the column are significant. The assumption o f a linear isotherm for the
adsorption mechanism is applied in order to allow the equilibrium models to be
solved analytically. More complicated isotherms can be solved numerically for small
numbers of components. Equilibrium theory was applied for the study o f interference
effects in multicomponent chromatography (Helfferich and Klein, 1970) and ideal
displacement chromatography (Rhee et a l, 1970). These models do however suffer
from an oversimplication of the process and may fail to predict adequately the effect
o f changes in operating conditions and process parameters (Wheelwright, 1991).
This type of model is no longer widely used due to these limitations and poor
prediction accuracy.

2.3.2.2

Plate Models

In the Plate Model, the chromatography column is divided into a number o f artificial
discrete stages, or plates in series. The continuous flow is then broken down into a
‘virtual’ discontinuous process. The plates can be very small so that the
discontinuous flow becomes continuous and the model becomes continuous plate
model (Jungbauer and Kaltenbrunner, 1999). Instantaneous equilibrium distribution
between the solutes in the stationary phase and in the mobile phase is assumed (Sofer
and Hagel, 1997). The liquid is then transferred into the next plate and the solute

75

C hapter 2: Theoretical Concepts an d M odelling o f Chrom atography

again is distributed between the two plates. This is repeated until the solute has left
the column.

The plate theory lumps the various band-broadening contributions into a plate height
that can conceptually be regarded as a measure o f the non-equilibrium effect. The
model has a simple mathematical solution because all the equations involved are
often analytical expressions, which can be solved quickly and directly. The model
solution involves recursive iterations rather than solving ODE (ordinary differential
equation) systems. Process optimisation can also be facilitated, in a straightforward
manner, with all these empirical expressions. Therefore, this type o f model was
relatively more attractive in the early years of research on scale up, design and
optimisation problems of preparative separations. Fof example, Yamamoto et al.
(1988) successfully applied the concept to model gradient elution in ion exchange
chromatography.

The most popular variety of this type of model is the Craig distribution model which
is applicable to multicomponent chromatographic systems. Descriptions o f Craig
models are given by Solms et al. (1971), Karger et al. (1973) and Eble et al. (1987).
The Craig models have been used for the study o f column-overloaded problems
(Eble, 1987; Ernst, 1987). Velayudhan and Ladisch (1993) reviewed the Craig model
with a corrected plate count to simulate elution and frontal adsorption. They were
able to correct for earlier common errors associated with the Craig model and results
agreed well with those from continuous-flow plate theory and also those from rate
models in linear and non-linear chromatography.

In recent years Plate Models has received limited success in the modelling of
chromatography. This is because Plate Models are only applicable to linear
chromatography.

For

multi-component

preparative

and

process

scale

chromatography, the adsorption isotherms are no longer in the linear region.
Furthermore the solution is considered expensive in terms o f computational time as
the algorithm involves recursive iterations.
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2.3.2.3

Statistical Models

The promise that chromatographic elution peaks could be characterised by their
statistical moments was first presented by Giddings and Eyring (1955). The theory
was further explained by Giddings (1965), Karger et al. (1973) and Horvath (1983).
The moment o f the peak is a mathematical equation that describes a characteristic of
the distribution function.

The relationships between statistical moments and chromatographic parameters
(Wheel^vright, 1991 ) are :

Zeroth moment

band area or the injected quantity

First moment

->

retention time or retention volume

Second moment

->

peak width or variance o f profile

Third moment
Fourth moment

symmetry of the peak
->

flatness or peakedness (kurtosis) o f the peak

All these statistical moments are mathematically expressed by Gareil and Rosset
(1982). This type of models was further extended as a Stochastic Model (Woodbury,
1994). In the model a probability function of a Poisson type is derived to express the
distribution of residence times of a solute molecule. Hubble (2001) recently applied
the Stochastic Model to predict the adsorption kinetics and equilibrium o f affinity
chromatography.

Since in Statistical Models, interactions between molecules are not taken into
account, they are limited to linear isotherm systems. Furthermore the rate-controlling
step is assumed to be the kinetics of the adsorption and desorption reactions with
mass transfer limitations neglected. This type o f model is generally not adequate for
the realistic modelling and scale-up of multi-component liquid chromatography
because of their inability to detail mass transfer mechanisms involved in preparative
and large-scale chromatographic separations.
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2.3.2A

Rate Models

The rate models work to solve the chromatographic mass balance equations, often
numerically, along with the boundary and initial conditions o f the system. Therefore,
rate models are also known as Mass Balance Models. The mass balance equations
are usually a set of partial differential equations (PDEs) that are able to account for
the effects o f axial dispersion, interfacial mass transfer between the mobile phase and
the stationary phase, intraparticle diffusion, and multi-component adsorption
isotherms within the column. In some cases surface adsorption and size exclusion,
adsorption kinetics, etc., may have to be included to give an adequate account for a
particular system. Due to the fact that the rate model considers various mechanisms
o f the transport processes in the column, it is suitable to be used to provide a more
accurate modelling of chromatographic phenomenon with the changes o f any
operating parameters.

The major drawback of the rate models is the complexity o f the numerical
calculations involved in solving the mass balance equations. Sometimes, the
procedure is very time consuming and may not be feasible due to the large number of
parameters that need to be determined, as opposed to plate models and statistical
models. However, the increasing power and flexibility o f computers is now
improving this situation.

Different types of rate models, with different assumptions made, have been
developed for the study o f chromatographic separations. The three categories that are
most widely documented are Ideal, Equilibrium-Dispersive and General Rate
Models.

Ideal Model
The ideal model was first derived and introduced by Wicke (1939), Wilson (1940)
and De Vault (1943). In the ideal model it is assumed that the column efficiency is
infinite (i.e. HETP % 0). The axial dispersion and mass transfer effects are also
assumed to be negligible. The concentration of solute on the surface inside the
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particles is constantly at equilibrium with the concentration o f solute in the solution
which percolates through the particle bed. Under such assumptions, the band profiles
are dependent only on the thermodynamics of phase equilibria (Guiochon et a l,
1994).

The development o f ideal rate model only focused on the non-linear nature o f the
adsorption isotherm. This is because the ideal model follows a linear isotherm and
the sample pulse detected at the exit of the column will have an identical peak profile
to that of the feed (Jungbauer and Kaltenbrunner, 1999). The ideal chromatography
which follows such a non-linear isotherm can be applied in the study o f the influence
o f the thermodynamics of phase equilibrium (i.e. o f the isotherm) on the band
profiles of the system that is independent o f the influence o f the kinetics o f mass
transfer and of axial dispersion.

Golshan-Shirazi and Guiochon (1989) applied the ideal model to study the
dependency

o f the performance of overloaded

elution

chromatography

on

experimental conditions. Gallant et a l (1996) employed the model to predict the
peak behaviour o f a concentrated band of protein cytochrome C under gradient
elution conditions in cation-exchange chromatography. Due to the fact that the ideal
model is only applicable to a chromatographic column o f very high efficiency and
fails to consider the axial dispersion and mass transfer effects within the column, it
has received very limited popularity compared to the other rate models.

Equilibrium-Dispersive Model
The Equilibrium-Dispersive model of chromatography assumes equilibrium between
the stationary and the mobile phases along the column and specifically that the
concentrations in these two phases are related by an isotherm equation such as the
Langmuir isotherm. In the Equilibrium-Dispersive model non-equilibrium effects
such as axial dispersion and mass transfer resistance during adsorption and
desorption can be lumped together and described by an apparent dispersion
coefficient. The model is only applicable and accurate if the molecular diffusion
across the mobile phase flowing around the matrix particles is the only contribution
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to the mass transfer phenomenon within the column; and if the exchange o f solutes
between the stationary and mobile phases is very fast (Guiochon et a l, 1994). This
type o f model is valid only if the column efficiency i.e. the number o f theoretical
plates (Section 2.2.3) is greater than a few hundred.

Jacobson et a l (1992) used the Equilibrium-Dispersive model to investigate the
optimisation

of a

separation

of

enantiomers

(optical

isomers)

in

chiral

chromatography. Felinger and Guiochon (1993) applied the model to compare the
maximum production rates in overloaded elution and displacement chromatography.
Heuer and co-workers (1995) employed the model to predict the separation
performance

of a binary mixture

in an HPLC

(high performance

liquid

chromatography) system with close-loop recycling. Good agreement was obtained
between the experimental and simulation data.

General Rate Model
The General Rate Model is considered to be the most rigorous and comprehensive
model of chromatography because it considers simultaneously all the contributions
to mass transfer kinetics. It takes into account the axial dispersion, mass transfer
resistance, intraparticle diffusion, and adsorption-desorption kinetics.

The General Rate Model makes no simplifications in relation to the transport
processes followed by the solute molecules along the chromatography column.
However, the migration o f the solute molecules inside and outside the matrix
particles is considered separately and therefore two differential mass balance
equations are required. One describes the concentration o f the mobile phase flowing
between the particles and another the concentration o f the stagnant mobile phase
inside the porous particle. The complexibility, relatively long simulation duration
and laborious procedure involved in solving the two partial mass balance equations
simultaneously have certainly hindered the application o f the General Rate Model.
However the situation has changed in recent years due to the accessibility o f highly
efficient computers and the development of advanced numerical techniques.
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The General Rate Model has been postulated and solved by various researchers
(Lenhoff, 1987; Yamamoto et a l, 1979; Gu et a l, 1990, 1993, 1995) by making
different considerations and using different boundary conditions and numerical
techniques. Boyer and Hsu (1992) applied the model for the study o f restricted
protein diffusion in the agarose matrix of size exclusion chromatography. They used
a Fast Fourier Transform algorithm (FFT) to solve the model expressed in the
Laplace domain. Luo and Hsu (1997) used the model to study the rate parameters
and gradient conditions of protein in gradient-elution ion-exchange chromatography.
Gu and co-workers (1999, Li et a l, 1998) employed the general rate model for
studies

o f the

scale-up

of preparative

reversed-phase

and

size

exclusion

chromatography.

2.4

Concluding Remarks

The theoretical considerations of a chromatographic separation have been outlined in
this chapter. The

equations to

quantify column efficiency

and

separation

performance have been provided. The behaviours o f adsorption and band-broadening
during the separation have also been introduced.

Among the four major types of chromatographic models (Equilibrium, Plate,
Statistical and Rate Models) introduced in Section 2.3, the Rate Model will be
chosen as the basis for study due to its accurate prediction o f the chromatographic
concentration profile. O f the Rate Models discussed, the General Rate Model is
favoured as it takes all transport mechanisms into account and hence is able to model
the chromatography separation more accurately than other formulations. This model
has therefore been selected as the basis o f the mathematical simulations run to
demonstrate the graphical approach proposed in this thesis.

CHAPTER 3
DEVELOPMENT OF FRACTIONATION DIAGRAM
APPROACH IN CHROMATOGRAPHY

3.1

Introduction

As discussed in previous chapters, particularly in Section 1.2 where motivations of
this PhD research work were outlined, prediction o f chromatography performance is
currently rather limited and time consuming given the complex nature o f the
mechanisms governing separation. Chromatograms are the usual output o f modelling
predictions (Golshan-Shirazi et a l, 1992; Guiochon et a l, 1994; Gu, 1995) and of
practical separation trials. They are not, however, a very straightforward means of
quantifying the

consequences

for performance

and the

sensitivity

o f the

chromatographic separation quality to changes in operating conditions. This is
exacerbated for systems where the product and impurity content are expressed in
different units, and where the quantity o f information is limited by the small number
of fractions collected. The need for more straightforward and faster approaches for
the prediction and visualisation of chromatographic performance forms the focus of
this PhD research work.

In this chapter, the development of the engineering framework proposed in this thesis
will be illustrated. Particularly focus will be placed on how the fractionation
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diagram approach previously developed and applied mainly to protein precipitation
(Richardson et a l, 1987, 1989, 1990; Niktari et a l, 1989) has been adopted for
dealing with chromatographic data. The use o f derived graphical outputs, namely
maximum purification factor versus product yield plots will also be demonstrated.
The main objective of a chromatographic operation can either be further product
purification or to achieve contaminant removal. Where intent o f the former is to
increase the purity of the product to a desirable level whereas the latter aims to
remove contaminants to an acceptable level. Whilst the purification factor is useful
in describing the performance of a chromatographic separation destined for product
purification, in order to describe accurately a system that aims to remove a
contaminant, it will be shown that a "contamination index" is needed. The
development of this is detailed within the following chapter.

3.2

Fractionation Diagram Approach

Richardson and co-workers developed the fractionation diagram approach for the
study of fractional protein precipitation and successfully illustrated the use o f the
approach for the optimisation of a two cut precipitation process (Richardson et a l,
1987, 1989, 1990; Niktari et a l, 1989). The approach uses the fractionation diagram
and its derived maximum purification factor against yield diagram to describe fully
the separation process. These diagrams will only be illustrated briefly in this section,
their application in chromatographic systems are further defined and discussed in the
next section (Section 3.3).

3.2.1 Fractionation Diagram

Richardson et a l (1990) developed the concept o f the ‘fractionation diagram’ in
order to describe both the fractionation of a target enzyme (ADH) from total
background protein by precipitation. The general objective of the fractional
precipitation is to increase the content of the required product relative to other
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contaminating species by manipulating their relative solubilities. It is usual to
describe the process in terms of fractionation cuts, that is, the precipitating agent
concentration required to insolubilise a specific quantity o f protein or contaminant.
For a single cut, precipitant is added to a pre-determined concentration which ideally
leaves the product protein in solution but precipitates the less soluble contaminating
proteins. In a double cut fractionation, further precipitant is added to the supernatant
from the first cut up to a concentration that will precipitate the product protein but
leave the more soluble contaminating proteins in solution, thereby achieving further
purification and also concentrating the required protein (Richardson, 1987).

Figure 3.1 presents the plot of solubilities of enzyme and total protein against
precipitant concentration. The solubilities decrease with increasing concentration of
precipitant. The resulting fractionation diagram was constructed (Figure 3.2) through
eliminating the precipitant concentration between the enzyme and protein solubilities
by plotting the former directly against the latter, expressed as fractions.

Solubility
o f Enzyme

Total protein

Solubility o f
Total Protein

Enzyme

Precipitant Concentration

Figure 3.1: Enzym e and total protein solubility profiles in the p resen ce
of increasing concentrations of precipitant.
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Figure 3.2: Typical fractionation diagram of ADH fraction remaining soluble versus
total protein fraction in solution (Richardson et al., 1987 and 1990).

Figure 3.2 has been utilised to represent the enrichment o f a product protein relative
to the total contaminating protein. In this approach the fraction o f target protein
remaining soluble is plotted against the fraction of specific protein contaminant or
total background protein remaining soluble at the same precipitant levels. The
concentrations were expressed as the fractions of enzyme and total protein remaining
soluble respectively for the Y and X-axis. The profile effectively represents what is
the process equilibrium curve. The process commences at Y=X=1. As the precipitant
concentration is increased, the profile remains stationary at point A as long as both
the desired enzyme and other proteins are totally soluble. Thereafter, components o f
total protein reach their solubility limit and the concentration decreases horizontally
along AB until at point B where the solution also becomes saturated with respect to
the desired enzyme, and the solubilities o f both and total protein decrease along the
curve BCDE. The solubility eventually becomes so low that interception with the
baseline occurs at point E. After point E, only total protein remains soluble in the
solution. The maximum purification against yield diagram can now be derived from
this plot as described in the next section.
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3.2.2 Maximum Purification Factor against Yield Diagram

To generate the maximum purification factor versus yield diagram, two quantities,
namely the purification factor (PF) and the product yield,have to be defined. For a
two cut fractionation and with reference to the fractionation diagram (Figure 3.2) we
obtain:

PF =^ i z F
P\~P2

(3.1)

Yield= E^ —E j

(3.2)

and

where E j and E 2 are enzyme fractional solubilities and P j and P 2 are total
background protein fractional solubilities at the cut points C and D corresponding to
different levels o f precipitant concentration as shown in Figure 3.2. The purification
factor is defined as the gradient of any two cut points on the fractionation diagram
and the yield is the corresponding difference in the fractional enzyme levels (the yvalues). For a desired process yield the position of the two cuts may be chosen to
maximise the purification factor. In Richardson’s study (1987), a computational
search algorithm was developed to calculate the optimum cut points and the
maximum purification factor at a given yield for a two-cut fractionation process
using high order polynomials to describe fractionation curves. This also enabled the
maximum purification factor versus yield plot to be constructed (Figure 3.3).

In general, the P F vs. yield curves indicate a fairly rapid rise in purification as the
product yield is initially decreased from 100%, demonstrating the trade-off achieved
by aiming for less than 100% recovery. If the product yield is decreased much
beyond 75%, the slope of the purification versus yield curve becomes less steep and
little benefit is gained by further sacrificing yield for purification.
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Maximum P F versus yield diagram allows the operator to visualise the variations
and sensitivity in the degree of purification achieved with respect to changes in the
operating conditions. Referring to Figure 3.3(a) the differences between curve A and
C indicate that a lower pH value favours the separation. On the other hand, curves B
and C show that the degree of purification increases with operating temperature.
Furthermore by comparing curves A, B and C, it can be concluded that operating
temperature has a greater impact than pH on the purification achieved. Figure 3.3(b)
illustrates that a certain degree of dilution on initial protein concentration favours the
purification, however, excessive dilution for example 10-fold (curve F) will decrease
the purification achieved.

3. O

o

T

ÎS .O

o

.o

0 .2

F ra ctio n a l

O .4

0 -8

A D H y«eW in p r e c i p i t a t e

Figure 3.3: Maximum purification factor-yield diagram comparing fractionation
efficiency under (a) varying pH and temperature conditions and; (b) initial total
protein concentrations. The curves denote (A) pH 5.9 and 5°C, (B) pH 6.5 and 15
°C, (C) pH 6.5 and 5 °C, (D) clarified hom ogenate, (E) clarified h om ogenate diluted
two-fold, and (F) clarified hom ogenate diluted 10-fold.

iFol.
Next section will detail how this approach developed by Richardson^ 1989, 1990) is
adopted and modified for handling chromatographic data.
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3.3

Development of the Fractionation Diagram Approach in
Chromatographic Separation

In this section, the modification and definition o f fractionation diagram and
purification factor for chromatographic operation will be discussed in detail in
Sections 3.3.1 and 3.3.2. The contamination index developed in this work to deal
with systems which aim to achieve contaminant removal in a separation will be
discussed in Section 3.3.3.

3.3.1 Fractionation Diagram (FD)

The procedure to generate both fractionation diagram and maximum purification
factor-yield diagram from a typical chromatogram is illustrated in Figure 3.4. The
derivation is based on the simplification that in essence a chromatographic separation
can be reduced to a problem of resolution from nearest neighbours. Hence the
derivation uses just 3 components to represent the feed. A fractionation diagram is
constructed based upon the concentration profiles of the different components being
separated obtained either directly from the elution chromatogram, if a specific on
line assay exists for the product and the total material, or from the corresponding off
line data (Figure 3.4 (a)). This problem is first simplified into a three-component
separation, the product and all the other contaminants being treated as two pseudo
components: one which elutes before the product, the other after. This recognises
that for the purposes o f processing the aim is to isolate the product peak from all the
other species. The chromatogram is then fractionated into N steps (Figure 3.4(b)),
such that the whole chromatographic profile is divided into N elements with equal
width (time or volume intervals).

Hypothetically, if a system comprises three components (Figure 3.5), the product (P)
and the two pseudo-impurities (A and B), the amount o f P, A and B, and the sum of
them in each fraction can be estimated by using the Trapezoidal Rule to obtain the
areas under the concentration curves (Figure 3.6).
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Such that the approximate area under the eoneentration eurve for interval between tj
and t2 is evaluated as:

(3.3)

The amount o f each material,

(mg), in a particular fraction is given by the

product o f the area under the curve of that component and volumetric mobile phase
flow rate Q (ml/s):

Amount o f material, Myyi = Area x Q

The amounts o f produet (M/>), impurity A {Ma) and impurity B {Mb) in each interval
can be calculated. For the z-th interval they would be denoted as M p j ; Mji i and
Mp^ i- Henee the total amount of material in a particular fraction {Mp) is the sum o f
all these all quantities:

M p i = Mp^ i + Ma , i + M b , i

(3-5)

For eaeh interval, we define an arithmetic mean time {tyf) as defined between the
upper and lower limit o f the interval, for example, for the first interval:

L - - ( b +^2 )

2

(3.6)

The fraetionation diagram plots the changes in the cumulative fraetional mass of
produet eluted with the eorresponding fractional total mass eluted. Hence the axes
are defined as:

_
„
•, 1
1
Cumulative mass o f material eluted at time t
Fraetional mass of material eluted; X = ---------------------------------------------------------Total mass eluted at t = 00

Fraetional mass of product eluted; Y =

Cumulative mass o f product eluted at time t
Total mass o f product eluted at t = co
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Mathematically, X and Y can be expressed as:

./=1_____

(3.7)

M,

Y=

(3.8)

./= i

M..

where N is the total number of fractions, M g is the total load o f the sample and Mg is
the total amount of product component in the sample load. Since X and Y are
fractions, the values fall in the range between 0 and 1. A theoretical fractionation
diagram can then be generated as shown in Figure 3.4(c).

3.3.2 Purification Factor

Having defined the fractionation diagram it is now possible to calculate operating
performance parameters such as the purification factor (PF), defined as the ratio
between the final purity of the product after purification to the starting purity o f a
load sample:

PF =

Final Purity
Initial Purity

'

M y*

/

(3.9)

/ _V v.

where Ms and M q are the total amount of product and impurity in the sample load and
the amount of product in the sample load respectively.
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Chromatogram

(a)

(b)
Analysis of Fractions

(c)

Fractionation Diagram

Evaluation of Yield and
Purification factor

Max. Purification Factor
vs. Yield Diagram

Yield = Y 2 - Y ,

(d)
PF = ^
X,

max
PF

X,

(e)

Figure 3.4; Schematic illustration of the procedure to generate the fractionation diagram and
the corresponding maximum purification factor-yield diagram from a elution chromatogram
obtained either by experiment or simulation. X and Y, which are the x and y-axis of the
fractionation diagram, represent the cumulative fraction of total material and target product
respectively eluted at any time. Subscripts 1 and 2 denote the start and end points of product
collection on the fractionation curve. PF denotes the purification factor between any two
points as defined by Equation (3.9).
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Fraction

Figure 3.5: Illustration on one fraction in a chrom atographic profile.

concentration
(mg/ml)

t i m e (s)

Figure 3.6: An illustration of Trapezoidal Rule.

Rearrangement of Equation (3.9) yields:

PF =
_

M,

/
/

M,

(3.10)

where the subscripts P and S denote the procuct fraction and sample respectively,
subscript 0 represents the initial condition, and superscripts (1) and (2) are the points
of the starting and end collection times respectively. The terms { M j / h 4 s ) and
{ M p /M ( ) ) define the x-axis {X) and y-axis TO respectively in the fractionation
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diagram. Therefore Equation (3.10) is actually the gradient o f the fractionation
diagram between any two points corresponding to the start and end o f product
collection in the chromatogram. The purification factor always carries a value equal
to or greater than 1.0. A value of 1.0 reflects the situation where no purification is
achieved.

It is possible to select the chromatogram at points from any positions along the
fractionation curve that satisfy the following criterion: the vertical distance between
any two points gives the product yield; the slope o f the tangent between these two
points is the value of purification factor corresponding to that yield. By varying the
position of the collection points a plot of purification factor against yield can then be
produced. The plot obtained represents the set o f all the possible values of
purification factors achievable for any combination o f cut points (Figure 3.7) and
will range from low yields and high purification factors to the opposite o f high yields
and low purification factors. O f particular interest to the engineer is the ability to
select conditions that maximise the purification factor for a given yield or to
determine the best yield that can be achieved for a specific maximum purification
factor.

Purification
Factor

PF.nax boundary

1

100%

Yield

Figure 3.7: Theoretical plot of purification factor against product yield. For any value
of product yield, there exist a number of possible purification factors. However, it is
often only the maximum purification factor (PF^ax) that is of interest. This exists at
the upper bound of the purification factor values. Points A is the maximum value in
first interval, point B in the secon d and so on.
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To generate systematically the maximum purification factor vs. yield relationship an
incremental-searching-type computer algorithm was written. The complete program
listing for this algorithm is included in Appendix A T The algorithm was utilised to
search through all the purification factors achievable for each yield, to compare the
magnitudes of these and to select the maximum purification factor value
corresponding to that particular yield. This maximises the tie-line gradient for a
given yield enabling a plot o f maximum purification factor versus yield to be
constructed. For example, in Figure 3.7, point A is the maximum purification factor
for the first value of yield, and point B for the second, C for the third and so on.
From such an analysis a plot of the maximum purification factor for a corresponding
set of yields can then be produced.

In an ideal chromatographic separation, the highest possible product purity that can
be achieved is 100 % where the collection o f product is facilitated such that no peak
overlapping happens (i.e. baseline resolution) and homogeneity is achieved.
Therefore, the maximum theoretical value o f purification factor for a given system
with an initial product purity of x percent is given as:

Maximum Purification Factor, PF,^^^ =

X

(3 ■11 )

For instance, if the initial purity of the sample loaded is 20 %, the maximum
purification factor in any selected fraction would be 5. As mentioned earlier, this
maximum value can only be realised in a baseline separation where no overlapping
contaminant and component peaks exist. This situation rarely happens in real
operations and instead the engineer must seek to trade-off the level o f purity
achieved with the associated yield, recognising that the two are inversely related.

The final use of the product yield vs. purification factor diagram is for identifying the
retention times or retention volumes for sample collection (Figure 3.8). Having
determined a desired specific value of product yield and/or purification factor, the
time {tj and t2) or retention volume (F^y and Vj(2) for the cut (sample collection)
can be determined by retrieving the data points which correspond to this value of
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yield or purification factor. This data is generated and stored during the simulation of
the purification factor versus yield plot as depicted in Figure 3.8. This facility
enables the operator to select the appropriate operating strategy in terms o f the
chromatogram cut points to provide a desired product. It will be demonstrated in
subsequent work the construction of a quantitative framework for the assessment of
the resolving power to a separation simultaneously with the calculation o f the
process yield, as function o f the selected operating conditions provides a powerful
tool for the interpretation and control of chromatographic separations.

Determine the desired
yield/PF that fulfils all
the constraints

max
PF

Yield V

Evaluation of the
combinations of collection
points that produce such
purification

Suitable cut points for
product collection

Figure 3.8: Determination of the suitable product collecting time (t^ and tg) for a
desired combination of product yield and maximum purification factor. This can be
done computationally by specifying the desired value of either product yield or
purification factor.
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3.3.3 Contamination Index
h reality it is not uncommon for the product and impurity o f a chromatographic
reparation to be expressed in different units and for there to be no mass equivalence,
for example, in the separation of an enzyme from total protein the enzyme level is
often expressed in terms of enzymatic activity whilst total protein is expressed in
rormal concentration units i.e. m gm f'; in the purification o f plasmid DNA for gene
fierapy the DNA level is often expressed in m gm f’ whereas that o f a major
contaminants, endotoxin, is expressed in EU (endotoxin unit). Conversion to
consistent units is often not straightforward. In the case where mass equivalency is
not known, the generation of the fractionation diagram will encounter a problem as
the total mass of the materials, including product and impurity, is required to plot the
graph. If the product and impurity are expressed in different units, then they cannot
be summed up while calculating the total mass.

For such systems the fractionation diagram is replaced by a plot where the relative
change in the cumulative fractional amount of impurity with the corresponding
fractional mass of product eluted is shown (Figure 3.9).

Having defined the basis for a modified fractionation diagram it is now possible to
examine the process insight such a plot revels. The first observation is that the plot
enables a contamination index (Cl) to be defined as the amount o f impurity
remaining in a unit of product:

t- . r-r X- X- jtotal amount o f impurity
Cl = gradient o f fractionation diagram x ------------------------ ------total amount o f product

(-^•i z)

As with the continual form of the fractionation diagram it is possible to operate at
any positions along the modified fractionation curve that satisfy the following
criterion: the horizontal distance between any two points gives the yield; the slope of
the tangent between these two points leads to the calculation o f the contamination
index corresponding to that yield. By varying the position o f the collection points a
plot o f contamination index against yield can then be produced. Again, similar to the
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PF vs. yield diagram illustrated previously, the plot obtained in this case represents
the set of all the possible values of the eontamination index achievable for any yield
(Figure 3.10).

Y,

0

X,

1

9

Figure 3.9; Fractionation diagram for the system where product and impurity are
expressed in different units. X ’ and Y ’ are the cumulative fraction of target product
and impurity respectively eluted at any time. Subscripts 1 and 2 denote the start and
end points of product collection on the fractionation curve.

Contamination
Index
CI,„i„ Boundary

Yield (%)

Figure 3.10: Theoretical plot of contamination index against product yield. For any
value of product yield, there exist a number of possible values of contamination
index. The minimum contamination index (CCm) is usually of most interest. This
exists at the lower bound of the contamination index. Points A is the minimum value
in first interval, point B in the second and so on.
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For the case of impurity removal the objective is to maximise the removal o f
impurity. In the new notation that is equivalent to minimising the contamination
index for a specified product yield. In order to obtain the minimum contamination
index (CI„,j„) the same incremental-searching-type computer algorithm as was used
for the generation of PF versus yield plots was implemented. However in this case
the algorithm was employed to search through all the contamination index values
achievable for each product yield, and to select the minimum value. This enables a
plot of minimum contamination index versus product yield to be generated. For
example, in Figure 3.10, point A is the minimum contamination index for the first
value of yield, and point B for the second, C for the third and so on.

Similarly, having specified a desired value o f product yield and/or minimum
contamination index, the retention time or volume for the sample collection can be
determined by retrieving the corresponding data points generated and stored during
the simulation o f the contamination index versus yield plot.

3.4

Concluding Remarks

The background to the fractionation diagram approach has been explained. The
extension and modification of the framework, originally developed for protein
precipitation, to chromatographic separations have been discussed. The development
of a contamination index for the purpose of indicating the degree of contamination in
the

chromatographic

fractions

has

been

defined.

The

resultant

diagrams:

fractionation diagram, maximum purification factor versus product yield diagram
and minimum contamination index versus product yield diagram will now be used in
a series of case studies in the following chapters (Chapter 4, 5 and 6) in order to
establish the utility of the approaches and to demonstrate the nature o f the process
insight gained from such a method of data analysis. The robustness o f the approach
will be demonstrated through application to two sets o f simulated results (Chapter 4
and 6) and three sets of experimental results and industrial data (Chapter 5).
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APPLICATION OF FD APPROACH TO SINGLE
SIMULATED CHROMATOGRAPHIC STEP

4.1

Introduction

The concept of applying the fractionation diagram approach to the interpretation of
chromatographic will initially be established using a computational model to
simulate the chromatographic separations by size exclusion chromatography. Among
various liquid chromatographic techniques, size exclusion chromatography (SEC)
was selected as the chromatographic step for the initial stage o f research due to the
relatively simple nature of the underlying separation mechanisms. Since SEC does
not involve any adsorption mechanism and the performance is mainly characterised
by exclusion effects, longitudinal (axial) dispersion, particle-to-fluid mass transfer
and intraparticle diffusion, the resultant mathematical model is relatively easy to
establish and to solve.

In this chapter, the background of the size exclusion chromatography model o f Boyer
and Hsu (1992), based upon the general rate model, will be introduced. All o f the
equations and correlations involved in the evaluation o f parameters required for the
model will be outlined in Section 4.2.1. Together with this, the Fast Fourier
Transform (FFT) numerical technique (Chen and Hsu, 1989; Hsu et a l , 1987, 1990;
Soriano, 1995) used to solve the set of equations for linear chromatography will also
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be briefly explained (Section 4.2.2). The extension o f the model and details on the
protein system employed are discussed in Section 4.2.3. The model was simulated in
MATLAB

(The

Mathworks

Inc., Natick,

MA,

USA,

2000)

programming

environment. A full description of the program listing for this model is given in
Appendix A l. The results of the simulations that introduce and illustrate the concepts
and application of fractionation diagram approach will be discussed in Section 4.3.
Lastly some concluding remarks are dravm in Section 4.4.

4.2

Background o f the Size Exclusion Chromatography

Model

The size exclusion chromatography model used in this work was based on the
general rate model (Section 2.3.2.4) which considers axial dispersion, interfacial
mass transfer between the mobile and the stationary phases and intraparticle
diffusion simultaneously. The partial differential mass balance equation describing
the chromatographic system can be expressed as (Golshan-Shirazi and Guiochon,
1992a):

where

C = concentration o f solute in the mobile phase (mgcm'^)
D l = axial dispersion coefficient (cm^s"’)
z = axial coordinates along the colunrn (cm)
u = interstitial linear velocity (cms ')
p = phase ratio ( - )
Cs = average concentration of solute in stationary phase (mgcm'^)
t = time (s)
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Since the partition equilibrium in size exclusion chromatography is linear up to very
high concentrations (Jonsson, 1987), the SEC is considered linear chromatography
(Section 2.2.5.1). This means that the equilibrium distribution constant o f the system
remains constant.

The major assumptions in formulating this model are:

•

Dispersed plug flow in the bed. This assumption seems to be adequate since nonuniformities in the bulk velocity profile only appear to be important as a
dispersive mechanism at flow rates higher than those experienced in liquid
chromatography (Johnson and Kapner, 1990). On the other hand the use o f a
second derivative (pseudo-Fickian) term to account for the effect o f convective
axial dispersion is justified for long, linear systems because the resulting
Gaussian solution to a pulse input agrees well with observations on such systems
(Athalye et al., 1992).

•

Axial and radial structural homogeneity of the bed is assumed and non
uniformity is negligible. This is true for analytical-scale or small preparativescale chromatography where the diameter o f the column is small.

Lateral concentration gradients and radial velocity variations are negligible. This
is reasonable for chromatography column where the diameter is small, i.e. in the
order of millimetres or centimetres.

Transport parameters and fluid properties are assumed constant throughout the
column. At the low concentrations used in linear chromatography it is reasonable
to assume that the equilibrium distribution coefficient, the transport parameters
and the fluid properties are independent o f concentration and hence are constant.
Equally this is a reasonable assumption for low loading or dilute samples.

The particle size distribution (PSD) of the packing media is neglected. The
matrix particles are assumed to be monodisperse. Researchers (Rasmuson, 1985;
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Carta and Bauer, 1990; Athalye et a l, 1992; Boyer and Hsu, 1992) suggest that
polydispersity may have an adverse impact on the broadening o f a peak only for
very broad or asymmetric PSD in a short bed. For columns with the large number
of plates typically necessary for protein separations, it appears adequate to use
chromatographic media with a symmetric size distribution o f modest breadth
(Soriano, 1995).

The average concentration in stationary phase, Cs, for a spherical particle can be
defined as:

3
C , = — jr ^ C ,d r

(4.2)

0

and also.
^

where

ât

^

R,

(4.3)

r = radial distance from the centre o f a spherical particle (cm)
R p ^ average radius of the spherical particles (cm)
M f ^ mass flux of solute from the bulk solution to the external
surface of the particle (mgcm'^s ')

A linear driving force was assumed at the particle surface and considering the
particle-to-fluid mass transfer coefficient kj, Mp- can be expressed as a function o f the
bulk concentration, C, which in turn as a function o f r:

M ,= k \c -C ,C „ )

(4.4)

where C/> = concentration of solute within the pores (mgcm'^)

Therefore Equation (4.1) can be rewritten as following:
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The mass balance of solutes within the pores of the matrix particles is:

2 â C , , ^

-67/"
rT + —
r ^

(4 6)

y

where Sp = intraparticle inclusion porosity o f the solute (-)
D q = effective intraparticle diffusivity (cm^s ')

The initial and boundary conditions for the bulk concentration for elution
chromatography are:
C(z,0) = 0

(4 7)

c ;(^ z .o )= o

C M =

(4 9)
L 0

t„<t

c(oo,i) = 0

(4*0)

C ,,(0 ,z ,t)^ CO

(4-11)

In Equation (4.9), C q represents the pulse or sample concentration (mgcm'^).

The mobile phase and stationary phase expressions are related by the matching
condition of flux continuity at the particle surface:

(4*2)
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Equation (4.12) fulfils the set of initial and boundary conditions required in solving
the model equations by application of a Laplace Transformation. By assuming that
the injection duration is negligible compared to the total elution time, the Laplace
domain solution for the concentration of solute in the mobile phase C, at a point z in
the bed can be expressed as follows:

C (z,^) = C„ exp-

3k.

2 0 ,,

\ v 2 0 ,.

Dl

a

(4.13)

mDjRj

where j is the Laplace transform variable and a(s) is a function defined as follows:

D..

a
' £ pS

D..

cosh

. I £ pS

cosh '

D..

D.

R , \ D..

Rp +
vA.

R,

■R,
(4.14)

sinh

In order to express the concentration profile changes with time the inversion of
Equation (4.13) into analytical time domain is necessary. However, the inversion is
rather complicated and time-consuming. In response to this, Hsu and Dranoff (1987)
adopted the Fast Fourier Transform (FFT) algorithm in the numerical inversion. This
technique was found to be simpler than the usual finite element and orthogonal
collocation numerical techniques applied in the modelling o f chromatography, it is
more straightforward and also very accurate.

The evaluation of all transport parameters involved in solving the general rate model
described so far together with the numerical method applied will be explained in the
following two sections.
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4.2.1 Evaluation of Transport Parameters

This section presents the means and correlations used to evaluate all o f the transport
parameters required in simulating the size exclusion chromatographic separation.
These include the parameters involved in axial dispersion, mass transfer and
intrapartiele diffusion.

Modern liquid ehromatography is almost always conducted in the creeping flow
regime, defined for packed beds by the Reynolds number being the order o f unity or
smaller (Soriano, 1995). Besides the system geometry, all the transport parameters in
creeping flow depend on the product of Reynolds number (Re) and Schmidt number
(Sc). This quantity (ReSc) is often called as the ‘reduced velocity’ (Bird et a l, 1960).
The definitions of Reynolds number, Schmidt number and reduced veloeity are:

Re = ^

(4.15)

Sc =

(4.16)

r» o
R e S c = ------

where

(4.17)

d = mean diameter of the particle (m)
u = linear velocity of the flow(ms ')
£ = interstitial void fraction ( - )
p = density of the flow (kgm'^)
p = viseosity of the flow (Pas)
D m ^ solute diffusivity in unbounded solution (m“s’')

The typical reduced veloeity range of interest in liquid chromatography practice is
between 1 and 200, with size exelusion chromatography usually conducted below
fifty (Athalye et a l, 1992), and the transport parameters required to carry out the
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simulations will be evaluated by using correlations which are applicable within the
reduced velocity (ReSc) range of interest to chromatographic operation.

The interstitial void fraction £ is the most important determinant o f the flow
geometry in a packed bed of spheres. It is defined as:

04 18)

1 + aP.

where

= initial void fraction of an unstressed bed % 0.4 for packed bed
a = matrix/bed compressibility ( - )
fg = Pressure of the system (bar)

The values of sq and a can be obtained experimentally.

The solute diffusivHjjin the mobile phase can be calculated using the Stoke-Einstein
equation (Tyn and Gusek, 1990):

where T = temperature of the system (K)
= Boltzman constant = 1.3805 x 10"’^ (gcm^s'^K’’)
l^i = viscosity of the fluid (Pas)
Tg = Stokes radius of the particle (m)

The effective intraparticle diffusivity can then be evaluated by using the following
correlation developed by Boyer and Hsu (1992):

= - 0.1

In
V

where

+ 12.45)cf ^

(4 .20 )

J

= Molecular weight of the protein (Da)
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Cf = polymer fibre concentration in particles (gcm'^)

The dimensionless transport coefficient: dispersion Peclet number Pei (or also
Imown as Bodenstein number Bo) can be evaluated by using a correlation developed
by Hejtmanek and Schneider (1993) for creeping flow and the following empirical
correlation is valid for 0.385<i?e5'c<580:

Fcj —Bo = 0.863

R qS c
04.2 1 )

The convective axial dispersion coefficient D i is defined as:

£), = - ^

(4.22)

The energy dissipation rate E is related to the kinetic energy dissipated into heat
when the fluid flows against the drag force. It was correlated by Ohashi et a l (1981):

E=

where

C do

= drag coefficient for a single particle based on the linear velocity, u, (-)

Rp = radius of the particle (m)

For creeping flow and Reynolds number less than unity, Cdo can be evaluated by
using Stokes’ Law:

c.„ -

24
—

(4.24)

The fluid-phase mass transfer coefficient, k f , in Equation (4.13) can be calculated
from the relationship:
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k - £ Æ
■'

(4.28)

d .

where Sh is the Sherwood number of the system and can be evaluated from the
correlation developed by Ohashi et al. (1981):

S'/z = 2 + 0.51

04.25 )

y
which applies within the following range:

505 < ^ c < 70600

(4.26)

10-'<i?e<10-^

(4.27)

Having evaluated the simulation parameters, the general rate model can be solved
with the aid of numerical technique discussed in the following section.

4.2.2 Fast Fourier Transform (FFT) Numerical Technique

There is no analytical solution to the general rate model o f chromatography
(Golshan-Shirazi and Guiochon, 1992). However, Carta (1988) has developed an
analytical solution for the model but in this, the axial dispersion effect was not taken
into account and the model was only applicable to periodical injection. It therefore
cannot be applied to predict the band profiles o f a pulse-injection type of
chromatography with the presence of axial dispersion within the column. Hence, the
general rate model can only be approximated to numerically.

Lenhoff (1987) implemented a solution o f the general rate model for a pulse
injection in the Laplace domain, and completed the inversion by contour integration
in the complex plane. The integral to carry out the inversion into the time domain

108

C hapter 4: Application o f FD Approach to Single Sim ulated Chrom atographic Step

was conducted numerically. Yamamoto et al. (1979) accomplished the inversion into
the time domain either by integration of the complex function or by a Fourier series
approximation (Crump, 1976). However, his model neglects the mass transfer
resistance in the fluid phase.

Dubner and Abate (1968) presented a method that relates the inverse Laplace
transform to the finite Fourier cosine transform. Although the inversion formula,
which only involves cosine and exponential functions, is easy and straightforward,
the convergence o f the solution is very time-consuming and the valid boundary in the
time domain is limited to the interval 0 < t < 772 (where the period is 27). Dubner
and Abate (1968) suggested the implementation o f Fast Fourier Transform (FFT)
algorithm which might be able to reduce the computation time required for the
solution.

Based on the suggested FFT approach. Crump (1976) developed a numerical method
that inverting the Laplace transform by using the Fourier series approximation. By
involving the information contained in the sine function o f the Fourier series. Crump
(1976) was able to reduce the error in the approximation, compared to that o f Dubner
and Abate (1968), and to double the interval under which the inverse function is
approximated, i.e. 0 < t < T .

The reasons why the sine function terms should be retained in the final inversion
formula have been theoretically justified by Hsu and Dranoff (1987). Based on the
approach developed by Crump (1976), they directly adapted the FFT algorithm for
the numerical inversion o f the Laplace transform. This technique was found to be
simple, straightforward and accurate (Hsu and Dranoff 1987).

Villermaux (1974) made use of the FFT algorithm to study the effect o f mass
transfer processes and kinetic retention mechanisms on peak asymmetry in gas
chromatography. Jonsson (1984) also applied the algorithm in his research o f linear
non-ideal liquid chromatography. Hsu and Chen (1987) have applied the technique
to solve the general rate model in order to study the influence o f intraparticle

109

Chapter 4: Application o f FD Approach to Single Sim ulated Chrom atographic Step

diffusion and sorption kinetics on the peak shape in linear chromatography. They
have also used the algorithm to predict the breakthrough curves o f a fixed-bed
adsorber (Chen and Hsu, 1987).

Boyer and Hsu (1992) have applied the FFT technique to perform the numerical
inversion o f the Laplace domain solution o f the general rate model for the special
case of size exclusion chromatography. Soriano (1995) employed their approach to
study the influence of matrix compression and fouling on the chromatographic
performance.

The general rate model applied to SEC and as presented by Boyer and Hsu (1992)
and Soriano (1995) was chosen at the beginning stage o f this PhD study due to its
accuracy, ease of programming and high efficiency. The full MATLAB program
listing for this SEC model is outlined in Appendix A l .

The general rate model is now ready to be solved with the simulation details
summarised in the next section, to produce the fractionation diagrams and associated
operating windows.

4.2.3 Extension of Model and Simulation Details

The separation of three globular type proteins, y-globulin, ovalbumin and
Ribonuclease-A, was simulated on a column of 49.3 cm bed length and 1.6 cm
internal column diameter, packed with Pharmacia® Sepharose 6B (mean matrix
particle diameter, 88 pm). Ovalbumin, which has molecular weight o f 45,000, was
assumed to be the product of interest. The initial concentration o f the protein mixture
was 50% ovalbumin, 25% y-globulin and 25% Ribonuclease-A. Therefore the initial
purity of the sample with respect to ovalbumin was 50%. The separation o f a 1% by
volume load at mobile phase flow rates of 0.1, 0.3 and 0.5 mlmin ' was simulated.
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As prerequisite to the use o f the Fast Fourier Transform algorithm, the number of
time intervals, N has to be equal to a power of two, e.g. 256, 512 and 1024. The
larger the value of N, the more elements the profile consists o f and hence the more
accurate the simulation. However, a longer computational simulation time is also
expected for a greater N value. In all the simulations carried out an N value o f 512
was chosen.

Tables 4.1 and 4.2 summarise the operating parameters o f the simulations and the
values o f physical properties and calculated transport parameters for the three
proteins used in the simulations respectively. The operating conditions employed
were based upon the research work carried out by Hsu et a l (1992) and Soriano
(1995). Transport parameters were evaluated computationally using the relationships
or correlations discussed in the previous section.

Algorithms to generate fractionation diagram and maximum purification factors for
the

simulated

chromatograms were

incorporated

in the

model

so that

a

chromatogram, a fractionation diagram and an maximum purification factor versus
product yield diagram were generated for each set o f simulations. A full program
listing for this is provided in Appendix A l.

All simulations were run on an Hewlett Packard Vectra - Pentium II 400 MHz, 192
MB RAM PC (Hewlett-Packard Ltd, London, UK) to provide output files tabulating
the concentration versus time profiles of the three individual components.

in
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No. o f components
Radius o f matrix particle, R p (cm)
Length o f bed, L (cm)

3
4.4 X 10 '
493

Internal diameter of the column, D j (cm)

1.6

Operating temperature, T (°C)

20

Mobile phase flow rate, 0 (mlmin ')

0.1, 0.3 and 0.5

Void fraction o f the bed, g(-)

0332

Density o f fluid, p (kgm'^)

1004.1

Polymer concentration in particle, c/ (kgm'^)

60

Number of time steps, N

512

Period for FFT algorithm, (s)

60 000

Table 4.1; Operating conditions and process parameters used in
the simulation of the linear size exclusion chromatography model.
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P h y s ic a l p a r a m e t e r s
M W (Da)

156,000

45,000

13,700

5 35

293

L83

038

039

031

1.5

3.0

1.5

Djjj (c m V )

339x10^

6.55x10-'

1.05 xlO-"

D e (c m V )

430x10^

1.41 xl()-'

3.27x10-'

.ST

3.10x10'

1.70x10'

1.06x10'

R e @ 0.1 mlmin '

6 .5 5 x 1 0 '

6.55 x lO '

6.55 xK)-'

@ 0.3mlmin''

0.002

0.002

030 2

@ 0.5mlmin '

0.0033

0.0033

03033

@ 0.1 mlmin '

3.51 xlO'"

3 .9 6 x 1 0 '

5 .7 6 x 1 0 '

@ 0.3mlmin '

3 .3 8 x 1 0 '

5 .3 2 x 1 0 '

7.63 xlO '

@ O.Smlmin''

3.96x10-'

6 .1 9 x 1 0 '

8 .8 2 x 1 0 '

@ 0.1 mlmin '

3.51 xlO-'

3.35 xlO-'

3.23 xlO-"

@ 0.3mlmin '

1.15 x lO '

1 .1 0 x 1 0 '

1 .0 6 x 1 0 '

@ 0.5m lm in'

1 .9 9 x 1 0 '

1 .9 0 x 1 0 '

1.83 xlO '

r,v (cm)
(“)
C o (m gm r')

C 'alcu lateci p a r a m e t e r s

Ay (cm s')

D p (cn rs'')

Table 4.2: Values of physical parameters and calculated transport
parameters for the three globular type proteins used in the size
exclusion chromatography simulations.
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4.3

Results and Discussion

The size exclusion chromatography model was run to simulate the individual
component peak profiles and the resultant chromatogram shape as a function o f flow
rate of the mobile phase. The concentration profiles were then used to generate
fractionation diagrams and maximum purification factor versus yield diagrams as
depicted in Figure 4.3 and 4.4. The variation and sensitivity o f the diagrams towards
changes in the operating flow rates were investigated for mobile phase flowrates of
0.1 mlmin ', 0.3 mlmin ' and 0.5 mlmin '

The simulated chromatographic profiles obtained are shown in Figure 4.1. A detailed
examination o f the individual component profiles for the 0.3 mlmin ' data is given in
Figure 4.2. With respect to the product, ovalbumin, peak overlapping with y-globulin
happens between 235 to 265 minutes and peak overlapping with Ribonucease A at
between 260 to 300 minutes. Hence if fraction collection is between 260 and 265
minutes a high purity o f sample can be achieved but at the expense o f product yield
which will be very low as much product has to be sacrificed in order to realise a
sample comprising ovalbumin with only traces of impurities.

Analysis of the simulated chromatograms was carried out to calculate the changes in
the cumulative fractions of total protein and product component, together with the
purification factor and yield obtained during the elution period. Figure 4.3 and 4.4
are the resultant fractionation curves and maximum purification factor against
product yield diagram respectively. All of the fractionation diagrams display a
common ‘S’ shaped curve. The fractionation diagram for the lowest flowrate,
0.1 m lm in' has the steepest curve while 0.5m lm in' is the flattest. The regions of
greatest variance are at the start and end of the elution step (low and high values of
X). Here it can be seen that at the highest flowrate the product starts to elute (Y > 0)
at X=0.15 compared to X=0.23 for the lowest flowrate. Product elution is complete
at X=0.75 in the ease o f the lowest flowrate but continues to X=0.95 for the highest
flowrate. This data shows how the degree o f overlap between the product and
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impurity increases with flow rate. As seen in the corresponding maximum
purification factor versus yield plot even apparently small differences in the
fractionation diagram lead to significant changes in the process output performance
(Figure 4.4). Since the purification factor is defined as the gradient o f the tie line on
the fractionation curve between any two points, it can be deduced that the separation
attained at the lowest mobile phase flow rate has the highest value o f purification
factor. The simulated purification factor vs. yield results demonstrate this result well
(Figure 4.4) and show clearly how the separation performance improves with a
reduction in flow rate.

0.004
0.0035 -

O.Smlmln

1

0.0025 -

^

0.3mlmin

0.002 4

1

&_

I
o

0.0015 4

o

0.001 4

0.1 mlmin

Ü

0.0005 -

0

200

400

600

800

1000

Time (mln)
Figure 4.1:

Simulated SEC chromatogram for elution of a three

com ponent model system a s a function of mobile p h ase flow rates
(0.1m lm in'\ O.Smlmin'^ and 0.5 mlmin'^). Simulations w ere run for a
three com ponent system with globular protein m olecular w eights of
13,700 (R ibonuclease A), 4 5 ,0 0 0 (Ovalbumin)-taken a s the product of
interest and 156,000 (y-globulin). The bed length and internal diameter
of the S ep h arose 6B matrix bed w ere 49.3cm and 1.6cm respectively.
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Figure 4.2; Simulated SEC chromatogram for elution of a three
component model system at a mobile phase flow rate of 0.3 m lm in '\

116

Chapter 4: Application o f FD Approach to Single Sim ulated Chrom atographic Step

0.1 ml/min
• - -0.3 ml/min
A 0.5 ml/min

0
>

o

Û0

0
0

0.2

0.4

0 6

0.8

Cumulative fraction of total protein, X

Figure 4.3: Fractionation curves for the simulated gel filtration
separation of ovalbumin from a mixture of R ibonuclease A and yglobulin a s a function of mobile p h ase flow rates. ( - = O.lmlmin'^
and - = O.Smlmin'^ and A = O.Smlmin'^).
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Figure 4.4; Purification factor versu s yield diagram corresponding to
Figure 4.3 for the simulated gel filtration separation of Ovalbumin
from a mixture y-globulin and R ibonuclease A at different flow rates.
( - = O.lmlmin'^ and - = O.Smlmin'^ and A= O.Smlmin'^).
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The flow rate of the elution buffer affects the quality o f the separation expressed
through the degree of resolution. This is mainly because the alteration in linear
velocity of mobile phase has a great impact on the column band broadening
phenomenon, which in turn affects the value o f HETP (height equal to one
theoretical plate) and the efficiency o f the separation (Sections 2.2.3 and 2.2.6). The
impact on HETP of changes in the linear velocity can be viewed from a Van
Deemter plot (Figure 4.5):

B/u

H E T P
C u

0
0
M o b ile p h a s e lin e a r v e lo c ity ,

u

Figure 4.5: Van Deem ter plot, relating plate height HETP to mobile p h ase
linear velocity

u.

With the flow rates simulated (0.1 mlmin %0.3 mlmin ' and 0.5m lm m ’), the velocities
evaluated for the system were 0.0025, 0.0075 and 0.0125 cms’’ respectively. The
value o f HETP for a particular velocity can be calculated from the following
relationship:

I D
H E T P

= — ^

04.28)

u
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With the values of axial dispersion coefficient, D i. calculated in Equation (4.22),
HETP obtained for the separations were 0.28, 0.30 and 0.32mm. Therefore the
velocities of separations gave simulations which all fall on the right-hand portion o f
the van Deemter graph where HETP increases with velocity. As the linear velocity
increases, the longitudinal diffusion {B term) decreases. Longitudinal diffusion is the
phenomenon caused by random motion of the molecules. The decrease in B term has
a positive effect on HETP. However this positive effect is insignificant compared to
the sharp increase of the C term. The C term describes the resistance to mass transfer
processes. The higher the flow rates, the greater the resistance to mass transfer, and
hence the lower the rate of mass transfer. This will lead to a higher degree o f
overlapping between the three chromatographic peaks contained within the test
sample (Figure 4.1).

Since the initial purity of the sample load for all simulations was 50 % the maximum
purification factor of this separation is 2 (with reference to Equation 3.11). However,
only by operating at 0.1 mlmin ' does the simulated maximum purification factor
approach this theoretical limit. This is mainly because band-overlapping is more
significant as the flow rate increases and this is reflected in the separation becoming
more difficult. For a flow rate of 0.1 mlmin*, the degree o f peak overlapping is
insignificant and there is almost a baseline separation for the three components
between the times of 770 and 810 minutes. The purification factor-yield curve
achieves the maximum purification factor of the ideal system in this period.
However, when considering this result it must also be borne in mind that it is often
not economical to operate a separation under such a low mobile phase velocity due to
the longer elution times. Selected operating strategies would probably reflect this
trade-off.

To demonstrate how the data generated could be used to select appropriate sample
collection times corresponding to different values o f purification factors the data
evaluated for a fixed mobile flow rate o f 0.3 mlmin* was examined further. Figure 4.6
ipresents typical combinations of performance data for the system. With the aid of
such a table- the operator can select at which point to commence product collection to
bgiArÊ
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achieve the desired value of purification factor or product yield. Process trade-offs
are unambiguously presented and very precise control o f the chromatogram output
can be realised.
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Figure 4.6: The calculated sample collection times corresponding to different
values

of yield

and

maximum

purification factor for the

size

exclusion

chromatography system, simulated at a buffer flow rate of 0.3 m lm in '\

4.4

The

Concluding Remarks

fractionation

and

maximum

purification

factor-product

yield

diagram

approaches have only been employed for the studies o f protein precipitation and
membrane filtration. Results in this chapter have shown significant variations in
fractionation diagram (Figure 4.3) and maximum purification factor-yield diagram
(Figure 4.4) resulting from changes in the chromatographic operating conditions. It
can therefore be concluded that the FD and PF versus yield approach is applicable to
chromatographic systems. The next chapter will consider the extension of the
method to a broader range of representative separations with the intent to verify the
generic applicability o f the graphical method proposed.
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CHAPTER 5
APPLICATION OF FD APPROACH TO SINGLE
EXPERIMENTAL AND INDUSTRIAL
CHROMATOGRAPHIC STEP

5 .1

Introduction

As discussed in Section 3.3.1, a fractionation diagram may be constructed based
upon the concentration profiles o f the different components being separated obtained
either directly from the elution chromatogram, if a specific on-line assay exists for
the product and the total material, or from the corresponding off-line data o f the subfractions collected. The practicality and usefulness o f the approach have so far been
tested using simulated data from a size exclusion chromatography model developed
by Boyer and Hsu (1992). In this chapter, the framework is demonstrated for three
different

chromatographic

separations

using

experimental

and

industrial

chromatographic data. In the first (Section 5.2), a set o f experimental results from the
separation o f a labile intracellular enzyme, alcohol dehydrogenase (ADH), from
Bakers yeast homogenate in a expanded bed packed with a hydrophobic interaction
STREAMLINE™ Phenyl matrix is used. In the second (Section 5.3), a set of
industrial results for the removal of endotoxin from plasmid DNA is examined. In
the third (Section 5.4), another set of industrial data from a gel-permeation separation
o f recombinant protein from host cell is used. Finally, some concluding
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remarks are drawn from the investigations of the three separation studies (Section
5.5).

5.2

Hydrophobic Separation of ADH from Yeast
Homogenate

5.2.1 Background

The fractionation diagram approach for the analysis o f chromatographic separations
will be further verified by using existing experimental data o f the STREAMLINE™
expanded bed hydrophobic interaction chromatographic separation o f alcohol
dehydrogenase (ADH) from Saccharomyces cerevisiae cell homogenate provided by
Smith et al. (1997, 2002). The basic operation o f an expanded bed adsorption step
and its difference from packed bed system have been introduced and illustrated in
Section 1.5.1.2. The following serves as the additional information for this particular
case study.

Expanded bed chromatography enables the recovery o f product from a crude
feedstock through a single pass operation. In this respect the operation seeks to
combine

the

specificity

of

separation

and

overall

volume

reduction

of

chromatography with the clarification efficiency o f a centrifugation and filtration
system into one discrete step (with reference to Figure 5.1). Due to these
characteristics, expanded bed separation is able to reduce the need for costly and
time

consuming

pre-treatment

steps

prior to high

resolution

packed

bed

chromatography (Willoughby et a l, 1999).

Expanded bed adsorption is suitable for the recovery o f both extracellular and
intracellular products; the former by direct capture from fermenter or cell culture
broth and the latter after homogenisation or cell lysis. As an effective operation it
“came o f age” in 1992 with the introduction o f the STREAMLINE process range of
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expanded beds and matrices produced by Amersham Biosciences in Uppsala,
Sweden.

Homogenisation

Homogenisation

WASTE

Centrifugation

BUFFER

►

Dilution

BUFFER

Dilution

BUFFER

Expanded Bed
Chromatography

WASTE
BUFFER

BUFFER

Filtration

►

Packed Bed
Chromatography

WASTE

►

WASTE

i
Product

Product

Figure 5.1; Comparison of different s ta g e s involved in expanded bed and packed
bed p r o c e ss e s (Willoughby

etal., 1999).

The adsorbent beads are generated with a distribution o f size and density. The
density and size distributions means that the bed expansion is stable as individual
beads adopt a height in the bed based upon their mass, and plug flow is established
for the mobile phase but with the particles remaining stationary once the full
expanded height has been reached. The necessary density gradient is achieved by
forming the beads with quartz-coreg, thus giving a higher average density to the
matrix than would normally be observed with fixed bed chromatography media. This
has the additional benefit of allowing the system to operate at higher flow rates or
with greater feedstock viscosity.
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The enzyme alcohol dehydrogenase (ADH) catalyses the interconversion o f various
primary and secondary alcohols to the corresponding aldehydes and ketones. In
yeast, the enzyme is a tetrameric isoenzyme with a molecular weight of
approximately 150,000 Dalton (Varga, 1997). Researchers at University College
London (UCL) have carried out various bioprocess simulations and modelling
studies for the recovery of the ADH from packed and fermented bakers’ yeast using
typical downstream process sequences (Richarson et a l, 1990; Siddiqi et a l, 1995,
1996; Clarkson et a l, 1996; Zhou et a l, 1997; Varga et a l, 1997, 2001; Okec,
1998). The reasons for utilising this experimental system are that, as a soluble
intracellular protein product, ADH is typical of many industrially relevant proteins
and biocatalysts and a large amount of data on the downstream processing o f ADH
from Bakers’ yeast already exist at UCL. It was chosen also because relatively rapid
assay procedure was involved to quantify the material. It is a good candidate to
demonstrate the application of expanded bed separations because o f its labile nature.

Experiments were carried out using different sample loads (expressed in terms o f the
number of column volumes) fed onto the column. It was done so to study the
separation trade-offs between the column loading and purification, therefore it serves
as a good case study to demonstrate the usefulness o f fractionation diagram
approach. More complete details of the experimental set up can be found in the
literature (Smith et a l, 1997 and 2002, Willoughby et a l, 1999). The following only
serves as a brief description of the experimental materials and methods used.

5.2.1.1

Materials and Methods

With reference to Figure 5.2, all separations were carried out using a 5 cm diameter
expanded bed column (ST-50, Amersham Biosciences, St. Albans, UK) packed with
STREAMLINE Phenyl (low sub) matrix to a settled bed height o f 0.125m. The
experiments involved a series of 3 chromatographic separations in which increasing
volumes o f homogenate, diluted to a protein concentration o f 10 mgmL ', were
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loaded onto the ST-50 column containing fresh matrix. The eluate pool was analysed
for ADH and protein levels relative to the feed.

During the load, the upper adapter was set to a constant height o f 0.7 m to allow for
bed expansion. The bed was equilibrated and expanded using buffer A ((NH 4)2S 0 4 in
0.02 M KH 2PO 4, pH 7) at 2 mh"’ prior to loading o f the homogenate. 1, 2 and 5
column volumes o f homogenate were loaded onto the same expanded bed in three
successive chromatographic cycles. In each case, unbound material was washed from
the column using buffer A until the UV reading had returned to baseline. The bed
was then allowed to settle and the upper adapter was positioned on top o f the settled
bed at a height of 0.125 m for elution.

Elution was performed using a step decrease in salt concentration by applying buffer
B (0.02 M KH 2PO 4, pH 7) at a liquid velocity of 0.75m/h. Fractions taken every 120s
were assayed for ADH and protein, using the methods o f Bergmeyer (1983) and
Bradford (1976) respectively until all ADH had eluted from the

column. An

extensive clean-in-place protocol was used in-between cycles to return the matrix to
its original state.

5.2.1.1

Experimental Data Treatment

The fractionation diagram generated from the raw chromatogram data is actually a
set of data points describing the relative change in the cumulative fraction o f product
eluted from a column with respect to the cumulative fraction o f total material eluted.
In the case o f the size exclusion chromatography model data, the data points
generated were sufficiently numerous and closely spread as to form a smooth
fractionation curve. Whilst the interval between each data point can be made to be
very small in the case of simulation data the same is not true for real experimental
systems where the density of data points is fixed by the size o f the fractions
collected.

126

Chapter 5: Application o f FD Approach to Single Experimental and Industrial Chromatographic Step

1Icnce for the ADH and the total protein assay results the small number o f data
points available were fitted with a smoothed line obtained by applying a ‘spline’
curve fitting in MATLAB (The Mathworks Inc., Natick, MA, USA, 2000). This
function fits the data points with piecewise third order polynomials. The purpose of
such fitting was to produce a continuous function for subsequent estimation o f the
tie-line gradients which form the basis of the maximum purification factor versus
product yield plots. After curve-fitting the maximum operating tie-line gradient for a
particular product yield was derived using these polynomial expressions to describe
the fractionation diagram.
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Figure 5.2: Schematic layout of expanded bed system showing
valves, piping and monitoring equipment (Smith, 1997).
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5.2.2 Results and Discussions

A representative elution chromatogram of the STREAMLINE'’’^ Phenyl expanded
bed chromatographic separation of ADH from unclarified cell homogenate generated
with one column volume of loading is presented in Figure 5.3. The concentration
profiles of ADH and total protein were used to determine the cumulative changes in
product and total material in order to produce the fractionation diagram. Figure 5.4
shows the fractionation diagram obtained from the original experimental data and the
fitted fractionation curve approximated by using an internal cubic spline function in
MATLAB. By inspection, good agreement was found between the simulated and
experimental data sets justifying the use of the cubic spline function for curve-fitting.

The fractionation curves (after curve fitting) obtained for the three different runs
each with increased loading of homogenate are presented in Figure 5.5. The curves
are flatter than those for the simulated size exclusion chromatographic separations
(Figure 4.4) indicating that a lower purification has been achieved in all cases as
might be expected in such an early downstream operation with a crude feedstock.
The results obtained were further processed and used to produce the final maximum
purification factor against product yield diagram as shown in Figure 5.6.

To focus on the principal region of interest only the data for product yields greater
than 50 % has been shown. In all cases the highest loading o f five column volumes
gave inferior purification compared to other two runs. For product yields o f less than
80 %, separation with one column load achieved the highest degree o f purification.
For the range of yields between 80 % and 95 %, loads o f one and two column
volumes gave similar purification factors but for product yields greater than 95 %
operating with two column volumes marginally out-performed the lower sample load
strategy. It is clear that if yield is not a major concern to achieve a high purity
product loading into one column volume is the better choice o f the three examined.
However since expanded bed adsorption is placed in the early stage o f a downstream
process sequence, yield is very much the focus if compared to the purity o f the
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product Stream. If a higher yield (>95%) is required then a two column volume load
should be selected.

In order to demonstrate the trade-offs required during expanded bed adsorption
operation the different sample collection retention volumes corresponding to
required yields for a constant loading of one column volume are given in Table 5.1.
1he results show how the volume of material to be collected increases with the
desired yield and at the expense of the degree of purification achieved.
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Figure 5.3: Elution chromatogram for the expanded bed adsorption of 1 column
volume of diluted homogenate onto a ST-50 expanded bed containing 250mL of
Streamline-Phenyl (low sub) matrix. The settled bed height of the matrix was
0.125m. The specific activity of the column feed was approximately

100U

(ADH)/mg (protein).
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Figure 5.4: Comparison betw een original experimental data and fitted
data by using cubic spline internal function in MATLAB for elution profiles
obtained from expanded bed operation of 1 column volum e of diluted
h om ogenate depicted in Figure 5.3.

130

Chapter 5: Application o f FD Approach to Single Experimental and Industrial Chromatographic Step

1
K

1

0.8

9

cv

- “2 CV

o

— 5C V

a

0.6

u
a

0.4

I

I

0.2

u

0
0

0.2

0.4

0.6

0.8

1

Ciuiuilative fraction of total protein, )

Figure 5.5: Fractionation diagrams for the STREAMLINE expanded bed
data, showing the effect of increasing sample load volumes (CV = column
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10

1.61

4660

4694

20

1.59

4638

4713

30

1.56

4623

4723

40

1.51

4605

4743

50

1.45

4591

4754

60

1.39

4^576

4767

70

1.32

4529

4767

80

1.25

4^538

4779

90

1.20

4525

4884

98

1.00

4424

4884

Table 5.1: The calculated sample collection retention volumes (V ri and
V r 2 ) corresponding to different values of yield and maximum purification
factor for the expanded bed system, at a sample loading of one column
volume.
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5.3

Removal o f Endotoxin from Plasmid DMA by Ionexchange Chromatography

5.3.1 Background

In this section, the study of the fractionation diagram approach will be further
extended from laboratory-scale chromatographic results to industrial scale data. The
operation of investigation is the removal of an endotoxin contaminant from a
plasmid DNA product by ion-exchange chromatography. The plasmid DNA products
o f study are destined for vaccination purposes. The data was kindly provided by the
Biopharmaceutical

Product

Development

Department

of

GlaxoSmithKline

(Beckenham, Kent, United Kingdom).

The following material provides a overview to the biological system o f study. The
principle o f gene therapy entails the stable introduction o f a gene into the geneticcompliment of a cell, such that subsequent expression o f the gene achieves a
therapeutic goal. The use of purified plasmid DNA constitutes a new approach to
vaccine development. Plasmid DNA vaccines may find applications as the
preventive vaecines for viral, bacterial, or parasitic diseases; immunizing agents for
the preparation o f hyperimmune globulin products; therapeutic vaccines for
infectious

diseases;

or

other

indications

such

as

cancer

Recombinant DNA (rDNA) is a deoxyribonucleic acid sequence produced artificially
by pieces o f DNA from different organisms (recombinant DNA technology).
Recombinant DNA must be taken up by the cell in a form in which it can be
replicated and expressed. This is achieved by incorporatirtj the rDNA in a vector.
Plasmids in this case study are used as the vectors to transfer a recombinant DNA
sequence into cell of another organism. A plasmid is a circular, self-replicating form
o f double stranded DNA molecule found in many species o f bacteria separate from
the bacterial chromosome. They have a few thousand base pairs and usually carry
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only one or a few genes. After the insertion o f rDNA into the plasmid ring, it is then
ready to be inserted into a host cell for a biotechnological application. E. coli is the
most widely used host cell for plasmid DNA production.

Endotoxins are cell wall constituents of gram-negative bacteria such as E. coli. The
endotoxins can be liberated during bacterial growth and when bacterial die. The
endotoxin is a lipopolysaccharide (EPS), consisting o f three regions: an innermost
lipid moiety, called lipid A, an intermediate core polysaccharide and an outermost
polysaccharide side-chain. The lipid A exerts most o f the biological activity
(pyrogenicity). Endotoxin is the most common of the pyrogens which they enter the
bloodstream will influence hypothalamic regulation o f body temperature resulting in
fever (Walsh, 1998). In humans, a pyrogenic response may occur if 5 endotoxin units
(EU) per kilogram of body weight are administered (Sofer and Hagel, 1997). It is a
loiown fact that it is very difficult to control medically the pyrogen-induced fever,
and in severe cases the consequences can be fatal.

One of the major drawbacks in using E. coli as the host cell system is the presence of
endotoxins on its surface. Endotoxin removal is therefore a key challenge in the
purification of recombinant DNA proteins and peptides produced in E. coli.
Endotoxin molecules exhibit a highly negative charge, and their effective removal
from a process stream can be achieved either by allowing them to bind to anion
exchange chromatography or alternatively, the product can be bound by a cation
exchange chromatography. The common process sequence to produce a plasmid
DNA product can be represented by Figure 5.7.

This case study demonstrates a common additional problem where the product and
impurity content are measured by different assay techniques and are expressed in
different units, and also where the quality of process information is limited by the
small number of fractions collected. In reality it is not uncommon for the product and
impurity of a chromatographic separation to be expressed in different units and
where there may be no mass equivalence. For example, in this case study: the DNA
level is expressed in m gm f' (mg of DNA per ml of product solution) whereas that of
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the major contaminant, endotoxin, is expressed in EU (endotoxin unit). Conversion
to consistent units is often not straightforward. For such a system the fractionation
diagram has been modified to represent the results accordingly.

—
tt< -B
#. -B
H»'
ferm entation

vialin g

centrifugation

ch rom atograph y

filtration

centrifugation

precipitation

Figure 5.7: Schem atic flowsheet for the production of plasmid DNA product.

5.3.1.1

Materials and Methods

The chromatographic elution data in this case study was kindly provided by
Biopharmaceutical

Product

Development

group

o f GlaxoSmithKline

(GSK)

(Beckenham, Kent, United Kingdom). Due to issues o f intellectual property and
confidentiality o f the process data specific details o f the products and actual
chromatographic runs can not be disclosed but pertinent information will be given
where appropriate.

The separations o f study was carried out on an anion exchange chromatography
(endotoxin clearance column) where negatively-charged endotoxin was bound to the
solid phase and plasmid DNA was collected in eluted pool. The size o f the endotoxin
clearance column was approximately 3.5L. Four sets o f chromatographic data were
provided corresponding to different fermentation batches where each had been
harvested and then purified by the same purification process. Amounts of plasmid
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DNA and endotoxins of study have been quantified by GSK using HPLC and LAL
(Limulus

Amebocyte

Lysate)

assays

respectively.

In

these

particular

chromatographic runs the target was to achieve a minimum specification in terms o f
the clearance of endotoxin from the DNA product. The precise value for endotoxin
contamination is related to the dose regime envisaged for the final product. As an
illustration a level of less than lEU/mg DNA was selected as being typical o f a
medical medication requiring a repeated dose [for example Heparin, an anti
coagulant injected repetitively during pregnancy to avoid blood clots from entering
the placenta and causing the baby^deprived Qr oxygen.].

5.3.1.2

Experimental Data Treatment

As discussed in Section 5.2.1.2, it was necessary to curve fit experimental data to
generate a smooth fractionation curve. For the endotoxin and the DNA data the small
number o f data points available were fitted with a smoothed line obtained by
applying a polynomial curve fitting function (to the degree o f one) in MATLAB
(The Mathworks Inc., Natick, MA, USA, 2000). The purpose o f this fitting was to
form a continuous function for subsequent estimation o f the tie-line gradients which
form the basis of the contamination index versus yield plots (Section 3.3.3). After
curve-fitting, the minimum operating tie-line gradient for a particular yield was
derived using the polynomial relationships to describe the fractionation diagram.

5.3.2 Results and Discussions

Data for the concentration of endotoxin and plasmid DNA in each o f the
chromatograms generated from the ion exchange endotoxin clearance column are
presented in Figure 5.8 for the four different fermentation batches. The mass of
endotoxin (in terms of endotoxin unit EU) and plasmid DNA (in terms o f mg)
corresponding to each fraction collected were determined respectively. These data
were processed to produce a modified fractionation diagram (Figure 5.9) that shows
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the relative change in the mass of endotoxin and plasmid DNA. In Figure 5.9 are
plotted the cumulative fractional mass of plasmid DNA and the corresponding
fractional amount of endotoxin eluted respectively. For each set o f data, a
fractionation line was obtained by employing linear-line-fitting to generate a
continuous function. The fractionation lines do not pass through the origin, since
only endotoxin was eluted in a significant amount in the initial portion o f the
cliromatogram. So for Batch 2 about 63% o f the total endotoxin collected appears in
the first fraction whilst for the other batches about 85% (±3%) elutes in the first
fraction. For all but Batch 1 the fractionation plots are fairly flat between 0 and 0.6
cumulative DNA eluted. This indicates that following the first fraction there is a
period where no significant amount of endotoxin was eluted while the amount of
DNA collected increased from 0 to 60%. For Batch 1, a gradually increasing tangent
shows the constant co-elution of endotoxin and DNA. The large amount o f endotoxin
found in the last fractions for all batches gives rise to the abrupt increase in slope of
the fractionation curves at about 0.9 on the cumulative DNA axis.

From a regulatory viewpoint it is crucial to be able to determine a suitable
operational trade-off between achieving a desired minimum level o f contaminant
removal whilst realising an acceptable product yield. This feature is explored in
Figure 5.10 which shows the minimum contamination index against product yield. A
typical specification for a DNA product might be related to the endotoxin level.
Whilst the precise amount that may be tolerated is dose-specific a limit o f 1 EUmg'’
DNA was taken as the target for the study. Batch 1 gives an endotoxin level higher
than the specification and much greater than the other three batches. Batch 2, 3 and 4
display constant impurity levels for product yields less than 60% with Batch 3
achieving nearly an order o f magnitude greater contaminant removal in this interval.
For the principal region of interest i.e. product yields which are greater than 90%, the
changes o f contamination index are abrupt. O f the three batches which satisfy the
<lEUmg"' criteria in this region, batches 3 and 4 out-perform Batch 2 by realising an
in-specification product at 95% yield. Data for Batch 2 shows that this will be out of
specification at a yield of >92% and that further steps to reduce the endotoxin level
will be needed if higher yields are sought. The figure therefore provides an analysis
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of the process trade-offs and an indication o f the impact on further processing o f the
cut-point decisions that are made.

Finally the different sample collection retention volumes corresponding to the
required product yield or contamination index for batch 3 product were tabulated in
Table 5.2. The results show how the volume of material to be collected increases
with the desired yield but at the expense of the degree o f contamination. For a known
value o f fraction volume and flow rate of the chromatographic run, the sampling
points can be re-defmed on the chromatogram. For example, if product yield of 90%
and minimum contamination index of lEum g

are posed as the constraints o f the

batch 3 product, then sample collected for the product yield o f 95% fulfils these
requirement. The sample can be collected between elution volumes o f 138ml and
272ml in order to achieve a specification of product that meet all the criteria posed.
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Figure 5.8; Fraction data for the amount of (a) endotoxin and (b) plasmid DNA and
collected from an ion exchange chromatographic separation of endotoxin from DNA
product. The batch numbers refer to separate fermentation batches where the
product has been processed by a common purification sequence. [Data from
Biopharmaceutical Product Development, GlaxoSmithKline, Kent, UK].
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40

0.020

172

210

60

0.020

154

212

80

0.262

138

227

90

0.593

138

257

95

0.733

138

272

99

1.138

138

322

Table 5.2: The calculated sample collection points (Cut 1 and Cut 2)
corresponding to different values of product yield and contamination
index achieved in an ion-exchange endotoxin clearance column. Data is
for batch 3 fermentation product.

5.4

Purification of Recombinant Protein by Size Exciusion
Chromatography

5.4.1 Background

The chromatographic data for the second industrial case study was kindly provided
by Lonza Biologies Pic. (Slough, United Kingdom). The operation o f study is the
purification o f a recombinant protein by gel-permeation chromatography. The
development of modern biotechnological methodologies and recombinant DNA
technology have made recombinant proteins revolutionised as invaluable therapeutic
biomedical substances. A generalised downstream processing scheme typically
utilised in the production o f protein-based products destined for therapeutic or
diagnostic application is shown in Figure 1.3 in Chapter 1.
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The major sources of protein contaminants comprise host cell proteins, modified
proteins, cell culture or fermentation media and protein ligands. The three impurities
in this case study are believed to be host cell proteins (HCPs). This is because most
o f the other protein impurities, except host cell proteins, would have been removed
in other separation steps before size exclusion chromatography, which is the final
step in a downstream processing purification scheme. Most o f the chromatographic
steps undertaken during downstream processing are specifically included to separate
the protein o f interest from additional contaminant proteins, particularly for the
recombinant protein expressed intracellularly (Walsh, 1998). The possible medical
consequences posed by contaminating proteins being present in the product stream
are: (1) inherent immunogenicity which may renders an immunological reaction
against protein-based impurities upon product administration to the recipient patient;
and (2) potential adverse effects if the contaminant exhibits an undesired biological
activity.

While some impurities may display no unwanted biological activity, others may
btl - deleterious to either the product itself or the recipient patient (Walsh and
Headon, 1996). Realistic limits must be established for their removal. The impurities
for this case study were separated from the product by using gel-permeation
chromatography that exploits the difference in molecular mass, or more accurately
the difference in relative size and hydrodynamic volume with respect to the average
pore size of the gel packing. This is often the last ‘polishing’ step in a process
sequence for the purification o f a protein-based biopharmaceutical.

Host cell proteins can be quantified using the same assay technique as the
recombinant protein product. Therefore both impurities and product are expressed in
m gm f'. As discussed in previous sections, for such systems, a purification factoryield plot is expected to be useful in representing the process performance. This case
study demonstrates a situation where contamination index-yield plot is indeed more
suitable to

fulfil this objective.

This shows the application o f minimum

contamination index-plot is not just limited to systems where the impurity and
product content are measured by different assay techniques and are expressed in
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different units and is in fact a generic method for representing crucial process trade
offs.

5.4.1.1

Materials and Methods

The chromatographic elution profiles that provided the basis o f the second industrial
case study were donated by the Purification Development group o f Lonza Biologies
Pic. at Slough, United Kingdom. Once again, due to the issues o f intellectual
property and confidentiality of the process data specific details o f the products and
actual chromatographic runs canhot be revealed.

Five sets o f preparative chromatographic data were provided corresponding to
different fermentation batches where each had been harvested and then purified by
the same purification process. The gel-permeation chromatography, size exclusion
chromatography, as the last step of the therapeutic protein purification process was
examined. In this step the recombinant protein product was recovered from three
impurities, believed to be host cell proteins. Raw experimental data provided for the
Batch 1 o f products are tabulated in Table 5.3. Data for all other batches are shown
in Appendix A2.

At least 9 fractions were collected for each chromatographic separation. The elution
data were obtained from reverse phase high-pressure liquid chromatography (RPHPLC) analysis using UV absorbance with wavelength 280nm (A280nm). [RPHPLC is a separation based on the attraction between hydrophobic groups on the
surface o f protein molecules and hydrophobic groups covalently attached to the
matrix]. RP-HPLC is a very desirable analytical technique as it is capable of
separating very similar molecules with minor differences in hydrophobicity. Besides,
the method provides excellent fractionation speed, great peak resolution and high
degree o f automation. The elution data is plotted as the percentages o f total area
under the peaks obtained from each chromatogram. The total percentage o f area does

144

Chapter 5: Application o f FD Approach to Single Experimental and Industrial Chromatographic Step

not necessarily add up to 100% as there were a few other minor impurities not
provided.

The last column of each table shows the eoncentration o f total protein in each
fraction. Total protein was detected and quantified by measuring the absorbency at
280nm (UV method). This method is based on the fact that the side chains of amino
acids with aromatic rings, namely tyrosine and tryptophan, absorb at this
wavelength. UV method is routinely employed during downstream processing to
deteet protein elution from chromatographic columns, and hence keep track o f the
purification process (Walsh, 1998).

bach fraction had a nominal 250ml in volume. The initial purity, again determined
by RP-HPLC at A280nm, for Batch 1, 2, 3, 4 and 5 materials fed onto the column
were 97.1%, 96.7%, 97.2%, 97.5% and 98.2% respectively.

% Area under curve of A280nm chromatogram
Fraction

Impurity 1

Impurity 2

Impurity 3

Product

Total Protein (mg/ml)

1

13.8

0

11.3

74.2

0.09

2

3

0

2.2

94.8

0.39

3

0.7

0

0.6

98.8

1.11

4

0

0

0.3

99.7

2.06

5

0

0

0

100

2.15

6

0

0

0

100

1.21

7

0

0

0

99.5

0.29

8

0

0

0

98.3

0.06

9

0

2.3

0

93.8

0.02

Table 5.3: Chromatographic data of gel permeation purification of
recombinant protein for Batch 1 material.

,

[Data from Lonza Biologies Pic., Slough, United Kingdom]
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5.4.1.2

Experimental Data Treatment

In order to proceed to the generation o f the fractionation diagram, some underlying
assumptions were necessary:

•

Impurities 1, 2 and 3 are all host cell proteins.

•

The system is assumed to be four-component (i.e. impurity I, impurity 2,
impurity 3 and product), minor impurities which are not tabulated are
assumed to be negligible. These four components are the only proteins in
the system.

•

The concentration of total protein detected by the UV method includes the
protein concentrations of host cell proteins and recombinant product
protein.

•

It was assumed that the host cell proteins and the target recombinant
protein have the same extinction coefficient. Therefore, the percentages of
area under peaks detected by RP-HPLC are equivalent to the percentage
o f concentration constituted in the concentration o f total protein detected
by the UV method.

As with the case study for endotoxin removal (Section 5.3.1.2), in order to produce a
continuous function the small number of data points available for the fractionation
diagram were fitted with a smoothed line obtained by applying a polynomial curve
fitting function (to the degree o f one) in MATLAB (The Mathworks Inc., Natick,
MA, USA, 2000). In this case study, both conventional (product vs. total material)
and modified (impurity versus product) fractionation diagrams were plotted so as to
investigate the application and suitability of the purification factor approach and the
contamination index approach for this particular system.
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5.4.2 Results and Discussions

Chromatographic elution profiles of the recombinant protein product and the other
three host cell proteins contaminants obtained from the gel permeation separation are
presented in Figure 5.11 and Figure 5.12 for the 5 different batches o f fermentation
material. The smooth lines linking the raw data points were generated using
Microsoft Excel. Each batch o f fermentation material had been harvested and then
purified by the same downstream processing sequence. Since fraction collections
were only initiated when the concentration o f the recombinant protein product was
first detected by UV detector, complete peaks do not appear for all impurities in all
the chromatograms shown. Impurity 1 and 3 are significant in the first three fractions
while impurity 2 does not appear until the 9th fraction had been collected. Overall,
the concentration o f product is much higher than the sum o f all the impurities. This
can be expected since the average initial purity o f feed onto the column for all five
batches is 97.3% (refer to Section 5.4.1.1). A relatively high purity o f feed o f about
95-98% would be expected before the last step of such a the downstream purification
scheme. After the gel permeation polishing step, the strict requirement for the final
purity to be as high as 99% or even higher for a biopharmaceutical destined for
therapeutic application is realised.

The information from these chromatograms was then analysed to generate the
conventional fractionation diagram, as represented by Figure 5.13. In Figure 5.13,
the data points calculated on a straight line instead o f forming the more usual
sigmoidal shape as for the earlier fractionation diagrams. This linearity will create a
problem in producing the subsequent plot: maximum purification factor versus yield
plot where purification factor is calculated based on the tie line gradient obtained
between two fractions collected. Clearly with a straight line, for any combination of
two cut points, the purification factor obtained will be constant. In this case, the
gradients of all straight lines are 1.00 (correct to 2 decimal places). This phenomenon
was caused by the relatively high concentration o f product compared to all other
impurities. As observed from the chromatograms, the product concentration ranges
from 0 to 5m gm f' whereas for all impurities the value ranges from 0 to 0.05m gm f‘.
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As a result the contaminants represent a negligible contribution to the value o f the
total protein concentration. This feature is amplified if one considers the purity o f the
input material on a protein mass basis i.e.

Average initial purity of material = 97.3%

Global maximum purification factor =

(5.1)

=1.03
97.3%

These calculations indicate that an essentially constant level o f fractionation will be
expected. Hence in this case use of a modified fractionation diagram would be more
appropriate. As with the previous case study (Section 5.3), contamination index
versus product yield diagram can be derived from this modified fractionation
diagram. The modified fractionation diagram for this case study is depicted in Figure
5.14, which charts the cumulative data obtained from the chromatograms as a
fractionation diagram showing how, for each batch, the product (recombinant
protein) and impurities (host cell impurities) elute. For each set o f data points, a
smooth fractionation curve was obtained by applying linear-line-fitting to produce a
continuous function. In this diagram, the x- and y-axis record the cumulative fraction
o f impurities and products eluted respectively. For instance at the point o f 50%
elution of recombinant protein product for Batch 4 over 90% o f the host cell proteins
present has been eluted. As with the previous industrial case study (Figure 5.9), the
fractionation curves do not pass through the origin because host cell proteins
(impurity 1 and 3) were eluted in a relative significant amount in the first fraction
collected. For example, ~8 % o f all host cell proteins collected for Batch 4 is present
in the first fraction and ~25 % is present in the first fraction for Batch 2. Generally
for all batches, the amount of contaminants in the product ceased to increase after a
50% yield had been reached. This corresponds well with the chromatograms
presented in Figure 5.11 and Figure 5.12. Impurity I and impurity 3 appear only in
the first 5 fractions out of 10-12 in total collected and impurity X, which only elutes
after the 9th fraction, contributes a negligible amount to the total mass o f impurities
compared to impurity 1 and 3. The cumulative fraction o f impurity eluted hence
approaches 1.0 after a 50% product yield.
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The gradient of tie-line formed between any two cutting points depends heavily on
the relative changes in the amounts of impurities to that of product, therefore it is
feasible to generate the minimum contamination index versus yield plot in a fashion
similar to the earlier purification factor versus yield plot (Figure 5.6).

Figure 5.15 shows the calculated data in terms o f product yield and the minimum
degree of contamination (host cell proteins/recombinant protein) obtained in the
pooled materials at that defined levels o f product yield. This figure can be used as a
tool to explore the process trade-offs between recovery and the levels of
contamination. The values of the x-intercept indicate negligible amounts o f impurity
present in the fractions collected that correspond to this product yield. This is so
called baseline resolution for the product component, where the peaks are totally
resolved from one another i.e. no overlap between the peaks and only the product
component is found in the elution pool. The maximum yield achieved at baseline
resolution for Batch 4 is 20% (which was not shown in the range o f the diagram
presented). This is the lowest among five batches o f materials. Batch 5 realises the
highest yield for baseline resolution, i.e. 58%. For Batch 2 it is 44% yield, followed
by Batch 3 and Batch 1 which are at 48% and 51% respectively. It is obvious that
Batch 4 would be the lease desirable material as it displays the highest level of
contamination for the whole range of product yield. The inherent immunogenicity
and adverse effects associated with host cell proteins with (Section 5.4.1) can be
severe the level tolerated as low as 0.0005mg per mg o f recombinant product. If this
is the case. Batch 5 should be the material o f choice. However, the highest yield
achieved for this is only 65%. If this yield requirement is not necessary. Batch 1 and
2 gives the lowest level of contamination of up to 0.001 mg/mg product and a yield of
75%. If a maximum level of O.OOlmg o f impurity is imposed as the constraint then
Batch 1 provided the highest product yield i.e. 75%.

Finally the different sample collection retention volumes corresponding to the
required product yield or contamination index for batch 1 product are tabulated in
Table 5.4. The sampling points can be re-defined on the chromatogram according to
the requirement in product quality. The results show how the volume o f material to
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be collected increases with the desired yield but at the expense o f the level of
contamination. In Appendix A3, a working example is presented to illustrate the
contlrmation of the mass balance data between those predicted from the fractionation
diagram approach and those presented in the raw data.
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5.5

Concluding Remarks

This chapter successfully demonstrates the usefulness of the fractionation diagram
approach developed for the visualisation and quantification o f the performance of
single liquid chromatographic separations both at laboratory and industrial scale. The
main advantages of this method over direct analysis o f the chromatogram are the
ability to determine rapidly the highest purity and product yield that may be obtained
from different product fractions pooled from the separation. The resultant plots
facilitate an examination of the desired degree o f trade-off between purity and
recovery corresponding to any set of operating conditions.

A set of laboratory scale expanded bed data and two sets o f industrial data, removal
o f endotoxin from plasmid DNA product and separation o f a recombinant protein
from host cell protein contaminants, were used as case studies. The results
demonstrate how the approach developed provides an easily-interpretable framework
for process decision-making and control. The outcome o f the methodology proposed
is unique for each chromatographic separation and is useful as a reference for
subsequent separations made under the same operating conditions. In the
manufacture of pharmaceuticals the chromatographic step is a key validated stage
and the output must be maintained as consistent as possible. This is where the
fractionation method becomes useful. This method is envisaged as being appropriate
for the quick determination o f the best conditions o f cut-point to be used in a process
strategy and for this to then be applied to subsequent separations. With the help o f
such an approach, the optimal operating conditions, in terms o f acceptable yield,
desired purity and level of contamination, can be chosen easily and the product
fractions required to achieve these identified.
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THE LINKAGE OF MODELS FOR SEQUENCE STUDY

6.1

Introduction

Having demonstrated the usefulness and practicality o f the fractionation diagram
approach in dealing with single chromatographic step data, this chapter will examine
the extension of the approach to the analysis o f a sequence o f chromatographic steps.
As discussed in Section 1.6, the requirement of purification for a diagnostic and
therapeutic product is stringent and exact. Due to this, licensing authorities such as
the FDA requires at least one chromatography step be involved in the downstream
purification scheme in order to achieve the requisite purity (Ersson et a l, 1991). It is
not uncommon that sequences comprising three chromatographic steps, are applied
for a product derived from a biological source e.g. produced by fermentation or cell
culture (Sofer and Hagel, 1997). In such cases it is critical that interactions between
the chromatographic steps be investigated so as to facilitate the optimisation o f the
downstream processing sequence.

A sequence of two chromatographic steps comprising hydrophobic interaction
chromatography (HIC) and a size exclusion chromatography (SEC), was selected for
the study. This chapter serves to provide the basic details and numerical techniques
used to generate the necessary mathematical models as well as the evaluation o f the
transport parameters adopted to provide the chromatographic data for the case study
reported in the next chapter.
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For this chapter, the description in Section 6.2 is centred on the mathematical models
selected for both hydrophobic interaction and size exclusion chromatography: the
general rate model. Evaluation o f the parameters required to solve the HIC and SEC
models is detailed in Section 6.3 and 6.4 respectively. The concluding remarks are
drawn in Section 6.5.

6.2

Background

The hydrophobic interaction and size exclusion chromatography models studied
were derived from the general rate model discussed in Section 2.3.2.4 and Section
4.2. The major difference between the models described here and those in Chapter 4
is that the formulation of the model described in Chapter 4 is solely suitable for SEC
operation

where

the

separation

mechanism

is

independent

of

adsorption

phenomenon. By contrast the general rate model outlined in the following sections
can accommodate adsorption effects. The SEC model developed in Chapter 4 is a
linear model which assumes a linear equilibrium relationship between the
concentration of solute in the bulk and in the solid phases. The model in this chapter
is capable of considering the non-linear equilibrium relationships such as represented
by a Langmuir isotherm. Furthermore, for the simplicity in solving the model from
the Laplace domain solution into a time domain solution using Fast Fourier
Transformation, the previous SEC model assumes that the introduction o f load to the
column is by a pulse injection and that the loading time is negligible compared to the
total elution time. Due to this assumption the model in Chapter 4 is insensitive to the
changes in sample volume. Since the general rate model for the following case
studies was solved by the more advanced numerical techniques, it is more rigorous
and is able to take the sample size into account accurately while performing the
calculation.

Section 6.2.1 details the general rate model for adsorption chromatography such as
hydrophobic interaction chromatography. Section 6.2.2 outlines the model required
to accommodate size exclusion effect in SEC. The numerical techniques used to
solve the model are discussed in Section 6.2.3.
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6.2.1 The General Rate Model

The general rate model is regarded as the most comprehensive and rigorous
chromatography model because it considers all transport phenomenon involved in
the separation mechanism, namely axial dispersion, interfacial mass transfer between
the mobile and the stationary phases, intraparticle diffusion and multi-component
isotherms. The model developed by Gu et al. (1990, 1991, 1993 and 1995) was
chosen to provide the chromatographic data to be studied. The model has been
encoded into a software package called Chromulator (Athens, Ohio, USA). The
following brief background and formulation o f the general rate model for
hydrophobic interaction chromatography and size exclusion chromatography are
excerpts summarised from literature by Gu et al. (1990, 1991, 1993, 1995 and 1999),
Guiochon et al. (1994), Li et al. (1998) and Teoh (2002).

The governing differential mass balance equations for bulk-liquid phase and solid
phase, respectively, for component i are defined as follows (Figure 6.1):

1

=

0

(6 .2 )

a;;

where

= axial dispersion coefficient o f component i (m^s'')
Cbi = bulk-liquid phase concentration o f component i (molm'^)
Cpi = concentration of component i in the stagnant fluid phase inside particle
macropores (molm"^)
Cpi* = concentration of component i in the solid phase o f particle (based on
the unit volume of the particle skeleton) (molm'^)
Z = axial coordinate (m)
u = interstitial velocity (ms ')
t = time (s)
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ki = film mass transfer coefficient of component i (ms’’)
£b = bed void volume fraction (-)
R = radial coordinate o f particle (m)
Rp = particle radius (m)
£p = particle porosity (-)
Dpi = effective diffusivity of component i (m^s“’)

The formulation o f these two mass balance equations is only valid with the following
assumptions made on the system:

•

The operation is isothermal, no temperature variation across the column and
throughout the whole process of separation.

•

The chromatographic column is a homogeneous fixed bed, evenly packed
with spherical and porous particles with uniform diameter.

•

Negligible radial concentration gradient is assumed.

•

Mobile phase velocity is assumed constant across the column and
independent o f concentration.

•

The physical properties of the components are constant and independent of
the concentrations.

•

The fluid inside particle macropores is stagnant and hence there is no
convective flow within the particle.

•

For each particle there exist a uniform and instantaneous local equilibrium
the macropore surfaces and the stagnant fluid inside macropores o f the
particles.

•

The interfacial mass transfer between the bulk-liquid phase and solid phase
follows the film mass transfer mechanism.

•

Convection and axial dispersion are the only mechanisms o f mass transfer in
the axial direction. Mass transfer and diffusional parameters are assumed to
be constant.
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Z + zlZ
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S o lid p h a s e

Figure 6.1; The concentration profiles of solid and bulk-liquid
phase in a packed bed chromatography column.
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The initial conditions of the system are:

t= 0

Cbi = Cbi (0,Z) = 0

(6.3)

f= 0

(;,/==

(6.4)

=o

The boundary conditions for elution mode are:
_ _

(6.5)

\i
C„I
Z=

0

0

Z =L

0 < t < t„,i

( 6 .6 )

l„ ,< t

( 6 .7 )

cJt) =

^

=0

( 6 .8 )

=

(6.9)

dZ
R =0

0

ÔR

where Cf,(t) = feed concentration profile o f component i , a time dependent variable
(molm'^)
Coi = the highest concentration of component i in sample fed to the column,
max{Q?(%)} (molm'^)
tinj = time duration for a rectangular pulse o f the sample (s)
L

= length o f column (m)

Due to the reason that some o f the parameters present in the equations above are
difficult to be quantified individually and also in order to convert the equations into a
simple form, the mass balance equations have been transformed into dimensionless
form with the introduction of the following dimensionless groups:

,
C■IU■—- Q
r.
'^ 0;

(6 . 1 1 )
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c.

( 6 . 12)

P>

C„,

c ;,= ^
C„,

(6.13)

T= —
L

(6.14)

z=L

(6.15)

R

few =

k,R„

(6.16)

0^17)

(6.18)

(6,19)

(6,20)

The differential mass balance equations in dimensionless form are:

1

d c,,j

6 c,,

Pcj-

ÔZ

dz

dc
dr

(6-21)
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d(

1

dr

dr

=0

(6.22)

coupled with initial and boundary conditions in dimensionless form:

r=

0

Cbi = C bi

T =

0

Cpi = Cpi (0,r,z) =

z=

0

dz

z=

(6.23)

(0,z) = 0

= Pe,

(6.24)

0

c,- —

iii.i

0

c

z=

1

dc,
dz

r=

05.25)

c

0

dc pi
dr

(6.26)
(6.27)

<f

=0

05.28)

=

(6.29)

0

dc pi

0x30)

dr
In Equation (6.22), Cp*, the dimensionless concentration o f component i in the
stationary phase, is in equilibrium with the solute concentration inside the macropore
(Cpi). This equilibrium relationship can be described by the multicomponent
Langmuir isotherm:

(6

31)

./=1

and in dimensionless form:

Cpi -

(6.32)
p.!

./=1
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Theoretically, the Langmuir adsorption is applicable to systems where: (i) adsorbed
solutes form no more than a monolayer on the surface o f matrix; (ii) each site for the
adsorption is equivalent in terms of adsorption energy; (hi) no interaction between
adjacent adsorbed molecules is assumed (Doran, 1995).

The general rate model discussed so far is suitable for all types o f packed bed
adsorption chromatography such as reversed-phase, hydrophobic interaction, ionexchange

and

affinity

chromatography,

where

the

equilibrium

adsorption

phenomenon follows the Langmuir isotherm or any other kind o f adsorption
isotherm. In size exclusion chromatography, there is no adsorption taking place and
the size exclusion effect dominates the separation. For this reason, the general rate
model needs to be modified, and this will be discussed in the following section.

6.2.2 The General Rate Model for Size Exclusion Chromatography

The separation mechanism of size exclusion chromatography is based on the
permeability o f the molecules, such that in SEC, large molecules that are totally
excluded from the gel matrix travel quickly through the column and appear first in
the chromatogram. Small molecules are able to diffuse through the pores o f the
packings to a varying extent depending on the relative molecular size and therefore
are retained to varying extents in order of size. Gu (1993 and 1995) proposed a
parameter called ‘accessible particle porosity’ to account for the size exclusion
effect. This is similar to the concept of ‘accessible pore volume fraction’ developed
by Kim and Johnson (1984). Accessible particle porosity (i.e. accessible macropore
volume fraction) for component i is denoted as Spj^. For very large molecules that are
completely

excluded from the macropores,

approximately equal to

0

such as blue dextran,

is

whereas for very small particles such as acetone and

tryptophan which have no size exclusion effect i.e. not excluded from any
macropores, Spl" is equal to the particle porosity Sp. For any other medium-sized
molecules such as protein molecules Sp^ lies between 0 and Sp. For convenience, a
size exclusion factor is defined as:
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pex _

Therefore

p"
pi

(6 33)

lies between 0 and 1. To accommodate the size exclusion effect

mentioned, mass balance equations for bulk-liquid and particle in Equations (6.1)
and (6 .2 ) have been modified as follows:

a c .,

-D

sc„

3fc i il ^ ( c
,

dZ^

a c :.
(l - £ „ +
dt

s'L

ac.

- s pi
l D pi

dt

D

V

-C

)= 0

(& 34)

=

(6 35)

^pi,R=RnJ

JLA
ay;

0

Since in theory in SEC no components bind to the stationary phase, the first term of
Equation (6.35) can be eliminated and the equation becomes:

ac

" 2 3C ,.')

J _ A

dR

R

V

^

= D p'
V

ay;"

2

ay;
a c ,,
(6.36)

y; ay;

The initial and boundary conditions of SEC follow Equations (6.3) to (6.9), however
Equation (6.10) now becomes as follows:

ac.
R =Rr

5R

(Q /

^pi,R=R„ )

(6.37)

By replacing SpDpj with Sp^Dpj in the calculation o f Bij and r], , the dimensionless
form o f the equations can be defined:
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1

d

PCi- dz

sr

ôc„

dc

dz

dr

(6.39)

s;,

The dimensionless form of the initial and boundary conditions for elution mode are
the same as Equations (6.23) to (6.30), with using SpDpi instead o f Sp^Dpi in the
evaluation of Bii for equation (6.30).

Since the dimensionless partial differential equations involved for the adsorption
chromatography

model,

Equations

(6.21)

and

(6.22),

and

size

exclusion

chromatography model. Equations (6.38) and (6.39), cannot be solved by analytical
solutions, numerical techniques were required as the tool to approximate the
solutions. The numerical methods used by Gu (1993 and 1995) and Li et al. (1998)
in Chromulator 2.0 will be outlined in the following section.

6.2.3 Numerical Techniques

As presented in the previous section, a general rate model for non-linear system
comprises a coupled partial differential equations (PDEs) system with two sets of
differential mass balance equations, one for bulk-liquid/mobile phase (Equation
(6.38)) and another one for solid/stationary phase (Equation (6.39)). The most
common numerical methods utilised to solve this non-linear PDE system are finite
difference, orthogonal collocation, finite element and orthogonal collocation on
finite element methods. Among these four methods, the finite difference method is
regarded as the simplest method in terms of ease of formulation and programming.
However, it suffers great drawbacks: a relatively large amount o f computer memory
is required during simulation, and the efficiency and accuracy obtained by this
method are less lower compared to the other three methods (Gu et a l, 1993).
Guichon et al. (1994) improved the accuracy o f the finite difference method by
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replacing the axial dispersion coefficient with a ‘numerical dispersion’ term.
However, due to the explicit nature of this proposed numerical method, the
computational time is still rather long and the system is unstable because an incorrect
choice o f step size for the approximation will result in oscillations. The comparison
between the orthogonal collocation, finite element and orthogonal collocation on
finite element methods for different PDE system are discussed in the literature by
Finlay son (1980).

Figure 6.2 summarises the solution strategy for solving the coupled PDE system in
the general rate model and Chromulator 2.0 developed by Gu et al. (1993 and 1995).
The PDE for the bulk-liquid phase was solved by the finite element method whilst
the PDE for the particle phase was solved by the orthogonal collocation method. A
finite element method with quadratic interpolation functions was used as this has
proven to be a very accurate method for solving PDE for stiff systems such as that
represented by the concentration gradient in the bulk-liquid phase. The formulation
of this method has been discussed extensively by Reddy (1984). The orthogonal
collocation method has been used widely with success for many particle related
problems

(Villadsen and

Michelsen,

1978;

Finlay son

1980).

It has

been

demonstrated to be very accurate, efficient and simple method for discretisation in
chromatographic models (Gu, 1995).

With the application of finite element (with quadratic elements) and orthogonal
collocation methods to discretise the PDEs simultaneously, the partial differential
equation system is able to be reduced to an ordinary differential equation (ODE)
system. The ODE system, together with the initial conditions presented above, can
be solved to produce the concentration profiles o f the solutes. In Chromulator 2.0,
the ODE system is solved by a public domain solver called VODE (Variable
Coefficient ODE Solver) developed by Brown et al. (1989).

Due to the great complex nature and extensive mathematics involved in the
formulations of these numerical techniques, the derivation, theory and formulations
o f these methods are not discussed in this thesis. Further details can be found in
literature by Reddy (1984) for the finite element method; by Fini ay son (1980) for the
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orthogonal collocation method and by Brown et al. (1989) and www.netlih.org for
the public domain VODE solver.

Coupled PDE System

Bulk-fluid Phase PDE’s

Particle Phase PD E’s

Finite Element

Orthogonal Collocation

Discretisation

Coupled ODE System

VODE Solver

Numerical Solution

Figure 6.2: Schem atic diagram of solution strategy for general rate
model developed by Gu

et al. (1993 and 1995).
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6.2.4 Models in Chromulator Version 2.0

Chromulator version 2.0 consists of five individual simulating models. All
based on the general rate model, and which enable the simulation o f different
chromatographic systems. These five models include:

Rate M odel : This model can be applied to simulate adsorption
chromatography with isocratic elution. The adsorption either follows a
Langmuir isotherm or an ion-exchange type stoichiometric isotherm.
The model can also be used to simulate displacement chromatographic
run with a step change in mobile phase or with reversed flow direction.
It is also able to predict the breakthrough curves for the operations.

Kinetic M odel : The equilibrium relationship o f this model follows
second-order kinetics instead of a Langmuir isotherm. The rate model
assumes that local equilibrium presents for each solute between the
stagnant fluid phase within the particle (inside macropore) and the solid
phase of the particles. This may not be true if the adsorption and
desorption rates are not high, or the mass transfer rates are relatively
much faster. In such cases, second-order kinetics describe the
adsorption phenomenon more accurately. This model can also be
utilised

to

simulate

size

exclusion

chromatography

with

zero

coefficients for adsorption and desorption.

Gradient M odel : This model simulates adsorption chromatography run
with a gradient elution. The adsorption follows a Langmuir isotherm
with the adsorption coefficient

relying on the eluate-modulator

relationship developed by Melander et al. (1989).

A ffin ity M odel : This model simulates the three stages, namely loading
(adsorption),

washing

and

elution,

involved

in an

affinity

chromatographic run.
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•

Raterfc M odel : This model simulates radial flow chromatography
(RFC) and employs a similar function to that o f the Rate Model except
it is dealing with radial flow instead o f axial flow along the column in
conventional chromatography.

For the simulations provided in the case study o f Chapter 7, hydrophobic
interaction chromatography was operated in isocratic mode and the Rate Model
was therefore chosen. The Kinetic Model was chosen to simulate the size
exclusion chromatographic runs.

Chromulator 2.0 requires the input of dimensionless coefficients and groups,
such as Pci, Bi and

77,

defined in Equation (6.14) to (6.20) before being solved

to obtain the concentration profiles. The following section details the equations
and correlations used to evaluate these dimensionless coefficients.

6.3

Parameter Estimation o f Rate Model (Hydrophobic
Interaction Chromatography)

All correlations and methods used to estimate or to measure the transport parameters
that characterise column performance, i.e. axial dispersion, fluid phase mass transfer
and intraparticle diffusion, together with adsorption isotherm coefficients, are
presented in this section. Figure 6.3 shows a typical simulation graphical user
interface o f Chromulator 2.0 - with the Rate Model being applied to simulate
hydrophobic interaction chromatographic runs. The definition and notation o f all
inputs required by the model in order to carry out peak simulations are tabulated in
Table 6.1. They will be quantified in the following categories: (1) simulation and
operating conditions: (2) properties of solute, and (3) transport parameters.
Definition o f the system parameters was attempted to be as close to actual
preparative or industrial data as possible. However, since the simulation systems are
not coupled with actual experimental data, some underlying assumptions were made
in order for the simulation to proceed. Since the focus o f the case studies is about

171

Chapter 6: The Linkage of Models for Sequence Study

using

the

proposed

fractionation

diagram

approach

for

the

analysis

of

chromatographic data, rather than the mathematical modelling of separations per sc it
was decided that the validated accuracy o f the simulation parameters was not critical
though the relative magnitudes clearly was.
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Figure 6.3: Typical window of simulation for Chromulator 2.0 - Rate Model.
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Notation

Input

^conip

Number of components

Ne

Number of quadratic elements for finite element method

Nc

Number of interior collocation points for orthogonal
collocation method

‘■imp

Dimensionless time duration for a rectangular pulse of the
sample

Tint

Dimensionless time interval

T niax

Maximum dimensionless time for elution
Bed void volume fraction

£p

Particle porosity

Pei.

Peclet number of axial dispersion for a solute as defined
in Equation (6.17)

n

Dimensionless group defined in Equation (6.19)

Bi

Biot number of mass transfer of a solute as defined in
Equation (6.18)

Co

Maximum feed concentration o f a solute (molL"' )

C \)n s (a

Constant in Langmuir isotherm for a solute detlned in
Equation (6.31)

C o n st h

Adsorption equilibrium constant for a solute

Table 6.1: Notation and definition of all inputs required by Chromulator
version 2.0 - Rate Model for a simulation.
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6.3.1 Simulation and Operating Conditions

This sections defines and justifies the values of Ncomp, Ne, Nc, Rp, L, Dc, £b, £p, Q, u,
Timp, Tint, aud Tmax used for the simulations of base case.

N u m ber o f com ponents (Ncomp)

Simulations will be carried out hypothetically for a three-component system, i.e.
Ncomp

3.

N u m ber o f quadratic elem ents f o r fin ite elem ent m ethod (Ne)

In Chromulator 2.0, Ne ranges from 1 to 30 elements. The general rule in the
selection o f Ne is that the more rapidly the concentration peak is changing the higher
the value o f Ne. Ne between 5 and 10 is sufficient for a non-steep or mildly steep
concentration profile; Ne between 10 and 20 is for a stiff case, and Ne between 20
and 30 is required for a very stiff peak. Too small a value o f Ne will result in
oscillations o f the numerical solutions. However a larger value o f Ne also indieates
more simulation time is required. It is suggested that simulation should be attempted
with a small Ne value, if oscillations appear then an increment in Ne is made until
the oscillations are no longer apparent. When oscillation is not a problem in the
solution, increasing the Ne value will have little effect on the accuracy of the timing
and dimensions o f the concentration peaks.

All simulations in Chapter 7 were carried out on a Hewlett Paekard Vectra - Pentium
II 400 MHz, 192 MB RAM PC (Hewlett-Packard Ltd, London, UK). Ne values
smaller than

6

generally created oscillation problems. The simulation duration o f the

base case for each value of Ne equal to or higher than

6

was charted in Figure 6.4.

The CPU (central processing unit) time required between Ne = 6 and Ne = \2
increases gradually, after Ne = \2 the curve increases sharply and almost in an
exponential manner. Since the Ne=\2 node is obviously the turning point in terms of
CPU demand this value was used for all simulations.
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Figure 6.4: Simulation time for base case in Chapter 7 required for
different Ne values. [Ncomp = 3; A/c = 3; r,mp = 0.6217; Tint = 0.05; Zmax = 10;
66 = 0.4; 6> = 0.45; Pe^ = 1111 ; // = 0.42, 0.81 and 1.45; Bi = 200, 133 and
97; Co = 0.00005, 0.00008 and 0.00005; consta = 0.01, 1 and 3; constb =
1 ,1 0 0 and 500]

Num ber o f interior collocation points fo r orthogonal collocation method (Nc)
In Chromulator 2.0 the number of collocation points, N c , can cither be 1 , 2 , 3 or 4.
Selection of N c is less crucial than that of N e as N c docs not influence the numerical
stability of the solutions i.e. no oscillation will appear no matter what value o f N c is
picked. Higher N c value will provide more accurate concentration peak data but at
the expense o f simulation time. Figure 6.5 shows a single component peak from the
case study simulated with different values o f N c . The peak simulated for N c o f 1
apparently gives a significant deviation from the rest of the peaks. Increasing N c
from

2 leads to insignificant changes

in the dimensionless

concentration.

Theoretically any value equal to or larger than 2 can be chosen. Figure 6.6 presents
the simulation time of the base case required with different values o f N c . A relatively
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dramatic increase of simulation time was aehieved for N c > 4. Furthermore, Gu
(1995) demonstrated that simulation with N c of 2 presented a risk of generating
diffused concentration peaks, i.e. dramatic deviation from actual concentration peak
and that a value o f N c of 3 was best for accurate solution. Therefore, N c value o f 3
was preferred and chosen for all simulations.
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Figure 6.5; Chromatographic concentration profiles of a single component in the
base case computed with different values of Nc ( ♦ : Nc = 1; ■ : Nc = 2; A: Nc = 3; x
: Nc = 4). [Ncomp = 1; A/e = 12; Tmp = 0.6217; Tmt = 0.05; w

= ^0] £h = 0.4;

= 0.45;

PCi = 1111; // = 0.42; Bi = 200; Co = 0.00005; consta = 0.01 ; constb = 1]
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Figure 6.6: Simulation time for b a se c a s e in Chapter 7 required for different
values.

[Ncomp = 3; A/e = 12;

Pe/. = 1111;
and 0.00005;

= 0.6217;

Tint = 0.05; w

= 10; % = 0.4;

Nc

Sp = 0.45;

rj = 0.42, 0.81 and 1.45; Bi = 200, 133 and 97; Co = 0.00005, 0 .00008
consta = 0.01, 1 and 3; constb = 1, 100 and 500]

Particle radius (Rp)

Phenyl Sepharose CL-4B from Amersham Biosciences AB (Uppsala, Sweden) was
used as the matrix media o f study. It is a cross-linked 4% agarose matrix with
ligands coupled via stable ether linkages with approximately 40pmol phenyl group
per ml o f gel. It is produced in large quantity with high and consistent quality.
Phenyl Sepharose CL-4B has traditionally been used as the medium for purification.
It has been approved by regulatory authorities for use in many pharmaceutical
manufacturing processes. The mean particle diameter reported is 90pm (Amersham
Biosciences, 1993) and this was used for simulations.

Length o f colum n (L) and D iam eter o f the column (Dc)

An X K 16/20 chromatographic column from Amersham Biosciences AB (Uppsala,
Sweden) was used. It had a column length of 20cm and internal column diameter of
1 .6 cm.
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B ed void volum e fraction (st)

A typical bed void volume fraetion for a packed bed column is 0.4 (Unger, 1979;
Guioehon et a l, 1994). This value was assumed in all simulations.

Particle porosity (Sp)

For typical adsorption chromatography packings, the particle porosity lies between
0.3 and 0.7 (Guiehon et a l, 1994). In a study on the reversed-phase ehromatography,
Gu and Zheng (1999) reported an Sp value o f 0.45. Due to the similarity between
reversed phase and hydrophobic interaction chromatography, Sp = 0.45 was used in
all HIC simulations for the following case study.

Volum etric flo w ra te (Q) an d interstitial velocity (u)

A single volumetric flowrate of Smlmin'' was used. This is a typical value used for
preparative run (Amersham Bioseiences, 1993). The interstitial velocity, u, can then
be calculated with the relationship:

QL

where Q is in m^s"\ T in m and Vb is the volume o f the bed (m^) and ean be
evaluated with the known values of Dc and L:

K,

(6.41)

The value of u calculated was 0.062 ems" .

D im ensionless tim e duration f o r a rectangular p u lse o f the sam ple ( Zimp)

A constant sample size equal to one quarter (25%) o f the column volume was used.
The calculated bed volume o f the system was 40ml, i.e. sample volume was 10ml.
With a known loading flowrate, Q, the time required to load the feed onto the
column {tfeed) can be calculated:
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(6.42)

And hence the dimensionless form of this term (Timp) can be ealculated:
T„__
=
imp

(6.43)
L

D im ensionless tim e interval ( tint)

This value defines the time interval for the execution o f the simulation and hence
defines the density of the data points along the chromatogram. A very high tint will
result in a rough approximation to the concentration peak because the data points are
too spread out from each other. A default value o f 0.05 was used because any value
less than that shows no significant improvement in the simulated peaks.

Maximum dimensionless time for elution ( W c)
This quantity indicates the time when the elution has completed for all proteins. Any
value can be attempted for the first run. Insuffieient Tmax will result in ineomplete
chromatogram, then higher value should be used until all components have been
eluted. For the base case, Tmax of 10 is used.

6.3.2 Properties of Solutes

As mentioned above, the simulation was run for a hypothetical three component
system. The three components were each assumed to be protein molecules. The
properties of these three solutes will be defined as follows.

M olecular weights o f the solutes (MW)

The three protein molecules o f study have the molecular weights o f 150 000, 50 000
and 15 000 respectively. Examples of protein with molecular weight o f about 150
000 are y-globulin, yeast alcohol dehydrogenase, and trytophan synthetase. For a
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M W of around 50000, hexokinase, ovalbumin and taka-amylase are the examples.
Ribonuclease and lysozyme have molecular weights in the region o f 15 000. In the
following sections of this thesis, the solute with M W o f 50 000 is regarded as the
target product of interest, solute with MIF of 150 000 is called impurity 1 and MIF of
15 000 is called impurity 2.

Concentrations o f solutes in f e e d (Co)

In Chromulator 2.0, the initial feed concentration is expressed in molL'V The
concentrations o f impurity

1, product and impurity 2 are

0.00005molL'%

O.OOOOSmolL"' and 0.00005molL’* respectively. Expressed in mgml"^ they are
7.5m gm f', 4m gm f' and 0.75m gm l'\ This yields an initial feed purity (mass basis)
o f 32.7%, typical of what might be achieved from the initial stages o f a downstream
purification process.

L angm uir isotherm coefficients (consta an d constb)

For the

mathematical

modelling

of chromatographic

processes,

adsorption

relationships between concentration in mobile phase and in stationary phase are
usually determined a priori experimentally. The most common experimental
methods of studying isotherm relationships are batch equilibrium experiments
(Skidmore and Chase, 1990; Finette et a l, 1997; Ferreira et a l, 2000) and frontal
analysis (Velayudhan and Horvath, 1996; Avci et a l, 2000). In the absence o f
experimental data for the Langmuir isotherm coefficients {consta and constb) for the
hypothetical system used this case study, the values o f consta and constb were
selected in such a way as to achieve considerable overlapping between the peaks
present in the base chromatogram and the elution period replicates that o f preparative
run. This was done so as to reflect actual preparative scale experience where baseline
resolution is almost impossible. In Chromulator 2.0, the ratio o f consta to constb has
to be kept constant for all components so that they have the same saturation capacity.
This ratio is assumed to be 100. The consta and constb assumed for impurity 1 were
0.01 and I, for product were 1 and 100, and for impurity 2 were 3 and 300.
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6.3.3 Transport Parameters

This section details the calculation of transport parameters and dimensionless groups
{Pet, Bi and rj) defined in Equation (6.17) to (6.19):

P eclet num ber o f axial dispersion f o r a solute (Pei)

P ei is defined by Equation (6.17) as:

Pe, = ' ^
D,
It is not easy to obtain the value of axial dispersion coefficient

directly. P ei can

also be evaluated from experimental correlations such as that o f by Chung and Wen
(1968):

+

(6 43)

Since for liquid chromatography Re is very small, the second term o f the expression
above can be neglected and the correlation becomes:

O.IZ
Pe,, = —

(6,44)

With the known values of L, Rp and Sb discussed above, Pei can be calculated.

B iot num ber o f mass transfer o f a solute (Bi)

The Biot number characterises the rate of the film mass transfer kinetic and is
defined by Equation (6.18):

».
The film mass transfer coefficient, k, was obtained from the correlation o f Wilson
and Genkopolis (1966):
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(6.44)

k = 0 .6 8 7 » /3
V

Molecular diffusivity

^> 11

y

can be approximated from a semi-empirical relationship for

organic substances (including proteins) with a molecular weight (MW) greater than
1000 :

(cm 's ' ) = 2.74 x 10"'

(6.45)

The effective intraparticle diffusivity Dp can be evaluated from the correlation by
Yau et al. (1979):

= ^ ( 1-

2 , 1 0 4 4 ,+

2.09/1' -0 .9 5 /1 ')

(6.46)

tor

where Ttor is the particle tortuosity factor and lies between 2 and 6. A mean value of
4 was used. À, is the ratio of the molecular diameter o f the eluate (c^j) to the pore
diameter of the particles (dpore)- Pore diameters o f 25nm to 30nm (250A to 300Â) are

a7-5/iM
typically used for protein separations. Therefore the average value o f 27nm (275A)
was used for calculations. The molecular diameter o f the eluate (dm) can be
correlated to molecular weight of the protein (Marshall, 1978):

y . (A) = 1 .4 4 M F '^

(6.47)

D im ensionless group rj

T| is defined by Gu et al. (1990, 1991 and 1993) in Equation (6.19):

With the known values of €p. Dp (calculated from Bq. (6.46)), L, Rp and u (calculated
from Eq. (6.40), r\ can then be estimated.
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6.4

Parameter Estimation of Kinetic Model (Size Exclusion
Chromatography)

Having set out the development of the adsorption chromatography this section
details the definitions and correlations utilised to define and evaluate the operating
conditions,

solute

properties

and

transport

parameters

for

size

exclusion

chromatography. A typical simulation graphical user interface o f Chromulator 2.0 Kinetic Model applied to simulate the SEC runs is presented in Figure 6.7. Table 6.2
tabulates the notations o f all the inputs required by the SEC model in order to carry
out the peak simulations. Similar to the HIC model in the previous section, they will
be discussed in the following categories: (1) simulation and operating conditions: (2)
properties of solute, and (3) transport parameters.
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Figure 6.7: Typical window of simulation for Chromulator 2.0 - Rate
Model.
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Notation

Input

^com p

Number of components

Ne

Number o f quadratic elements for finite element method

Nc

Number o f interior collocation points for orthogonal
collocation method

'■imp

Dimensionless time duration for a rectangular pulse o f the
sample

Tim

Dimensionless time interval

Tm ax

Maximum dimensionless time for elution
Bed void volume fraction

Sp

Particle porosity

P e,.

Peclet number o f axial dispersion for a solute as defined
in Eq. (6.17)

n
Bi

Dimensionless group defined in Eq. (6.19)
Biot number of mass transfer of a solute as defined in Eq.
(6.18)

C,nf

Adsorption saturation capacity (moIE'")

Co

Maximum feed concentration o f a solute (m oIE'')

Daa

Damkolher number for adsorption

Dad

Damkolher number for desorption

e x f OX F '

Size exclusion factor of a solute defined in Eq. (6.33)

Table 6.2: Notation and definition of all inputs required by Chromulator
version 2.0 - Kinetic Model for a simulation.

6.4.1 Simulation and Operating Conditions

This section outlines the definition of Nc„,„p, N e , N c , Rp, L, Dc, Sh, Sp, O, u, Timp, Tm,.
and Tmax for simulation of base case. Only the values together with the reasons for the
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selection will be outlined, a more detailed description o f each parameter can be
referred to Section 6.3.1.

N u m ber o f com ponents (Ncomp)

Since it is the same system in use, the number of components should be the same as
the adsorption chromatography i.e. Ncomp = 3.

N u m ber o f quadratic elements f o r fin ite elem ent m ethod (Ne)

Since the peaks produced for SEC model are very steep i.e. changes rapidly, the
suitable Ne value should lie between 20 and 30. Simulations with Ne = 20 showed
oscillations, then this number is increased to Ne = 25, mild oscillations still appeared
in chromatogram. I herefore the maximum number allowed i.e. 30 was used. No sign
o f oscillation happen in all subsequent simulations. The average simulation time
required for

= 30 is about 400 seconds.

N um ber o f interior collocation poin ts f o r orthogonal collocation m ethod (Nc)

Similar to Section 6.2.1, 3 interior collocation points were used to provide accurate
concentration profiles.

P article radius (Rp)

Sepharose 6B from Amersham Biosciences (Uppsala, Sweden) was used as the
matrix media o f study. The gel is a bead-formed matrix with 6% agarose in
composition. The molecular weight fractionation range o f Sepharose -6B matrix for
globular type proteins is 10 000 - 4 000 000. It is able to separate the 3-component
system o f study as all molecular weights (MIT of 15000, 50000 and 150000) fall into
this range. This matrix has been studied extensively by Boyer and Hsu (1992) and
Soriano (1995). Sepharose -6B had a particle size distribution o f 45-165 pm. The
mean particle size reported was 88pm (Soriano, 1995) therefore particle radius used
for simulation was 44pm.

Length o f colum n (L) and D iam eter o f the column (Dc)

An XK16/50 column from Amersham Biosciences (Uppsala, Sweden) was used. It
had a column length of 50cm and internal column diameter o f 1.6cm.
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B ed void volum e fraction (Sb)

The bed void volume fraction for Sepharose - 6B matrix was found to be 0.33
(Soriano, 1995). This value was adopted for all simulations.

P article porosity (Sp)

The particle porosity for size exclusion chromatography matrix can be determined by
the retention volume o f small molecule such as acetone. For Sepharose 6B matrix
with bed void fraction of 0.33, the inclusion porosity for ribonuclease-A was found
to be 0.83 (Soriano, 1995). Since the molecular weight o f acetone, 58 Dalton, is
much less than that of ribonuclease-A which is 13700 Dalton, the particle porosity
should be a value higher than 0.83. For simplicity in calculation, the maximum value
o f 1 is used for all simulations.

Volum etric flo w ra te (Q) an d interstitial velocity (u)

The manufacturer (Amersham Biosciences, Uppsala,

Sweden) recommended

volumetric flowrate o f Imlmin"' was used for simulation. The interstitial velocity u
calculated according to Equation (6.40) was 0.026 cms*’.

D im ensionless tim e duration f o r a rectangular pu lse o f the sam ple ( Timp)

Sample size loaded onto the SEC column depends on the fraction collected from
HIC run. With the value o f Q known, the time required to inject the feed onto the
column {tfeed) can be calculated from Equation (6.42), and the dimensionless form
{Timp) can be evaluated from Equation (6.43).

D im ensionless tim e interval ( Tin)

Tim o f 0.02 was used because any value less than this shows no difference in the
simulated peaks.

Maximum dimensionless time for elution

(T m a x )

The dimensionless maximum elution time, Tmax, o f 4 was used, all elution finished
within this dimensionless time frame.
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6.4.2 Properties of Solutes

The properties o f the three components simulated are defined as follows:

M olecu lar weights o f the solutes (MW)

Since it was the same system in use, the molecular weights o f three protein
molecules were 150 000, 50 000 and 15 000 respectively. Similarly, solute with M W
o f 50 000 was regarded as the target product o f interest, solute with M W o f 150 000
was thought to be impurity 1 and M fF of 15 000 was impurity 2.

C oncentrations o f solutes in fe e d (Co)

The initial feed concentrations of all sample size loaded onto the SEC column
depend on the fraction collected from HIC run.

D am kolher num ber f o r adsorption (Daa) and desorption (Dad)

Since it is fundamentally assumed that no adsorption is taking place in a size
exclusion chromatography, Daa and Dad, which characterise the rate constants for
component i in adsorption and desorption respectively, are set to be zero.

A dsorption saturation capacity (Cinj)

This parameter is required when adsorption is taking place is taking place in the
column and when Damkolher numbers of adsorption and desorption are defined for
the model. Since it is assumed that no adsorption is taking place in a size exclusion
chromatography, and the Damkolher numbers are set to be zero, any value o f Q ^ h a s
no effect on the peak simulations. The default value o f 2 was kept in the simulation.

Size exclusion fa c to r o f a solute (ex f or F^^)

is defined in Equation (6.33):

Since Sp is defined as 1 for all simulations,

equals to Sp^. For SEC F^^ is the same

as the equilibrium distribution coefficient Ksec. F^^ was predicted from the results
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reported by Soriano (1995) who related Ksec, or the inclusion porosity, found for
Sepharose 6B matrix as a function of molecular weight (Figure 6.8):

0.65 -

40000

80000

120000

160000

200000

Molecular Weight {MW)
Figure 6.8: Relationship betw een inclusion porosity (or a c c essib le porosity)
and m olecular weight for S ep h arose 6B matrix from Soriano (1995).

From Figure 6.g, for the molecular weights o f 15 000, 50 000 and 150 000, the size
exclusion factors, were found to be 0.77, 0.6 and 0.47 respectively.

6.4.3 Transport Parameters

This section outlines the calculation o f transport parameters and dimensionless
groups {Pei, Bi and rj) for SEC model:

Peclet num ber o f axial dispersion f o r a solute (Pei)

With the known values of T, Rp and st defined, Pei can be evaluated from
correlation defined by Equation (6.44).
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B io t num ber o f m ass transfer o f a solute (Bi)

The Biot number for SEC model is defined as:

(6.48)

The film mass transfer coefficient, k, was obtained from the following correlation (Li
e t a l , 1998):

ShxD^^

k =

2R„

(6.49)

The molecular diffusivity Dm can be approximated from semi-empirical in Equation
(6.45). Sherwood number, Sh, for SEC column is defined as:

Sh =

1.37 ^uR.
V

(6.50)
J

The effective intraparticle diffusivity Dp was estimated from Equation (6.46):

= ^ ( l - 2.104/1+ 2.09/1’ -0 .9 5 ;i’ )

where Ttor is the particle tortuosity factor. Ttor was set to be 2.0 as this value was
reported by Lit et al. (1998) in a study of SEC modelling. The value o f A for SEC
was obtained from the correlation proposed by Stegeman et al. (1991)

A = A/l

M W of solute molecule
M W of upper exclusion limit

(6.51)

where Ao was 0.35. According to the manufacturer information on Sepharose 6B
(Amersham Biosciences, Uppsala, Sweden) the molecular weight o f the upper limit
for the matrix was 4 000 000 Dalton.
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D im ensionless group rj

With the known values of Sp, Dp, L, Rp and u, r) was evaluated using Equation (6.19)
and substituting Sp with the values of £p°.

6.6

Concluding Remarks

In this chapter the background and formulation o f the general rate model have been
discussed. The numerical methods required to solve the resulting partial differential
and ordinary differential systems have been discussed briefly. Physical data together
with the detailed estimation of parameters required by the general rate model have
been outlined for hydrophobic interaction and size exclusion chromatography.

The objective of the simulations is for the analysis o f chromatographic sequences.
Consequently only the inputs of the hydrophobic interaction chromatography model
will be changed so as to determine the impact of these changes on the outputs of the
subsequent size exclusion chromatography step. The two case studies to be discussed
in the following chapter will involve the changes to the mobile phase flow rate and
sample size onto the hydrophobic interaction chromatographic column. The
fractionation diagram approach will be used to facilitate the study o f the sensitivity
of these two parameters. Fractionation diagram and resultant diagrams such as
maximum purification factor versus yield plot will be constructed for the outputs of
hydrophobic

interaction

chromatography

model.

Different

cutting

points

corresponding to a certain product yield and purification factor for the first step will
also be chosen to illustrate the impact of cut point decisions on the subsequent
operation.
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CHAPTER 7
APPLICATION OF FD APPROACH TO THE ANALYSIS
OF A SEQUENCE OF CHROMATOGRAPHIC STEPS

7.1

Introduction

In Chapter 6, the application of the General Rate Models developed by Gu and co
workers (1990, 1991, 1993, 1995, 1999; Li et al^ 1998) describing the adsorptiontype and size exclusion chromatographic separations to be investigated in this
chapter was introduced. The chromatographic sequence o f study in this part o f the
thesis consists of a hydrophobic interaction adsorption step followed by size
exclusion chromatography. This chapter will mainly detail the application o f
fractionation and associated diagrams for analysing the impact that changes in the
operating conditions of hydrophobic interaction chromatography have upon the
operating performance of subsequent size exclusion chromatographic operation.

There are three case studies in this chapter; the first deals with the impact o f the
volumetric flow rate of the hydrophobic interaction chromatography step (Case
Study 1), the second focuses on the influence o f sample load (Case Study 11) and the
third examines the effect of the product yield o f the HIC step (Case Study 111). These
three operating parameters were chosen because for a given system, where the
column design parameters (particle size, column diameter and length) are fixed,
these parameters remain to be manipulated so as to optimise the process
performance. Furthermore in a separation these parameters can be varied without
affecting the physical characteristics of the molecules and hence simplify and reduce

191

Chapter 7: Application o f FD Approach to the Analysis o f A Sequence o f Chromatographic Steps

the numbers of parameters required for evaluation in each simulation. Section 7.2
summarises the values of operating and process parameters together with the
transport parameters, evaluated through various correlations discussed in previous
chapter, used for all the simulations. In this section, the details o f the linkage
between the two chromatographic steps are also described.

Section 7.3 discusses the simulation results obtained for all case studies and
demonstrates the implementation of the fractionation diagram approach for the
analysis of the process performance and trade-offs o f the sequence under study.
Discussions comprise three major sub-sections; performance o f single HIC operation
(Section 7.3.1), overall performance of sequence (HIC and SEC) operation (Section
7.3.2) and process decisions (Section 7.3.3). Finally some concluding remarks are
drawn in Section 7.4.

7.2

Simulation Details and Description o f Linkage

The base case for hydrophobic interaction chromatography has a volumetric flow
rate of 3mlmin‘' and sample load of 10ml. The flow rate chosen is typical for
preparative separations (Amersham Biosciences, 1993). In Case Study I this flow
rate was changed ±2 mlmin“' . In all simulations for Case Study I a constant sample
volume of 10ml was used.

Prior to the chromatography column, the feed sample size can be varied in terms o f
concentration (mass) or volume. Case Study II deals solely with sample volume. The
sample load was 10ml in the base case, equivalent to 25% o f the column volume.
This value was altered ±2ml to study the influence o f load on the process
performances

in

hydrophobic

interaction

and

subsequent

size

exclusion

chromatography. For the second study a constant volumetric flow rate o f 3mlmin"'
was employed for all simulations.

The concentration profiles for the three proteins obtained from the model were used
to generate fractionation and maximum purification factor versus product yield
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diagrams. In conjunction with the effects o f flow rate and sample volume of
hydrophobic interaction chromatography, the influence o f sample collection points
o f hydrophobic interaction chromatography upon the operation o f size exclusion
chromatography was also studied for each combination o f flow rate and sample
volume used. In order to achieve this purpose, samples corresponding to product
yields of 70%, 90% and 95% were collected from the HIC step and loaded to the
subsequent SEC column. [Table 7.1 presents all combinations o f volumetric flow
rate, sample load and product yields of HIC separation discussed in this chapter.] To
avoid confusion the shorthand notation introduced in Table 7.1 that specifies the
operating conditions of the HIC separation which feeds to the SEC column, will be
used:

Shorthand

M eaning

HIC(3mlmin'\ 10ml, 90%)

HIC step which operated at flow rate o f 3mlmin '
and loaded with sample volume o f 10ml, sample
collected at a 90% product yield.

Operating conditions of SEC column were constant for all runs. The cutting point
and mass balance information for the product yields was obtained based on the
fractionation diagram approach applied to the HIC step.

Section 6.3.1 has outlined and justified the definitions o f the simulation and
operating conditions required by the model in order to carry out the necessary
simulations in Chromulator 2.0 - Rate Model. Table 7.2 tabulates the conditions that
pertain to the simulations for the case studies. The physical properties o f the three
proteins and transport parameters of the system were explained in Section 6.3.2 and
6.3.3 respectively. The values of these properties and parameters at three different
simulated flow rates and sample volume are listed in Tables 7.3 and 7.4 respectively.

In the case studies a concentration step with a concentration factor o f 10 was
assumed to operate between the two chromatographic steps i.e. prior to SEC
operation. [The introduction of concentration step is common industrial practise to
keep the sample volume relatively small before it is loaded onto the SEC column.
This is done so as to ensure effective resolution is achieved in SEC separation.
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Ultrafiltration is the common choice o f concentration step to achieve this purpose.]
Negligible material loss in the concentration step is assumed in order to simplify the
mass balance calculations involved. After the concentration step, all sample volumes
were found to be 1.5% - 6% of the SEC column volume, and within the
recommended range i.e.~2% - 6% (Sofer and Hagel, 1997) for optimal separation.
Section 6.4 details all the conditions for the simulation of the SEC model
(Chromulator 2.0 -

Kinetic Model). The operating conditions of SEC are

summarised in Table 7.5. Table 7.6 tabulates the physical properties and transport
parameters evaluated.
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Table 7.1; The combinations of volumetric flow rate, sample volume and product
yields of HIC step simulated in this chapter. The fractions were drawn from the HIC
step and loaded onto the subsequent SEC column. Operating conditions of SEC
column were remained constant for all runs.
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Number o f components, Nc„,„p

3

Number o f quadratic elements for finite element method, N e

12

Number o f interior collocation points, N c

3

Average radius o f particles, Rp

45 pm

Length o f column, L

20 cm

Internal Diameter o f column, Dc

1.6 cm

Bed void volume fraction, si,

0.40

Particle porosity, £,,

0.45

Volumetric How rate, 0 (Case Study I)

1, 3, 5 mlmin"'

Volumetric How rate, O (Case Study 11)

3 ml mi if'

Dimensionless time duration for a pulse o f the sample, Ti„,p

0.622

(Case Study 1)
Dimensionless time duration for a pulse o f the sample, Tj„,p
(Case Study 11)
Dimensionless time interval, r,,,,
Maximum dimensionless time for elution, r„,ax

0.497, 0.622
and 0.746
0.05
10

Table 7.2; Simulation and operating parameters for HIC model defined for the Case
Study (I) volum etric flow rate and (II) sample volume. For all definitions and
explanations of the values used please refer to Section 6.3.1.
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Properties

Impurity 1

Product

Impurity 2

M olecular weight, M W

150 000

50 000

15 000

Initial coneentration, Co (m olL'')

0.00005

0.00008

0.00005

Constant in Langmuir isotherm, a

0.01

1

3

Adsorption equilibrium constant, h

1

100

300

Peclet number, P c l

<—

1111

—

►

Dimensionless group, /;
@ Im lm in''

1.27

2.43

4.36

@ 3mlmin’’

0.42

0.81

1.46

@ 5mlmin‘‘

0.25

0.46

0.87

@ Imlmin*'

138.9

92.5

67.2

@ 3mlmin*'

200.3

133.4

97.0

@ Smlmin*'

237.5

158.2

115.0

Biot number, Bi

Table 7.3; Physical properties and transport parameters used for Case Study 1
sim ulations in HIC model. Definitions and evaluations of these quantities have been
discussed in Section 6.3.2 and 6.3.3.

Properties

Impurity 1

Product

Impurity 2

nil

Peclet number, Pei,
Dimensionless group, ;;

0.42

0.81

1.46

Biot number, Bi

200.3

133.4

97.0

Table 7.4: Physical properties and transport parameters used for simulations in HIC
model for Case Study II where the sample size was varied. Values of MW, Co, a and

b were the same as those listed in Table 7.3. Definitions and evaluations of these
quantities have been discussed in Section 6.3.2 and 6.3.3.
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Number o f components, Nc„„,p

3

Number of quadratic elements for finite element method, N e

30

Number of interior collocation points, N c

3

Average radius o f particles, Rp

44

Length of column, L

50

Internal Diameter o f column, Dc

1.6
0.33

Bed void volume fraction, Sf,

1.0

Particle porosity, Sp
Volumetric flow rate, 0

Imlmin"'
0.02

Dimensionless time interval, r,>,/

4

Maximum dimensionless time for elution, T,„ax

Table 7.5; Simulation and operating parameters for SEC model for all runs. [Refer to
Section 6.4.1 for all definitions and explanations of the values used.]

Molecular weight, M W

150 000

50 000

15 000

Damkolher number for adsorption, Daa

0

0

0

Damkolher number for desorption. Dad

0

0

0

Saturation capacity (molL"‘), C’,,?/

2

2

2

Size exclusion factor of a solute,

0.47

0.60

0.77

Peclet number, P c i

< ------- -

3427

- ------- ►

Dimensionless group, i]

9.48

19.14

39.15

Biot number, B i

67.18

43.14

27.59

Table 7.6: Physical properties and transport parameters used for all simulations in
SEC model. Definitions and evaluations of these quantities are discussed in Section
6.4.2 and 6.4.3.
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7.3

Results and Discussion

7.3.1 Single Operation - HIC
With the inputs of the model defined in Tables 7.2, 7.3 and 7.4, the hydrophobic
interaction chromatography model was simulated so as to generate dimensionless
peak profiles as a function of volumetric flow rate o f the mobile phase and sample
volume o f the feed. It is worth mentioning that variation in sample size has no
influence in the dimensionless transport parameters such as Pei, rj and Bi (Table
7.4). The simulation results obtained from the model were converted into
dimensional form to provide elution chromatograms as depicted in Figures 7.1 and
7.2.

Case Study I - E ffects o f flo w rate on chrom atogram

In Figure 7.1 it is clear that, as expected, elution time decreases with increasing flow
rate. Band-broadening is less serious at lower mobile phase flow rates as a ‘sharper’
and steeper peak is obtained. With respect to the product peak, operating at a flow
rate of Imlmin'* achieves a maximum concentration o f 5.5 x 10'^ molmf* whereas
operating at 3mlmin'* and 5mlmin'' only achieved 3.8 x 10’^ molmf* and 3.1 x 10'^
molmf* respectively. For Imlmin'* separation, if a fraction is collected between
2750 and 3050 seconds, a close to 100% purity product can be acquired as no
impurities would be found in the fraction. This is impossible for separations at
3mlmin"* and 5mlmin * as overlapping occurs between the impurity and product
peaks throughout the whole product elution profile.

Case Study I I - E f f e c ts o f sam ple size on chrom atogram

As can be observed from Figure 7.2 the influence o f sample volume on the retention
time of the proteins is less significant than that of the mobile phase flow rate (Figure
7.1). Figure 7.3 depicts the product peaks as a function o f sample volume. Retention
time, determined at the peak maximum, increases slightly with sample volume. The
retention time for 8ml, 10ml and 12ml loads, so determined were 830, 852 and 875
seconds respectively. The increase is insignificant compared to the whole elution
duration. There is no consensus in the literature regarding the influence o f sample
volume on retention time. Some researchers suggested retention time decreases with
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sample volume (Zoubair El Fallah and Guioehon^ 1992; Golshan-Shirazi and
Guiehon, 1994; Frey and Grushka, 1996; Lin et a l, 1998) but also the contrary
behaviour has been observed where elution time increases with sample volume
(Yamamoto et a l, 1990; Katti, 1991; Kurnik et a l, 1995; Kaltenbrunner et a l,
1997). Katti (1991) demonstrated both cases and suggested that the dependency of
retention time on sample volume could be influenced by the surface homogeneity of
the stationary phase and by how the adsorption takes place within the column. There
is another possible explanation for this observation where the retention time
increases with sample size. The sample loading in this case study did not cause
column overload, therefore there were more than sufficient adsorption sites for the
solutes. In this situation, the retention time is not reduced greatly by the
competitiveness of adsorption when sample size is larger but increased due to the
relatively longer injection time of the sample load. Some molecules exit the column
later i.e. larger retention time in the chromatogram not because they stay longer
inside the column but because they entered the column later. In this case the
retention time was determined at the peak maxima where nearly half o f the materials
has eluted. For a larger sample volume, it will take longer to load this half o f the
material, and hence some molecules enter the column later and exit the column later
perhaps contributing to an increase in retention time.

All peaks exhibited reduced band-broadening with lower sample loads. A typical
measure o f band broadening behaviour, peak width at half height was used to
quantify this. Figure 7.4 shows the dependency o f peak width on sample size. It
shows that peak width increases linearly with sample size for sample volume o f 8ml
- 12ml. However the change is small, merely a 25 seconds increase when the sample
volume is altered from 8ml to 12ml. Regarding peak concentration for a sample load
o f 8ml a maximum concentration of 0.031 mmolL’' was observed whereas 10ml and
12ml loads only culminate at 0.038 mmolL"^ and 0.044 mmolL'^ respectively. No
fraction existed for any load where a product purity o f 100% could be realised. This
is because ‘overlapping’ between product and impurity peaks occurred throughout
the whole elution profile for all conditions examined.
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Case Study I - Effects o f flo w rate on F D an d m axim um P F vs. y ie ld diagram s

Calculation of the concentration profiles were performed so as to determine the
changes in the cumulative fractions of all material and product, purification factor
and product yield achieved during the elution period. Figures 7.5 and 7.6 are the
resultant fractionation diagrams. Figures 7.7 and 7.8 present the derived maximum
purification factor against product yield diagrams. With respect to Figure 7.7 for the
first case study, the results obtained are very consistent with the simulation results
for size exclusion chromatography discussed in Section 4.3. The lower the flow rate
is, the higher the degree of purification that can be achieved. This is because band
overlapping is more significant as the flow rate increases and hence causes the
separation to become more difficult. Given that the initial purity o f the sample
loaded for simulated runs is 32.7% (Section 6.3.2), the global maximum purification
factor of these operations is 3.06 (calculated according to Equation 3.11). However,
only with a flow rate of a Imlmin ' does the maximum purification factor realise this
limit. The reason for this is, for Imlmin ' separation, the degree o f band overlapping
is insignificant and there is almost a baseline resolution o f the three components
between 2750 and 3050 seconds of elution.

Case Study I I - E f f e c ts o f sam ple size on FD and m axim um P F vs. y ie ld diagram s

For the second case study, all the fractionation curves in Figure 7.6 are very close to
each other. However, as seen in the corresponding purification factor versus yield
plot (Figure 7.8) even apparently small differences in the fractionation diagram lead
to relatively significant changes in the process output performance. It can be deduced
from this diagram (Figure 7.8) that separation performance, in term o f recovery,
improves with a reduction in sample size. This is also consistent with the argument
drawn earlier based on three chromatograms obtained. Furthermore, Figure 7.8
serves as a quantitative proof o f the fact that no fraction can be pooled from these
three runs to realise a product purity of 100% even at the expense o f product yield.
This is because all y-intercept values were less than 3.06, the global maximum value
at product yield of . >.0%.

Cutting p o in t information f o r Case Study I an d I I - D ata f o r Case S tu dy I II

For all combinations of flow rate and sample volume, samples corresponding to
product yields of 70%, 90% and 95%, determined by the fractionation diagram
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approach, were selected and applied as the feed to the subsequent size exclusion
chromatography step. This was done so as to investigate the dependency o f the SEC
separation on the cutting point decisions made in the preceding HIC operation.
Tables 7.7 and 7.8 tabulate the cutting point information for different HIC step flow
rate and sample load volumes respectively.

With the eutting point information (Tables 7.7 and 7.8) and the mass balance data
calculated after the concentration step, the dimensionless loading time (Timp) prior to
the SEC column was obtained and the data is tabulated in Tables 7.9 and 7.10. The
sample loading time increases with the yield o f the HIC run and the volumetric flow
rate as the mass of material collected rises. The values o f initial sample concentration
(Cn) are listed in Tables 7.11 and 7.12. With these inputs determined, the size
exclusion model was then simulated to produce the dimensionless elution profiles of
the system.

For the purpose of clarity and ease of understanding, the following discussion is
divided into three separate sections. The first one examines the size exclusion
chromatographic results obtained for samples collected from HIC runs operated at
different volumetric flow rate (Section 7.3.2.1). The second part focuses on the
effects o f sample volumes (Section 7.3.2.2) and the last one reports the results of
SEC steps for samples collected at different HIC product yields (Section 13.2.3).

The results discussed in the following pages are the outputs o f SEC simulations i.e.
the overall results for the sequence study. Variations o f the results at the SEC stage
resulted from the changes made to the operating conditions o f the preceding HIC
step. The operating conditions o f the SEC were kept constant for all runs.
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Figure 7.1: Simulated HIC chromatograms for elution of three component model
system. Case Study I : volumetric mobile phase flow rates of (a) 1m lm in"\ (b)
Smlmin'^ and (c) Smlmin'^ [♦ = impurity 1; ■ = product and ▲ = impurity 2]. Sample
load = 10ml. [Full details of column operation are summarised in Table 7.2]
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Figure 7.2: Simulated HIC chromatograms for elution of three component model
system. Case Study II : sample loads of (a) 8ml; (b) 10ml and (c) 12ml [ ♦ = impurity
1; ■ = product and ▲ = impurity 2]. Flow rate = 3 m lm in '\ [Full details of column
operation are summarised in Table 7.2]
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Figure 7.3: Case Study II - Effect of the sample volume on the product band profiles
in HIC separation [♦ = 8 ml; ■ = 10 ml and A = 12 ml]. Flow rate = SmImin'V [Full
details of column operation are summarised in Table 7.2]
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Figure 7.4: Case Study II - Dependency of peak width at half height on sample
volume for the product band profiles in HIC separation. Flow rate = SmImin'V [Full
details of column operation are summarised in Table 7.2]

204

C h ap ter 7: A p p lic a tio n o f FD A p proach to the A n alysis o f A Seq uen ce o f C h ro m atog raph ic Steps

0.9
0.8
-g 0.7

a>

0 0.6
Q.

1

a
3
E
3
o

0.5

U
u 0.4
3
TJ 0.3
O

Ao

Q.

0.2
0.1

0

0.1

0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
Cumulative fraction of total material, X

1

Figure 7.5; Case Study I - Fractionation curves for the simulated hydrophobic
interaction chromatography as a function of volumetric mobile phase flow rate [ ♦ =
1 mimin g o = 3 mlmin'^ and A = 5 mlmin'^]. Sample load = 10ml. [Full details of HIC
column operation are summarised in Table 7.2]
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Figure 7.6: Case Study II - Fractionation curves for the simulated hydrophobic
interaction chromatography as a function of sample volume [ ♦ = 8ml; o = 10ml and
▲ = 12ml]. Flow rate = 3 m lm in'\ [Full details of HIC column operation are
summarised in Table 7.2].
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Figure 7.7; Case Study I - Maximum purification factor versus product yield diagram
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chromatography at different volumetric mobile phase flow rate and a sample load =
10ml. [♦ = 1 m lm in '\ o = 3 mlmin'^ and A = 5 mlmin'^] [Full details of column
operation are summarised in Table 7.2]
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Figure 7.8: Case Study II - Maximum purification factor versus product yield diagram
corresponding

to

Figure

7.6

for
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simulated
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chromatography with different sample loads [ ♦ = 8ml; - = 10ml and o = 12ml] and
flow rate = 3 m lm in '\ [Full details of column operation are summarised in Table 7.2]
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70%
@ Imlmin '

2.90

2461

3378

@ 3mlmin''

2.19

772

1222

@ 5mlmin‘‘

1.86

452

878

@ Imlmin '

2.48

2237

3667

@ 3mlmin '

1.72

676

1367

@ Smimin''

1.49

382

1004

@ Imlmin '

2.17

2123

3667

@ 3mlmin'

1.50

636

1592

@ 5mlmin '

1.34

353

1052

90%

95%

Table 7.7: Case Studies I and III - Values of the maximum purification factor and
sample collection times (ti and t 2 ) which correspond to product yields of 70%, 90%
and 95%, at different buffer flow rates. Sample load = 10ml.

70%
@ 8 ml

2.24

763

1271

@ 10ml

2.20

779

1271

@ 12 ml

2.14

795

1287

@ 8 ml

1.77

664

1415

@ 10ml

1.72

676

1383

@ 12ml

1.66

692

1448

@ 8 ml

1.56

620

1432

@ 10 1111

1.50

632

1464

@ 12 1111

1.45

643

1496

90%

95%

Table 7.8: Case Studies II and III - Values of the maximum purification factor and
sample collection times (ti and t 2 ) corresponding to product yields of 70%, 90% and
95%, with different sample loads. Flow rate = 3 m lm in '\
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Imlmin'

HIC @ 3mlmin'

HIC @ Smlmin'

70% HIC yield

0.046

0.068

0.107

90% HIC yield

0.072

0.104

0.155

95% HIC yield

0.077

0.143

0.175

Table 7.9: Case Studies I and III - Dimensionless sample loading time in SEC, r/^p,
for different volum etric flow rate of HIC operation and for different product yield of
fraction collected from HIC column prior to SEC column.

HIC @ 8 ml

HIC @ 10 ml

12 ml

70% H IC yield

0.076

0.074

0.074

90% HIC yield

0.113

0.104

0.113

95% HIC yield

0.122

0.125

0.128

Table 7.10: Case Studies II and III - Dimensionless sample loading time in SEC,

Timp, with different sample loads of HIC operation and for different product yield of
the fraction collected from HIC column.
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Im purity 1
@70% HIC yield

5.86

X

10'^'

@90% HIC yield

2.33

X

1 0

@95% HIC yield

2.77

10'^

2.53 X 10'^

"

4 . 7 4 X 10'^

3.95 X 10'^

3.79 X 10'^

4 . 4 6 X 10"'

4.72

@70% HIC yield

3.67 X 10"^

2.48

X

10"^

1.56 X 10"^

@90% HIC yield

3.05

X

10"^

2.08

X

10"^

1.38

@95% HIC yield

2.96

X

10'^

1 . 5 8 X 10'-^

1 . 3 0 X 1 0 “^

@70% HIC yield

1. 1 1 X 10'"

5.42 X 10'^

8.36

X

10 "

@90% HIC yield

2.57 X 10'^

6.60

X

10'^

7.61

X

10'^

@95% HIC yield

2.38 X 10'^

7.92

X

10'^

7.22

X

10'^

X

X

10'"

Product

X

10"^

Im purity 2

Table 7.11: Case Studies I and III - Values of initial concentrations of three
com ponents (molL'^), Co for different volumetric flow rates of HIC operation and for
different product yields of fractions collected from HIC column prior to SEC.
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Im purity 1
@70% HIC yield

1.75

X

10'^

2.53

X

10'"

3.40 X 10'"

@90% HIC yield

3.26

X

I0‘*

4.63

X

10'"

5.57

X

10'"

@95% HIC yield

3.99 X 10’’

5.78

X

10'"

7.05

X

10'"

@70% HIC yield

1.81 X 10'^

2.33 X 10"*

2.79

X

10 *

@90% HIC yield

1.55

2.04

2.29

X

10'*

@95% HIC yield

1.49 X 10’'*

1.84 X 10 *

2.14 X 10'*

@70% HIC yield

5.32 X 10'"

6.33

X

10'"

7.53

@90% HIC yield

5.94

X

10'"

6.80

X

10'"

8.70.x 10'"

@95% HIC yield

5.72

X

10'"

7.20

X

10'"

8.67 X 10'"

Product

X

10'^

X

10'*

Impurity 2
X

10'"

Table 7.12; C ase Studies II and III - Values of initial concentrations (molL^) of three
components,

Co for different sample loads of HIC operation and for different product

yields of fractions collected from HIC column prior to SEC.
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7.3.2 Sequence Operation - HIC + SEC
The following sections examine the performance o f a sequence o f operations that
comprised HIC and SEC steps.

7.3.2.1

Case Study I - Impact of Volumetric Flow Rate in HIC Step
on Sequence Peiiormance

E ffects o f H IC flo w rate on S E C chrom atogram

All SEC separations were simulated at a constant mobile phase volumetric flow rate
o f Imlmin '. The different flow rates stated in this part o f discussion refer to the
volumetric flow rates at which the HIC step was operated. Figure 7.9 shows the
different simulated concentration profiles for the SEC system where sample loads
were collected at a product yield o f 90% from the HIC separation operated at
different volumetric flow rates ( Im lm in'% Smlmin"' and 5mlmin"') and loaded with a
constant sample volume of 10ml. By comparing the areas under the peaks for
impurity 1 and 2, it is clear that the HIC run at the lowest flow rate yields a purer
feed to the subsequent SEC run. These results are consistent with those obtained
earlier examining the maximum purification factor against yield (Figure 7.7) which
suggested that HIC (1 m im ing 10ml, 90%) attained the highest degree o f purification
among the three flow rates. With respect to the product peaks, the maximum
concentration reached f

o

r

10ml, 90%) was 9.21 x 10'^ m olm f' whilst

for H IC (5m lm in\ 10ml, 90%) it was only 8.25 x lO'^molmf'. At nearly 100%
purity, the sample collected for H IC (lm lm in \ 10ml, 90%) had a higher product
yield than for the other two higher flow rates. This is due to the fact that at
H IC (lm lm in \ 10ml, 90%)) the baseline resolution between the impurity peaks is
maximised. A region o f ‘zero-overlapping’ was evident between 4500 and 4700 sec,
a period of nearly 200 seconds. The duration of this period was only 50 seconds
(between 4600s and 4650s) for the H IC (3m lm in\ 10ml, 90%) whilst H IC (5m lm in\
10ml, 90%o) did not show any such baseline resolution between the impurity peaks. If
a fraction is taken during the baseline resolution period more product and hence a
higher product yield is obtained. However this baseline resolution phenomena can
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only be inspected by eye at this stage from these chromatograms because the
concentrations o f impurities seem negligible compared to the product peak. The
maximum purification factor vs. yield diagram generated below can serve as the
quantitative proof of this and utilised to determine whether the baseline resolution,
100% purity of product, can actually be realised in the separation.

As expected for constant flow rate of SEC operation the retention and or elution
times for all three components is almost the same in all simulated runs. In this case
study sample loads with different volumes and concentrations, generated by different
collecting strategies from the preceding HIC operation were loaded to the SEC
column run at constant operating conditions. The consistency in the values of
retention time confirms the experimental observation that the peak retention time,
determined at the peak maximum, of a solute in size exclusion chromatography is
independent o f the sample size and initial concentration. This is mainly because the
principal factors that influence the retention time o f a solute in a SEC column are the
relative molecular size if the proteins loaded and the fraction o f pore volume that is
available for a solute.

Effects o f H IC flo w rate on SE C fraction ation and max. P F vs. y ie ld diagram s

Figures 7.10 and 7.11 present the fractionation diagram and the derived maximum
purification factor against product yield diagram generated based on the SEC
concentration profiles obtained for a constant 90% HIC yield. The fractionation
curve for HIC(Imlmin \ 10ml, 90%) has the lowest gradient compared to the curves
for H IC (3m lm in\ 10ml, 90%) and H IC (5m lm in\ 10ml, 90%). This lowest gradient
results in the lowest maximum purification factor achieved at any yield among the
three flow rates examined in HIC operations. The system global maximum
purification factors were approximately 1.25, 1.77 and 2.00 respectively for each of
the flow rates employed in the preceding HIC step. With H IC (lm lm in \ 10ml, 90%)
the SEC separation had the lowest maximum purification factor value. This indicates
that this batch of material would attain the lowest degree o f separation whilst
materials for H lC (5m lm in\ 10ml, 90%) achieved the most. Since purification factor
is the ratio of final to initial purity of the sample, lower purification factor implies
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less difference between the values of initial and final product purity. Due to the fact
that sample loads for all HIC separations have the same sample initial purity, higher
purification factor in fact indicates that a higher purity is achieved. The recovery of
90% o f the product from the HIC run with highest flow rate leads to the lowest
purity o f the sample. This crudest sample load then requires the highest degree of
enrichment in the subsequent SEC separation.

Selecting the highest purification factors may not guarantee the purest product will
be obtained. This is due to the fact that the highest purification factor does not
necessarily correspond to the highest product purity since the former is a reflection
o f the initial feed concentrations to the separation stage whilst the latter is an
absolute measure o f achievement. To quantify the actual effect o f selecting different
sample collection points in the HIC separation upon subsequent SEC performance,
the maximum purity o f the product achieved for a particular product yield was
calculated according to Equation (3.9). Therefore even though the highest
purification factors in SEC were attained for the sample collected from HlC(5mlmin
10ml, 90%), this did not equate to the highest overall product purity.

Figure

7.12

shows the values of maximum overall purity after the two

chromatographic steps corresponding to different product yields for SEC separation
o f fractions collected at 90% product yield of HIC operated at three different
volumetric flow rates. The curves show that H IC(lmlmin \ 10ml, 90%) attained the
best product purity for the whole range of product yields after the SEC separation
despite the fact that the lowest purification factor was achieved (Figure 7.15). For a
HIC yield o f 90%, the sample collected from the separation operated at the highest
flow rate, 5m lm in'\ achieved the lowest degree o f purification and hence the highest
degree o f contamination (Figure 7.7) due to the notable degree o f overlapping
between product and impurity peaks (Figure 7.1). This contributed directly to the
low purity o f sample loaded onto the SEC column. Even though highest maximum
purification factor was then realised in the SEC separation, the effect o f the low
initial sample purity dominates, resulting in the lowest overall product purity
obtained after the SEC step of the combinations examined.

213

Chapter 7: Application o fF D Approach to the Analysis o f A Sequence o f Chromatographic Steps

As mentioned earlier on in the discussion, by inspecting the chromatograms by eye
materials collected for HIC separation operated at Im lm in'' and Smlmin"' were the
only two conditions capable o f reaching a 100% final purity if a fraction is pooled
during the baseline resolution period where no overlapping between the impurity and
product peaks occur. However Figure 7.12 suggests that for H IC (lm lm in \ 10ml,
90%) this purity of product can be reached but only with a yield less than 5%.
Material collected at HIC(3mlmin^, 10ml, 90%) cannot be fractionated to yield a
100% pure product cut. Reducing the purity constraint to 99% enables HIC (Imlmin
‘, 10ml, 90%) to realise a 75% yield of the initial product loaded. At H lC (3m lm in‘,
10ml, 90%) jthe yield had dropped to 30% o f the product in the sample load. This
constraint was not achievable for the material collected at HIC (Smlmin \ 10ml,
90%). Instead the highest purity attained was only 98.5% and that with a product
yield o f less than 2%. If the process objective had been to achieve significant process
yield, i.e. 100% recovery of the product component instead, then the maximum final
purities achieved for the HIC step operated at Imlmin"', Smlmin"' and 5mlmin"' were
86%, 67% and 59% respectively.

The sample collection time corresponding to SEC yields o f 70%, 90% and 95% for
all three simulated flow rates in the HIC stage are tabulated in Table 7.13. The
selected combinations of results, corresponding to different HIC and SEC yields,
will be discussed further in Section 7.3.3 together with the results obtained for the
next case study which examines the influence o f HIC sample size on the separation
performance o f SEC.
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Figure 7.9:

C a se

Study

I - Impact of HIC flow rate on su b seq u en t SEC

chromatogram. Sam ple loads w ere collected at product yield of 90% from HIC
separation operated at a volumetric mobile phase flow rate of (a) Imlmin ^ (b)
Smlmin '' and (c) 5mlmin \ and sam ple volum e of 10ml. [ ♦ = impurity 1; ■ = product
and ▲ = impurity 2] [Refer to Table 7.5 for the operating conditions of SEC column]
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Figure 7.10; C a se Study I - Impact of HIC flow rate on su b seq u en t SEC
fractionation diagram. Sam ple loads w ere collected at product yield of 90% from
HIC separation operated at different volumetric mobile p h a se flow rates [ ♦ =
1 mimin g ■ = Smlmin'"' and ▲ = Smlmin'^] and a constant sam ple volum e of 10ml.
[Refer to Table 7.5 for the operating conditions of SEC column]
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Figure 7.11: C a se Study I - The maximum purification factor versu s yield diagram
for SEC operation. Sam ple loads w ere collected at product yield of 90% from HIC
separation operated at different volumetric mobile p h ase flow rates [ ♦ = 1m lm in'\ ■
= Smlmin'^ and ▲ = Smlmin'^] and sam ple volum e of 10ml. [Refer to Table 7.5 for
the operating conditions of SEC column]
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Figure 7.12: Case Study I - The m axim um purity versus product yield diagram for
SEC operation. Sam ple loads were collected at product yield of 90% from HIC
separation operated at different volum etric m obile phase flow rates [ ♦ = 1 m lm in '\ ■
= Smlmin'^ and ▲ = Smlmin'^] and constant sam ple volum e o f 10ml. [R efer to Table
7.5 fo r the operating conditions o f SEC colum n]
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1 mimin'
@70% SEC yield

1.24

4355

4840

@90% SEC yield

1.22

4212

4880

@95% SEC yield

1.21

4160

4960

@70% SEC yield

1.72

4370

4832

@90% SEC yield

1.64

4240

4920

@95% SEC yield

1.57

4188

5040

@70% SEC yield

1.92

4421

4920

@90% SEC yield

1.77

4280

5040

@95% SEC yield

1.67

4213

5080

3 mlmin '

5 mlmin '

Table 7.13: Case Study I - Impact of HIC flow rate on subsequent SEC operation.
The sample collection times (ti and fg) corresponding to different values of yield and
maximum purification factor for the SEC operation. Sample loads were collected at
product yield of 90% from HIC separation operated at different volumetric flow rates
and constant sample volume of 10ml. [Refer to Table 7.5 for the operating
conditions of SEC column]
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7 .3 .2 2

Impact of Sample Load of HIC Step on Sequence
Performance

Effects o f H IC sam ple load on S E C chrom atogram

Figure 7.13 presents the different simulated concentration profiles for the SEC step
where sample loads were collected at product yields o f 90% from the previous HIC
step loaded with different sample volumes (8ml, 10ml and 12ml) and operated at a
constant flow rate o f 3m lm in'\ By comparing the areas under the peaks for
impurities 1 and 2, it is clear that HIC runs with lower sample volumes gave a
reduced amount of impurities in the product from the subsequent SEC run. These
results are consistent with the earlier results examining the maximum purification
factor against yield (Figure 7.8) which shows that a H IC (3m lm iri\ 8ml, 90%)
material attains the highest degree of purification among the three sample sizes
examined.

Figure 7.14 shows the combined concentration profiles for the product component as
a function o f sample volume o f the HIC step. The maximum concentration reached
for HIC(3mlmin \ 12ml, 90%) is 1.06 x 10
90%) it is 7.10 X 10

m o lm f’ whilst for H IC (3m lm in\ 8ml,

m olm f’. To determine the band broadening effects, the values

o f peak width at half height were calculated. For HIC(3mlmin^, 8ml, 90%)
H IC (3m lm in\ 10ml, 90%) and HIC(3mlmin^, 12ml, 90%), the peak widths in the
SEC separation were found to be 460s, 460s and 450s respectively. The closeness of
these values indicates that there was insignificant peak broadening for these different
batches o f material. However since the HIC(3mlmin'\ 12ml, 90%) run shows the
narrowest peak width, it was expected that this separation would achieve a
marginally higher degree of purification. For a product purity o f nearly 100%, the
values of product yield achieved for three runs should be very similar. The duration
o f the ‘zero-overlapping zone’, where a 100% pure fraction should be drawn, were
the almost same i.e. between 4550 and 4700 seconds. Figure 7.14 also shows that the
retention time for each solute was essentially the same for all three runs. This is
consistent with the finding reported in Section 1.2.2.2.
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Effects o f H IC sam ple load on S E C fractionation and max. P F vs. y ie ld diagram s

Figures 7.15 and 7.16 presents the fractionation diagram and the derived maximum
purification factor against product yield diagram generated based on the SEC
concentration profiles obtained for a 90% HIC yield. All fractionation curves exhibit
a very similar trend. However, as seen in the corresponding purification factor versus
yield plot even apparently small differences in the fractionation diagram lead to
relatively significant changes in the process output performance. The fractionation
curve for H IC(3m lm in'\ 8ml, 90%) had the lowest gradient compared to the curves
for HIC(3mlmin \ 10ml, 90%) and HIC(3mlmin \ 12ml, 90%). This lowest gradient
contributes to the smallest maximum purification factor achieved at any yield for the
HlC(3mlmin \ 8ml, 90%) operation compared to any o f the three sample volumes at
the HIC stage. It can be deduced from Figure 7.16 that the separation performance o f
SEC, in term o f recovery, improves with an increase in sample size o f the previous
HIC stage. The system global maximum purification factors at loads o f 8, 10 and
12ml were approximately 1.74, 1.77 and 1.83 respectively. With materials from
H lC (3m lm in'\ 8ml, 90%) the later SEC separation had the lowest maximum
purification factor values. This indicates that this batch o f material requires the
lowest degree of separation whilst the output from H IC (3m lm in\ 12ml, 90%)
requires the most.

The maximum product purity at different product yields was calculated and is
presented in Figure 7.17. The data is for the SEC separation o f fractions collected at
90% product yield o f HIC and operated at a constant volumetric flow rates of
Smlmin'^ and different sample volumes. The curves are congruent in the region of
interest and so the figure was enlarged to enable a detailed analysis o f the region
where the product yield is greater than 70%. The curves show that HIC(3m lm iri\
12ml, 90%)) attained the poorest product purity across the range o f product yields in
the SEC separation despite the fact that the highest purification factor was achieved
(Figure 7.16). For an HIC yield of 90%, the sample collected from the separation
loaded with the highest sample volume i.e. H IC (3m lm in\ 12ml, 90%>) achieved the
lowest degree of purification and hence the highest degree o f contamination (Figure
7.8) due to the notable degree of overlapping between product and impurity peaks
(Figure 7.2) and more significant peak broadening behaviour (Figure 7.4). Hence this
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peak broadening contributes to the lowest purity of sample loaded onto the SEC
column. Even though the highest maximum purification factor is attained by the
H l C ( 3 m l m i n ‘, 1 2 m l, 9 0 % ) in the SEC separation, the effect o f a low initial sample
purity dominates and this contributes to the lowest product purity obtained after the
SEC step. However, operating HIC with sample volumes of 8ml and 10ml achieved
almost the same final purity of product after the SEC step. Based on the mass
balance

data

the

initial

concentrations

for H I C ( 3 m lm in ‘,

8 m l,

90%j)

and

H I C ( 3 m l m m ', 1 0 m l, 9 0 % ) were 57.3% and 56.1% respectively. This difference of
1.2% counterbalances the differences in theoretical purification factor and therefore
produces a similar final product purity.

As before selecting a final purity of 99% for the product as the process constraint for
SEC separation showed that for H I C ( 3 m lm ir f', 8 m l, 90%)) and H I C ( 3 m lm in ‘, 1 0 m l,
90%)) recoveries o f 30% of the initial amount of product could be achieved after SEC
operation. For H lC ( 3 m lm in '‘, 8 m l, 90%)) the SEC separation recovered only 20% of
the product. Changing the arbitrary constraint to 100% recovery, the maximum final
purities achieved for H I C ( 3 m lm in ‘, 8 m l, 90%)), H I C ( 3 m lm in ', 1 0 m l, 90%)) and
H l C ( 3 m l m i n ‘, 1 2 m l, 9 0 % ) were 68%, 67% and 65% respectively.

1he sample collection times corresponding to SEC product yields o f 70%, 90% and
95% for all three simulated

HIC are tabulated in Table 7.14. These

selected combinations of results, corresponding to different HIC and SEC product
yields, will be discussed further in the next section together with the results obtained
for the previous case studies which studied the dependency o f the SEC separation
performance on the product yield and volumetric flow rate used in the HIC
separation stage.
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Figure 7.13: Case Study II - Im pact of HIC sam ple load on subsequent SEC
chrom atogram . Sam ple loads w ere collected at product yield of 90% from HIC
separation operated at a volum etric m obile phase flow rate o f Smlmin'^ and sam ple
load o f (a) 8ml; (b) 10ml and (c) 12ml. [ ♦ = im purity 1; ■ = product and ▲ = im purity
2] [R efer to Table 7.5 fo r the operating conditions of SEC colum n.]
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Figure 7.14: Case Study II - Product peaks as a function o f sam ple load onto HIC
column. S am ple loads w ere collected at product yield of 90% from HIC separation
injected with different sam ple volum e [ ♦ = 8 ml; ■ = 10ml and ▲ = 12ml] and
operated at constant flow rate of 3 m lm in '\ [Refer to Table 7.5 fo r the operating
conditions o f SEC colum n.]
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Figure 7.15: Case Study II - Im pact of HIC sam ple load on subsequent SEC
fractionation diagram . Sam ple loads w ere collected at product yield o f 90% from
HIC separation injected with different sam ple volum e [ ♦ = 8 ml; ■ = 10ml and ▲ =
12ml] and a constant flow rate of Smlmin \ [R efer to Table 7.5 for the operating
conditions of SEC colum n]
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Figure 7.16: The m axim um
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diagram

100

fo r SEC

operation. Sam ple loads w ere collected at product yield o f 90% from HIC separation
injected with different sam ple volum e [ ♦ = 8 ml; ■ = 10ml and A = 12ml] and a
constant flow rate of 3 m lm in '\ [Refer to Table 7.5 fo r the operating conditions of
SEC colum n]
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Figure 7.17: Case Study II - The maxim um purity versus product yield diagram for
SEC operation. Sam ple loads were collected at product yield of 90% from HIC
separation injected with different sam ple volum e [ ♦ = 8 ml; ■ = 10ml and ▲ = 12ml]
and a constant flow rate of SmImin V [R efer to Table 7.5 fo r the operating conditions
of SEC colum n]
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8 ml
@70% SEC yield

1.69

4388

4880

@90% SEC yield

1.61

4240

4920

@95% SEC yield

1.54

4189

5040

@70% SEC yield

1.73

4370

4831

@90% SEC yield

1.64

4240

4920

@95% SEC yield

1.57

4188

5040

@70% SEC yield

1.78

4389

4879

@90% SEC yield

1.68

4240

4920

@95% SEC yield

1.60

4187

5040

10 ml

12 ml

Table 7.14; Case Study II - Impact of HIC sample load on subsequent SEC
operation. The sample collection times {ti and fg) corresponding to different values
of yield and maximum purification factor for the SEC operation. Sample loads were
collected at a product yield of 90% from the HIC separation loaded with different
sample volumes and at a constant flow rate of 3 m lm in '\ [Refer to Table 7.5 for the
operating conditions of SEC column]
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7.2.2.3

Impact of Product Yield in HIC Step on Sequence
Performance

Effects o f H IC pro d u ct yie ld on S E C chromatogram

Figure 7.18 presents the simulated SEC elution chromatograms where sample loads
were collected corresponding to product yields of 70%, 90% and 95% from the
previous HIC runs operated at a volumetric mobile phase flow rate o f 3mlmin"^ and
loaded with a sample volume of 10ml (base case). SEC was operated a constant flow
rate of Imlmin '. As can be seen that the relative amount o f impurities, reflected by
the area under the impurities’ curves, the degree o f contamination rises with
increasing product yield at the HIC stage. This higher degree o f contamination
contributes to the more significant amount o f impurities appearing in the product
from the subsequent SEC separation step.

Effects o f H IC produ ct yield on S E C fraction ation an d max. P F vs. y ie ld diagram s

The chromatographic data was analysed and applied to construct the fractionation
diagram (Figure 7.19) and the derived maximum purification factor versus product
yield diagram (Figure 7.20). The fractionation curve for HIC (3 m lm in \ 10ml, 70%)
is much flatter than the curves for HIC (3m lm in\ 10ml, 90%) and HIC (3 m lm in \
10ml, 95%). This phenomenon results in a much lower maximum purification factor
achieved in SEC for HIC (3m lm in\ 10ml, 70%). The system global maximum
purification factors for HIC (3m lm in\ 10ml, 70%), HIC (3mlmm \ 10ml, 90%) and
HIC (3m lm in\ 10ml, 95%) were approximately 1.40, 1.77 and 1.97 respectively.
Operation with HIC (3m lm in\

10ml, 95%) achieved the highest maximum

purification factor values, and hence the highest degree o f separation. By
comparison, materials from HIC (3mlmin'\ 10ml, 70%) achieved the least. Recovery
o f a higher amount of product from the HIC separation has to be done at the expense
of sample purity. For example an HIC product yield o f 95%, provides a crude
material output to be passed to SEC and contains the highest amount o f impurities
and hence requires the greatest degree o f enrichment.
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As noted earlier (Section 7.3.2.1) although the highest purification factors in SEC
were attained for the sample collected from H I C ( 3 m l m m ', 1 0 m l, 9 5 % ), this did not
equate to the highest overall product purity. Figure 7.21 presents the graph o f the
maximum product purity against product yield for batches o f material collected at
different yields of the HIC separation step. It is obvious that material from H I C
( 3 m l m i n ‘, 10m l, 70%)} realises an overall higher maximum product purity albeit the
fact that the lowest maximum purification factor is achieved. Final purity can be
mathematically calculated as the product of initial feed purity and the purification
factor achieved. In this case for a low yielding HIC step, even when combined with a
low purification factor attained in the SEC separation, the relatively high purity of
the sample load to the SEC column contributes significantly to the high final purity
attained in the combined HIC and SEC steps. Although the highest purification
factor was realised in the SEC run for material obtained for H I C ( S m lm in '', 1 0 m l,
95%)}, it is still unable to counterbalance the effect o f a crude sample load to the SEC
stage, and therefore results in overall the poorest tlnal purity.

If a desired purity of 98% for the product is arbitrarily imposed as a basic constraint,
for H IC ( S m l m i n ', lO m l, 7()%o), 80% o f the initial amount of product present in the
feed sample can be recovered at the end of the HIC and SEC combination. For H IC
( S m l m i n ', 10m l, 9 0 % ) and H I C ( S m l m i n ', 10 m l, 9 5 % ) only 58% and 40% of the
product in the sample load was recovered. If the arbitrary constraint is to recover
100% o f the initial amount of product, the maximum final purities can be obtained
lor HIC yields o f W C ( S m l m i n ', lO m l, 7 0 % ), H IC ( S m l m i n '. lO m l, 9 0 % ) and H IC
( S m l m i n ', lO m l, 9 5 % ) are 80%, 67% and 60% respectively. In other words, a final
purity o f product as high as 80% can be realised with no loss o f product throughout
the separation for the H I C ( S m l m i n ', 10m l, 70%>) material.

1he sample collection times corresponding to SEC yields of 70%, 90% and 95% for
three different HIC yields are tabulated in Table 7.15. The selected combinations of
results, corresponding to different HIC and SEC yields, will be discussed further in
privîcwü
Section 7.3.3 together with the results obtained for the ne*t case study which studies
the influence o f sample size o f HIC on the resultant separation performance of SEC
and on the combined operation.
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Figure

7.18:

Case

Study

III

-

Im pact

of

HIC

yield

on

subsequent

SEC

chrom atogram . Sam ple loads w ere collected at product yield o f (a) 70% ; (b) 90%
and (c) 95% from HIC separation operated at a volum etric m obile phase flow rate of
Smlmin"'' and sam ple volum e o f 10ml. [ ♦ = im purity 1; ■ = product and ▲ = im purity
2] [R efer to Table 7.5 fo r operating conditions o f SEC colum n]

229

Chapter 7; Application o fF D Approach to the Analysis o f A Sequence o f Chromatographic Steps

0.8

o_

o

O

0.2

0.4

0.6

0.8

1

Cumulative fraction of total material, X

Figure 7.19: Case Study III - Impact o f HIC yield on subsequent SEC fractionation
diagram .

Sam ple

loads were collected

at different product yields from

HIC

separation operated at a mobile phase flow rate of Smlmin'^ and sam ple volum e of
10ml. [ ♦ = 70%: ■ = 90% and ▲ = 95%] [R efer to Table 7.5 for operating conditions
o f SEC colum n.]
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Figure 7.20: Case Study III - The m axim um purification factor versus yield diagram
fo r SEC operation. Sam ple loads are collected at different product yields from HIC
separation operated at a m obile phase flow rate of Smlmin'^ and sam ple volum e of
10ml. [ ♦ = 70%; ■ = 90% and ▲ = 95%] [R efer to Table 7.5 for operating conditions
o f SEC colum n ]
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Figure 7.21: Case Study III - The m axim um purity achieved fo r a particular product
yield in the SEC operation. Sam ple loads are collected at different product yields
from HIC separation operated at a volum etric mobile phase flow rate o f Smlmin'^
and sam ple volum e o f 10ml. [ ♦ = 70%; ■ = 90% and A = 95% ] [R efer to Table 7.5
fo r operating conditions o f SEC column.]
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■

70% HIC Yield
@70% SEC yield

1.38

4343

4800

@90% SEC yield

1.35

4200

4840

@95% SEC yield

1.32

4153

4960

@70% SEC yield

1.72

4370

4832

@90% SEC yield

1.64

4240

4920

@95% SEC yield

1.57

4188

5040

@70% SEC yield

1.90

4400

4872

@90% SEC yield

1.77

4279

5040

@95% SEC yield

1.67

4200

5040

90% HIC Yield

95% HIC Yield

Table 7.15; Case Study III - Impact of HIC yield on subsequent SEC operation. The
sample collection times {ti and fg) corresponding to different values of yield and
maximum purification factor for the SEC operation. Sample loads were collected at
different product yields from the preceding HIC separation which was operated at a
volum etric mobile phase flow rate of Smlmin'^ and sample volume of 10ml. [Refer to
Table 7.5 for operating conditions of SEC column.]
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7.3.3 Process Operating Decisions
Having presented results on how each of the HIC and SEC separation stages change
in performance as functions o f key operating variables, the discussion will now turn
to consider how process operating decisions impact on overall process performance
and how graphical methods can be used to assist in this decision making. Figure 7.22
depicts the results obtained for different combinations o f volumetric flow rate and
product yield of HIC; whilst Figure 7.23 shows the impact o f combinations of
different sample volume and product yields. The overall yield represents the
combined values achieved for both the HIC and SEC separation together. For
example if yields of 90% and 80% were achieved in HIC and SEC respectively, the
overall yield obtained would be 72%. A yield o f 40% was arbitrarily assumed to be
the minimum acceptable value to be attained in order for the process to be profitable
and a minimum trial purity of 95% was set for the protein based product. Discussion
is therefore focused on the region that meets these process and product constraints.
The overall purity data presented in the diagrams is the maximum value that can be
realised with respect to that product yield and was evaluated based on the maximum
purification factor, in turn determined at the maximum tie lie gradient in the
fractionation diagram through the incremental-sorting type algorithm.

Case Studies I and I II -

Effects o f H IC flo w rate an d pro d u ct y ie ld on overall
pu rity an d yield

Figure 7.22 shows that for an overall yield of less than 70% material would best be
collected from the HIC step operated at H IC (lm lm in \ 10ml, 70%) as this separation
outperforms the rest. A purity as high as 99.9% could be realised when 40% o f the
initial amount of product is recovered for this batch o f material. However the
maximum yield that can be obtained at the end o f SEC separation for this is only
70%. If a yield larger than 75% is desired fractions have to be collected from the
HIC separation operated at 77/C(^7m/mz>z'^, 10ml, 90%) ox H IC (lm lm in \ 10ml, 95%).
The performance for material collected at H IC (lm lm in \ 10ml, 90%) is better than
that o f HIC(lmlmiri \ 10ml, 95%) for overall yields greater than 86%.
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If the product is destined for therapeutic purposes and a 99% purity has to be met,
the HIC operation is restricted to a flow rate o f Imlmin"'. If a higher flow rate is used
(e.g. 3m lm in'') in order to obtain higher productivity, then the recovery is reduced to
about 42% [HIC(3m im ing 10ml, 70%)]. At the lower boundary o f the purity
constraint of 95%, material from H IC (lm lm in \ 10ml, 95% ) achieved the highest
overall process yield of 89%, followed closely by operation at the same flow rate but
with a 90% HIC yield i.e. H IC (lm lm in \ 10ml, 90%o). The poorest performance o f a
54% overall yield was realised for HIC(5mlmin \ 10ml, 95%o).

For operations with HIC flow rates at Imlmin"' and 3mlmin"% the influence o f flow
rate is generally more dominant than that of the product yield o f the HIC stage. This
can be observed as the curve for H lC (lm lm in \ 10ml, 95%) reaches a higher purity
than the curve for H IC (3m lm in\ 10ml, 70%o). A higher flow rate generally
contributes to higher throughput and productivity. Therefore in this case the process
trade off between productivity and purity has to be considered carefully. However
the opposite behaviour is noticed between the separations at 3mlmin'' and 5mlmin"\
For an overall yield lower than 52%, operation at H IC (5m lm in\ 10ml, 70% )
outperforms the operation at HIC(3mlmiri\ 10ml, 95%>) . So it is obvious that
between these two conditions, H lC (5m lm in\ 10ml, 70%o) is the favourite one to
achieve a higher production rate without any compromise in the level o f product
purity achieved.

Case Studies I I and I II -

E ffects o f H I C ,

an d pro d u ct y ie ld on overall

pu rity and yield

Figure 7.23 presents the impact of combinations o f different sample volume and
product yield o f HIC on the overall purity and product yield o f the sequence. By
comparing Figure 7.23 with Figure 7.22, it can be deduced that the impact o f sample
volume is less significant than that of volumetric flow rate. This is because the
sample size loaded onto the HIC column is relatively small i.e. 25% o f the column
volume. The adsorption isotherm falls in the linear region and so conditions are far
from those o f overload, and hence variations in sample size do not affect the column
performance greatly. Due to this another contrasting behaviour as shown in Figure
7.22 is observed. In that the effect of product yield is more dominant in this case
study. For overall yields of less than 58%, operating at a 70% product yield o f HIC
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with any sample volume achieves an overall higher purity compared to any other
combination o f sample volume and product yield. However these are all inferior to
the results of operations using higher sample loads of 8ml and 10ml with a 90% HIC
yield. The maximum overall purity that can be realised at the end o f the process,
satisfying the constraint of a 40% overall yield, is about 99% for both H IC (3m lm in\
8ml, 70%) and HIC(3mlmin'\ 10ml, 70%). If the highest sample load is desired for
higher throughput i.e. HIC(3mlmin \ 12ml, 95%), a purity o f 98% is achieved. On
the other hand, the maximum product yield that can be achieved, within the
minimum requirement of a 95% purity, is 74% by operating with sample loads of
H lC (3m lm in', 8ml, 90%) and H IC(3m lm in \ 10ml, 90%).

Considering there are large number o f data points presented in Figures 7.22 and 7.23,
it would be rather difficult to combine the two graphs together and discuss them as a
whole. Therefore for the sake o f clarity and ease o f illustration, only data points that
correspond to combinations of the three individual step yields i.e.70%, 90% and 95%
of the HIC and SEC steps are shown in Figure 7.24.

O perating Strategy

The purity achieved by operating the HIC step at a flow rate o f 3mlmin ' and a
sample volume of 8ml is lower than that achieved by running at Im lm in'', and a
10ml load; similarly the purity achieved at 5mlmin‘’ operation on HIC step with a
10ml load is less than that realised by operating at 3mlmin’’ with a 12ml load. Based
on these trends it can be deduced that an increase in overall purity is more efficiently
achieved by a reduction in the volumetric flow rate o f HIC step compared to a
strategy o f reduction in sample volume under this range o f operating conditions.

In Figure 7.24 two purity values corresponding to a single value o f overall yield are
plotted for each operating strategy. For example an overall yield o f 63% can be
achieved by working to a yield o f 70% in the HIC step followed by a yield o f 90% in
the SEC step or vice versa. To determine which sequence is more desirable, the data
sets, associated with the same overall yield, are listed in Tables 7.17 and 7.18.
Comparing the figures obtained for different flow rate, a clear finding can be
concluded. To achieve overall yields o f 63% and 66.5%, a higher yield o f HIC
combined with a lower yielding SEC step is generally better for the HIC step
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Operated at flow rates o f Smlmin'^ and 5mlmin''. For a HIC flow rate o f Im lm in'' the
opposite strategy is needed to attain a high final product purity. In order to meet an
overall yield of 88.5%, the best sequence of choice for operations at 1 and Smlmin"'
is a higher HIC yield followed by a lower SEC yield. However the difference
between the purity values decreases from Imlmin"' to Smlmin"'. When the flow rate
is as high as Smlmin"', the opposite behaviour is observed, the better option now is to
operate at a lower HIC yield first.

E ffects on process throughput

So far only the process trade-offs between the overall recovery and final purity for
the chromatographic sequence simulated have been considered. It has to be borne in
mind that another important element of the process trade-off: throughput or
productivity, which accounts for the total process duration and the production rate,
also need to be in the picture if decisions are to be made as how best to determine the
optimum process conditions.

The throughput o f a chromatographic process was defined in Section 2.2.7 as the
amount o f product purified per unit processing time. Since the cross-sectional area o f
a chromatographic column is required for the calculation o f productivity and there
are two different chromatographic columns involved in this case study, the total
throughput instead o f productivity was determined for the simplicity o f calculation
and also to avoid potential confusion arising from the definition o f productivity.
Figure 7.25 shows the throughputs evaluated for all the data points presented in
Figure 7.24. The processing time elapsed includes four separate durations: injection
time of the sample onto the HIC column, elution time for the HIC separation,
injection time of the sample onto the SEC column and elution for the SEC
separation. The processing time involved in the washing and CIP (clean-in-place)
procedures was not included in the calculation because it can be considered to be
constant for all runs and also it is independent o f the quantity o f the material
processed. The time consumed for the concentration step in between the two
chromatographic steps is usually insignificant compared to that o f involved in
chromatography sequences and was therefore not included in the calculation.
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Figure 7.25 indicates that throughput increases continuously with the overall yield
realised by the two chromatographic steps. Throughput increases both with flow rate
and sample volume but it is difficult to be conclusive about which influence is the
greater. For example at the HIC flow rate o f Smlmin’’, a larger HIC sample load
(12ml) achieved a

higher throughput than the separation which operated at the

higher flow rate (Smlmin’’) but with a smaller sample volume (10ml). However for
the same separation with lower sample volume (8ml) i.e. H IC (3m lm in\ 8ml) the
throughput attained is still higher than that of lower flow rate (Im lm in’’) with larger
sample size (10ml) [H IC (lm lm in\ 10ml)]. Therefore the choice o f the right
combination o f operating conditions, in terms o f flow rate and sample size, is crucial
to the achievement o f the desired throughput. The information in a graph such as
Figure 7.25 will prove very useful when such process decisions are made. Tables
7.18 and 7.19 tabulate the values of throughput that correspond to different
combinations of HIC and SEC product yields. The results suggested that, for a
particular overall yield, the better option for realising a higher throughput is to
acquire a high product yield in the HIC separation first followed by a lower yield in
the subsequent SEC separation for all case studies examined.

Process trade-offs
To visualise the process trade-offs in terms o f yield, purity and throughput,
information in Figures 7.24 and 7.25 were combined to produce Figure 7.26 for the
base case (HIC operated at a flow rate o f Smlmin’’, sample volume o f 10ml). The
diagram shows that the maximum overall process purity and throughput for the
chromatographic sequence as a function o f product yield. The higher the requirement
o f product purity, the lower the throughput obtained from the process. For example if
a product purity of 95% has to be realised, the maximum throughput for this batch of
material is approximately 15ghr’’ and 66.5% o f the initial amount o f product will be
recovered at the end of the chromatographic sequence.
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Figure 7.22: The overall purity and product yield achieved by the chrom atographic
sequence of HIC and SEC separations. HIC step was loaded at a constant sample
volume of 10ml and^at different operating, -at flow rates. Refer to Table 7.5 for the
operating conditions of SEC column. Fractions corresponding to 70%, 90% and
95% yield of HIC are collected. [ ♦ = 1 m lm in '\ 70% HIC yield; solid line = 1 mlmin \
90% HIC yield; ▲ = 1 m lm in '\ 95% yield; A = 3 m lm in '\ 70% yield; + = 3 m lm in '\
90% yield; x = 3 mlmin \ 95% yield; - - = 5 m lm in '\ 70% yield; • = 5 m lm in '\ 90%
yield;

0

= 5 m lm in '\ 95% yield]
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Figure 7.23: The overall purity and product yield achieved by the chrom atographic
sequence of HIC and SEC separations. HIC step was operated at constant flow rate
of 3 mlmin'^ and loaded with different sample volume. Refer to Table 7.5 for the
operating conditions of SEC column. Fractions corresponding to 70%, 90% and
95% yield of HIC are collected. [A = 8 ml, 70% HIC yield; o = 8 ml, 90% HIC yield; A
= 8 ml, 95% yield; 0 = 10 ml, 70% yield; x = 10 ml, 90% yield; - - = 10 ml, 95% yield;
solid line = 12 ml, 70% yield; # = 12 ml, 90% yield; ^ = 12 ml, 95% yield]
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Figure 7.24: The overall purity and product yield achieved by the chrom atographic
sequence o f HIC and SEC separations. HIC operated at different com binations of
flow rate and sam ple volume. O nly data points that correspond to com binations of
the three individual step yields i.e.70%, 90% and 95% of the HIC and SEC steps are
shown. [♦ = 1 m lm in '\ 10 ml; 0 =

3 m lm in '\ 10 ml; A = 5 m lm in '\ 10 ml; x = 3

m lm in '\ 8 ml; o = 3 m lm in '\ 12 ml]
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63.0%

99.5

96.3

93.7

90%

70%

63.0%

99.1

96.9

94.7

70%

95%

66.5%

99.2

94.4

89.9

95%

70%

66.5%

98.7

95.4

93.0

90%

95%

85.5%

96.5

88.6

82.5

95%

90%

85.5%

96.2

88.5

83.6

Table 7.16; Case Studies I and III - Overall purity (%) corresponds to different
combinations of HIC and SEC product yields. HIC separation was loaded with
constant sample volume of 10ml and operated at different volumetric flow rate.

70%

90%

63.0%

96.5

96.3

95.9

90%

70%

63.0%

96.9

96.9

96.6

70%

95%

66.5%

94.6

94.4

93.8

95%

70%

66.5%

96.3

95.4

95.2

90%

95%

85.5%

88.4

88.6

87.0

95%

90%

85.5%

90.3

88.5

88.4

Table 7.17: Case Studies II and III - Overall purity (%) corresponds to different
combinations of HIC and SEC product yields. HIC separation was operated at
constant volumetric flow rate of 3 mlmin'^ and loaded with different sample volume.
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Figure 7.25: The throughput and product yield achieved by the chrom atographic
sequence o f HIC and SEC separations. HIC was operated at different com bination
o f flow rate and sam ple volum e. Only data points that correspond to com binations of
the three individual step yields i.e.70%, 90% and 95% of the HIC and SEC steps are
shown. [ ♦ = 1 mlm in \ 10 ml; D = 3 m lm in '\ 10 ml; A = 5 m lm in '\ 10 ml; x = 3
m lm in '\ 8 ml; • = 3 m lm in '\ 12 ml]
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70%

90%

63.0%

10.1

14.2

14.7

90%

70%

63.0%

9.9

13.8

14.1

70%

95%

66.5%

10.6

14.7

15.3

95%

70%

66.5%

10.3

13.7

14.7

90%

95%

85.5%

13.3

18.0

18.7

95%

90%

85.5%

13.2

17.2

18.6

Table 7.18: Case Studies I and III - Overall throughput (g h r”') corresponds to
different

combinations of HIC and SEC product yields. HIC separation is loaded

with constant sample volume of 10ml and operated at different volum etric flow rate.

70%

90%

63.0%

11.5

14.2

17.0

90%

70%

63.0%

10.9

13.8

16.0

70%

95%

66.5%

12.0

14.7

17.0

95%

70%

66.5%

11.4

13.7

16.9

90%

95%

85.5%

14.5

13.3

21.3

95%

90%

85.5%

14.4

13.2

21.1

Table 7.19: Case Studies II and III - Overall throughput (ghr^) corresponds to
different combinations of HIC and SEC product yields. HIC separation is operated at
constant volumetric flow rate of 3 mlmin'^ and loaded with different sample volume.
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Figure 7.26: The trade-off between maximum purity and throughput achieved by the
chrom atographic sequence of HIC and SEC separations. HIC step was operated at
flow rate of Smlmin"^ and loaded with sample of 10 ml. The arrows show the
corresponding values of overall purity and throughput for particular overall process
yields. [ • = overall purity; ■ = throughput]
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7.4

Concluding Remarks

This chapter has detailed and illustrated the im plem entation o f the fractionation
diagram approach to a study o f the process perform ance and trade-offs w ithin a
chrom atographic sequence com prising a hydrophobic interaction adsorption step
follow ed by size exclusion chromatography. The output o f the hydrophobic
interaction chrom atography model has been sim ulated w ith different values o f
m obile phase flow rate and sample load. Fractions corresponding to different product
yields o f the HIC step were draw n and loaded directly to the SEC step. The
dependency o f three overall process key factors, nam ely purification, recovery and
throughput, o f the sequence on the volum etric flow rate, sample volum e and cutting
point

decisions

o f the

hydrophobic

interaction

separation

step

have

been

dem onstrated. This was achieved via the application o f fractionation diagram s and a
set o f derived diagrams. Combined w ith a knowledge o f the process requirem ents
and the desired end result o f applying the process param eters discussed above, the
approach can provide a useful method for achieving maxim al process efficiency.

Figure 7.26 together w ith other diagrams discussed in this chapter were each
system atically derived from the elution profiles through the use o f the fractionation
diagram approach. W ith the aid o f such diagrams the process engineer is able to
select the operating conditions that meet the m inim um requirem ent o f product purity
w ithout m aking unnecessary sacrifices in term s o f process yield and throughput.
A fter the determ ination o f the optim um operating conditions, in term s o f the best
com binations o f flow rate, sample volum e and product yields, the sam ple collection
tim es for the steps com prising the process can be identified precisely w ith the help o f
the fractionation diagram approach. Process trade-offs are then unam biguously
presented and very precise control o f the chrom atographic sequence output can be
realised.
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CHAPTER 8
OVERALL CONCLUSIONS AND RECOMMENDATIONS
FOR FUTURE WORK

8.1

Overall Conclusions

This PhD thesis has exam ined the use o f graphical m ethods for the identification o f
process trade-offs during chromatographic separations. The w ork has generated a
series o f results. This chapter draws out the overall conclusions.

In spite o f the great significance o f chromatography in the chem ical and
biopharm aceutical industries, its process-scale operation is still often far from
optimised. As pointed out in Chapter 1, there is a demand for an effective approach
w ith w hich to process system atically chromatographic data, obtained experim entally
or from com putational simulations, so as to generate suitable operating w indow s
rapidly and to enable the visualisation o f the process trade-offs im plicit in each
separation. The present thesis aimed to deal with this problem by seeking the m eans
to provide a more straightforward and pragmatic engineering fram ework: the
fractionation diagram approach. The fractionation diagram approach provides a
graphical m ethodology to assist the operator or engineer in visualising and
identifying the key process trade-offs and to determine w hether the operation is
practical and feasible subject to various process constraints and specifications (such
as purity, yield, contam ination level and productivity). The fractionation diagram
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approach proposed is therefore an aid in ensuring the realisation o f a rational
operation protocol.

The graphical approach developed in this thesis is generic in nature in that it can
either depend on the mathem atical m odelling outputs or actual experim ental and
industrial data. A chieved a framework that was not strictly ‘m athem atical-m odelbased’ w as seen as im portant due to the well recognised problem that accurate
m athem atical m odelling o f chrom atography processes is extrem ely difficult. The
form ulations o f chrom atographic models are based upon a com plex second order
partial differential equations system for each species (Chapter 2). The com plexities
are particularly great w hen chrom atography is em ployed as a separation m eans at a
preparative and process scale rather than when it is applied as an analytical tool due
to the highly non-linearity involved in the separation mechanism s. The accurate
evaluation o f physio-chem ical data and process param eters for biological system s is
bound to be difficult and hence can easily lead to inaccurate predictions. In this
thesis m athem atical m odels were em ployed for the dem onstration and illustration o f
the usefulness and robustness o f the fractionation diagram approach. The background
theoretical concepts together with the insights o f the existing m athem atical m odels o f
clirom atographic separation have also been outlined in Chapter 2. The General Rate
M odel was chosen to provide simulated chrom atographic data w hich in turn was
applied to dem onstrate the fractionation diagram approach. The m ain reasons this
model was selected are its relatively higher accuracy and com pleteness as it
considers all transport phenom enon and mass transfer kinetics w ithin the colunm.

The historical developm ent and derivation o f the fractionation diagram approach
proposed for chrom atographic separations in this thesis were presented in C hapter 3.
The preceding application o f the graphical approach was developed by Richardson
and co-w orkers (1987, 1989 and 1990) at UCL for the study o f fractional protein
precipitation. They successfully dem onstrated the use o f such an approach for the
optim isation o f the precipitation conditions to use in order to realise a desired
objective function expressed in terms o f the process yield and the precipitate product
purity.

The

extension

and

m odification

o f this

engineering

fram ew ork

to
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accom m odate chrom atographic data has been fully explained in this thesis. The
construction o f the associated diagram s such as the m axim um purification factor and
m inim um contam ination index versus product yield plots from the inform ation
depicted in fractionation diagram has also been illustrated. These diagram s form the
principal elem ents o f the graphical m ethodology studied.

In the initial stage o f the research, a simple linear General Rate M odel o f size
exclusion chrom atography developed by Boyer and H su (1992) was adopted for the
provision o f concentration profiles w hich were then used to test the ability o f
fractionation diagrams to deal w ith the chromatographic system (Chapter 4). The
separation o f three globular type proteins: y-globulin, ovalbum in and RibonucleaseA was simulated. The sim ulation results were used to generate fractionation
diagram s and purification factor against yield diagrams. The latter were able to
describe the effect on key process perform ance param eters o f the chrom atographic
colum n as a function o f the m obile phase flow rate. The usefulness o f such a diagram
for m aking cutting point decisions was also presented. H aving determ ined the
m axim um purification factor/purity at a desired level o f product yield, the precise
sample cutting points could be provided.

In Chapter 5, the validity and generality o f the fractionation diagram approach were
further extended to cover a w ider range o f chrom atographic techniques and proven
by three different sets o f experim ental and industrial chrom atographic data. The first
set o f experim ental results were obtained from Sm ith et al. (1997, 2002) who studied
the separation o f a labile enzym e alcohol dehydrogenase (ADH) from Bakers yeast
hom ogenate on a hydrophobic interaction STREAM LINE™ Phenyl m atrix operated
in

an

expanded

bed.

The

second

set

was

industrial

data,

provided

by

G laxoSm ithK line (Beckenham, Kent, United Kingdom), for the rem oval o f an
endotoxin contam inant from plasm id DNA by ion exchange chrom atography. The
last set o f industrial data, donated by Lonza Biologies (Slough, U nited K ingdom ),
was for the purification o f recom binant protein from host cell protein contam inants
by size exclusion chromatography. The first case study successfully dem onstrated
that the approach is useful and suitable not only for conventional packed bed systems
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but also expanded bed operation. In the second case study the problem for the
chrom atography systems where product and impurity com ponents are expressed in
different units and no mass equivalency is found betw een them has been addressed
and

solved

by

the

introduction

o f a m odified

fractionation

diagram

and

contam ination index. The failure o f the fractionation and m axim um purification
factor versus yield diagrams to represent the key trade-offs o f the separation, where
the initial feed com prises negligible am ount o f im purity com pared to the target
product com ponent, was illustrated in the third case study. This problem was solved
by the application o f the m odified fractionation and m inim um contam ination index
versus yield diagrams.

The research w ork was extended to study the separation perform ance o f a
chrom atographic sequence. The sequence o f study com prised a hydrophobic
interaction chrom atography followed by size exclusion chrom atography. General
Rate M odels developed by Gu and co-workers (1990, 1991, 1993 and 1995) were
chosen to provide the necessary chromatographic profiles. The theoretical basis,
form ulation, assum ptions, num erical solution and param eter estim ation for these two
m odels were outlined in Chapter 6. Simulations were carried out for a hypothetical
three-com ponent protein system. The dependency o f the operation o f size exclusion
chrom atography

on

the

preceding

operation

of

hydrophobic

interaction

chrom atography was investigated by varying the volum etric flow rate, sample
volum e and product yield o f the hydrophobic interaction step (Chapter 7). The
fractionation diagram approach again successfully dem onstrated its usefulness in this
study by providing a straightforward quantitative m easure o f the im pact and
interaction

of

hydrophobic

interaction

chrom atography

on

size

exclusion

chrom atography. The investigation o f the perform ance trade-offs relationship also
included another im portant tim e-dependent elem ent pertinent to process economy:
overall process throughput. W ith the help o f such an approach, the optim al operating
conditions, in terms o f acceptable product yield, desired final purity and an
econom ically attractive throughput, can be chosen easily and the product fractions
required to achieve these calculated in a straightforward manner.
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In the m anufacture o f biopharm aceuticals, the chrom atography step is typically a
validated process operation where the

system

configurations

and

operating

conditions have to be m aintained as consistent as possible. It is therefore envisaged
that the fractionation diagram approach would be based on an initial separation and
then applied to all subsequent separations as a reference for better cut point
decisions.

The m ethodology proposed serves as a useful and state-of-the-art tool for identifying
the process trade-offs during a chromatographic separation and indicating the im pact
on further processing o f the cut-point decisions that are made. The easy-interpretable
output o f this research will be a significant advance in the capability for the design o f
integrated process sequences. This engineering fram ework enables both engineers
and non-engineers alike to determine process behaviours for single and highly
interactive m ultiple steps o f chrom atographic processes. The approach is hence able
to reduce the tim e for engineers or scientists involved in the lengthy process
development.

8.2

Recommendations for Future Work

There are three principal areas where this PhD study could be extended in the future:
developm ent o f the fractionation diagram approach, im provem ent in the underlying
m athem atical m odels em ployed and verification o f the fractionation diagram
approach.

Development of the Fractionation Diagram Approach
The fractionation diagram method has been applied to a tw o-step sequence. In this
thesis only the influences o f the first step o f the sequence on the second w ere studied.
Future w ork needs to exam ine the im pact o f changes in the operation o f the second
step. Since it is not uncom m on that sequences consisting o f three chrom atographic
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steps are applied for a product derived from a biological source e.g. produced by
ferm entation or cell culture (Sofer and Hagel, 1997), the future w ork can also be
extended to a sequence comprises more than two steps. This w ould be done so to
investigate the best order and com bination o f sequence that should be applied for a
process.

The application o f the fractionation diagram method has been dem onstrated for
protein precipitation, conventional packed and expanded bed chrom atography.
Recent research (Booth et al., 2002) has successfully dem onstrated the extension o f
the fram ework proposed in this thesis to the study o f the purification o f erythrom ycin
by counter-current chromatography. In order to establish the generality o f the
fram ework, further research could be carried out to exam ine the usefulness o f such
an approach applied to other types o f chrom atographic technique (e.g. perfusion
chrom atography,

simulated-m oving

bed

adsorption

and

super-critical

fluid

chrom atography) and unit operation in the downstream processing schem e (e.g.
m em brane filtration).

Future studies could also focus on the linkage o f the fractionation diagram approach
to the validation process where robustness o f the separation is investigated. Through
the use o f this m ethodology engineer could investigate how rapidly and by how
m uch a single chrom atographic step and indeed a w hole sequence respond w hen a
process variable is changed. Such inform ation as to the sensitivity o f processes could
then be easily established.

The approach serves as a very good basis for the rigorous optim isation problem in
chrom atographic separations. The approach can be further advanced in parallel w ith
ongoing research on “W indows o f O peration” (W oodley and Titchener-H ooker,
1996; Zhou and Titchener-Hooker, 1999) at UCL to provide state-of-the-art and
robust m ethodology for the generation o f optim ised operating w indow s for
chrom atographic separations subjected to various system and econom ical constraints.
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Verification of the Fractionation Diagram Approach
The validity and accuracy o f the results should be established by com parison w ith
key pilot-scale process trials in a verification mode o f research and by application to
other ongoing w ork within the research group at UCL to confirm the generality o f
the techniques.

Improvement in the Underlying Mathematical Model Employed
The chrom atographic systems for sequence study were sim ulated using C hrom ulator
2.0, a software package developed based on the General Rate M odel (G u et al, 1990,
1991, 1993 and 1995). The dim ensionless concentration profiles o f the solutes
obtained w ere applied to dem onstrate the fractionation diagram approach in the
M ATLAB program m ing environment. Encoding the General Rate M odel in the same
M ATLAB environm ent would have made the analysis more straightforward. The
com bining program m es could then be made into a software package as a tool in
process development.

The evaluation o f process param eters was done by use o f existing correlations for
chem icals and globular-type proteins. Better prediction o f these param eters, for nonglobular proteins and other biological m aterials, would give m ore accurate outputs
from the m athem atical model.
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NOMENCLATURE

A

Coefficient in Van D eem ter equation

ûi

A dsorption coefficient for com ponent i in Langm uir

m

isotherm
B

Coefficient in Van D eem ter equation

BU

Biot num ber for com ponent i

bi

A dsorption coefficient for com ponent i in Langm uir

L g ‘,

isotherm

m ^m of'

Bo

Bodenstein num ber

C

Solute concentration in the effluent

c

D im ensionless concentration

m^s'*

mgcm'^

Coefficient in Van D eem ter equation

s

Cb

Coefficient in Van D eem ter equation

s

CI

Contam ination index

C

Solute concentration in the mobile phase

C

a

m

gL'%

m olm ’^
Cbi

Bulk-liquid phase concentration o f com ponent i

^bi

D im ensionless bulk-liquid phase concentration o f

molm"^

com ponent i
C

do

c\-

Drag coefficient for a single particle
-3

Polym er fibre concentration in particles

gem

Feed concentration profile o f com ponent i , a time

m olm

-3

dependent variable
Cinf

A dsorption saturation capacity

m olL'

Co

Pulse or sample concentration

m gcm

Cm

The highest concentration o f com ponent i in sample fed to

m olm -3

-3

the column, max{Cj}(t)}
Cp

Concentration o f solute w ithin the pores

m gcm

-3

C P'

Concentration o f com ponent i in the stagnant fluid phase

m olm

-3

inside particle m acropores
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Nomenclature

■'pi

Dim ensionless concentration o f com ponent i in the
stagnant fluid phase inside particle m acropores

a pi

Concentration o f com ponent i in the solid phase o f particle

m olm

-3

(based on the unit volume o f the particle skeleton)
-pi

Dim ensionless concentration o f com ponent i in the solid
phase o f particle (based on the unit volum e o f the particle
skeleton)

Cs

Solute concentration in the stationary phase

gL'
m olm

-3

Daa

Dam kolher num ber for adsorption

Dad

Dam kolher num ber for desorption

Dhi

Axial dispersion coefficient o f com ponent i

m^s’’

De

Internal column diam eter

m

De

Effective intraparticle diffusivity

cm^s"'

Di

Axial dispersion coefficient

cm s

Dm

D iffusivity o f solute in the mobile phase

m ^s''

Dpi

Effective diffusivity o f com ponent i

m^s'^

d

M ean particle diameter

m

dm

M olecular diam eter o f the eluate

m

d p o re

Pore diam eter o f the particles

m

d th ick n ess

Effective film thickness o f the stationary phase

m

E

Energy dissipation rate

cm^s'^

2

-1

Enzym e fractional solubilities
Size exclusion factor
F

M obile phase flow rate

m lm in'
m^s’ '

F,ex

Size exclusion factor for com ponent i

H

Height equivalent to one theoretical plate

i

z-th interval

K

Equilibrium constant

k

R etention factor

k

Film mass transfer coefficient
Boltzm an constant = 1.3805 x 10

m

ms
-1 6

gcm^s'^K"'
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Nomenclature

-1

kj

Film mass transfer coefficient o f com ponent i

ms

L

Length o f the column

m

M

M ass o f solute introduced into the column

mg

Mo

Total am ount o f product com ponent in the sample load

mg

Ma , M b

A m ount o f im purity A or B

mg

Mf

M ass flux o f solute from the bulk solution to the external

mgcm'^s'^

surface o f the particle
Mm

A m ount o f material

mg

Mp

A m ount o f product

mg

Ms

Total load o f the sample

mg

Mr

Total am ount o f material

mg

MW, Mw

M olecular w eight o f the protein

Da

N

N um ber o f theoretical plates

Ac

N um ber o f interior collocation points for orthogonal
collocation method
N um ber o f com ponents

Ne

N um ber o f quadratic elem ents for finite elem ent m ethod

riM

N um ber o f m olecules o f the solute in m obile phase

mol

ns

N um ber o f m olecules o f the solute in stationary phase

mol

P/, P 2

Total background protein fractional solubilities

P ei

Peclet num ber

PF

Purification factor

Ps

Pressure o f the system

bar

Q

V olum etric m obile phase flow rate

m lm in '%
m^s"'

R

Radial coordinate o f particle

Re

Reynolds num ber

ReSc

Reduced velocity

r

D im ensionless radial coordinate o f particle

Rp

Particle radius

Rs

Resolution

rs

Stokes radius o f the particle

.S’

Laplace transform variable

m

m

m
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Nomenclature

Sc

Schmidt num ber

S'/?

Sherwood num ber

T

Tem perature o f the system

K

t

Time

s

U nj

Time duration for a rectangular pulse o f the sample

s

f/77

Arithm etic m ean time

s

to

Retention time for a non-retained com ponent

s

tR

Retention time

s

U

Interstitial velocity

m s'

Vm

Volum e o f the m obile phase in the column

ml, m

Vo

Total volum e o f m obile phase w ithin the colum n

L, m"

V

Retention Volum e

ml

Vs

Volume o f the stationary phase in the column

ml, m'^

Wh

Peak w idth at the base o f the peak

s, ml

Wh

Peak w idth at h alf height o f the peak

s, ml

Wi

Peak w idth at inflection point

s, ml

X

Fractional o f material eluted

Y

Fractional o f product eluted

Z

Axial coordinate

z

Dim ensionless axial coordinate

r

-3

m
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Nomenclature

Greek Symbols

a

Selectivity

(X

M atrix/bed com pressibility

p

Phase ratio

^

Interstitial void fraction

So

Initial void fraction o f an unstressed bed

Sjj

Bed void volum e fraction

Sp

Particle porosity

Sp^

Accessible particle for com ponent i

fj

Dim ensionless group defined in Equation (6.19)

Y

Tortuosity factor or obstruction factor

X

Ratio o f the m olecular diam eter o f the eluate {dn) to the pore
diam eter o f the particles {dpor^
Viscosity o f the flow

Pas

P

Density o f the flow

kgm'^

Q-

Standard deviation

s, ml

c/

Variance

s^, m P

T

D im ensionless time

Tjmp

D im ensionless tim e duration for a rectangular pulse o f the

A

-

sample
Tinf

D im ensionless time interval

T„jax

M axim um dim ensionless time for elution

Tfor

Particle tortuosity factor

Subscript/Superscript

i

Com ponent i

i

z-th interval

m ax

M axim um

m in

M inim um
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APPENDIX A1

MATLAB Program Listing for Size Exclusion Chromatography
Model

(Chapter 4) and Fractionation Diagram Approach

SOLUTION OF THE GEL FILTRATION MODEL BY NUMERICAL INVERSIO OF THE
SOLUTION IN THE LAPLACE DOMAIN UTILISING FAST FOURIER ALGORIHM
clc
disp

% Clear Screen
SIZE EXCLUSION CHROMATOGRAPHY’

SYSTEM PARAMETERS

z=4 9.3;
R= 4 4 e-4 ;
MW=[I3700 45000 156000];
rs=[1.83 2.93 5.35];
Tc=2 0;
C I = I .5;
C2=3.0;
03=1.5;
Frate=0.3 ;
E=0.3316;

%
%
%
%
%
%
%
%
%
%

Column length (cm)
Matrix particles radius (cm)
Molecular weight
Stokes' radius (nm)
Column temperature (degree celcius)
Concentration for component1 (mg/ml)
Concentration for component2 (mg/ml)
Concentration for components (mg/ml)
Mobile phase flow rate (ml/min)
Bed Void fraction for Sepharose 6B

% PARAMETER ESTIMATION & FAST FOURIER TRANSFORM ALGORITHM

% cparamte IS THE SUBROUTINE TO CALCULATE THE PROCESS PARAMETERS
% chros IS THE SUBROUTINE FOR THE FAST FOURIER ALGORITHM
Co=[CI 02 C 3 ] ;
Tr= [] ;
P= [ ] ;

for i i = I :3
[Ep,De,DL,kf,Dm,u]=cparamte(MW(ii),To, Frate,R,z,rs(ii),E ) ;
[c, t, tR, DT] =chros (u, Co (ii) ,Ep, DL, De, kf,E, R, z) ;
P(ii, :)=real (c)/
end
% Figure I IS THE INDIVIDUAL CONCENTRATION PROFILE
figu r e (I )
plot(t,P (1, :), 'r : ',t , P (2, :), 'r',t , P (3, :), 'r : ')
a x i s ([0 60000 0 0.004])
hold on
% Figure 2 IS THE CHROMATOGRAM
figu r e (2)
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plot (t, sum(P), 'r ')
a x i s ( [0 60000 0 0.004]
hold on
% TRUNCATION STEP
%P=P(:,230:390);
% t = t (230:390);
P=P(:,70:130);
t = t (70:130);
%P=P (:, 40:80) ;
%t=t (40:80);

% Figure 3 IS THE CHROMATOGRAM AFTER TRUNCATION
f igu r e (3)
plot (t, sum(P), 'r')
a x i s ([0 60000 0 0.004])
hold on
% SAVING THE CHROMATOGRAM
chro=[t' (s u m (P ) )'];
fid=fopen('chrom','w ');
fprintf(fid, '%6.8f %6.8f \ n ',c h r o ');
fclose(fid);
% SAVING THE INDIVIDUAL PEAK
P l - P (1,:
P 2 = P (2,:
P 3 = P (3,:
o n e = [t ' P I '];
fid=fopen('overlap1 , ' W ) ;
fprintf(fid, '% 6.8f % 6.8 f \ n ',o n e '
fcl o s e (fid);
t w o = [t ' P 2 '];
fid=fopen('overlap2 , ' W ) ;
fprintf(fid, '%6.8f % 6.8 f \ n ',t w o ');
fclose(fid);
t h r e e = [t ' P 3 '];
fid=fopen('overlap3
6.8 f \ n ', t h r e e '
fprintf(fid, '% 6.8f
fclose(fid);

% GENERATION OF FRACTIONATION DIAGRAM

[p,q]=size(P);
F a b = [];
Prt= [];
F a b l = [];
Prtl= [];
Fabsu m = [];
Prtsu m = [];
Ab= [];
P R O = [];
AB= [] ;
P r o t = [];
tt= [] ;
for iii=l:q-l
Fab=P (2, :);
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Fabl(iii)= ( (Fab(iii)+Fab(iii+1))/2)*DT*Frate;
Prt=sum(P);
Prtl(iii)= ( (Prt(iii)+Prt(iii+1))/2)*DT*Frate;
Fabsum=sum(F a b l (1 :iii));
Prtsum=sum(P r t l (1 :i i i ));
tm=(t(iii)+t(iii+1))/2;
Ab=[Ab Fabsum];
PRO=[PRO Prtsum];
tt= [tt t m ] ;
end
AB=Ab/Ab(q-1);
Prot-PRO/PRO(q-1);
% Figure 4 IS THE FRACTIONATION DIAGRAM
f ig u r e (4)
p l o t (Prot,A B , 'r x ')
axis ( [0 1 0 1])
hold on
% SAVING THE FRCATIONATION DIAGRAM
f d = [P r o t ' AB'];
fid=fopen('f r a c ','w ');
fprintf(fid, '%6.8f %6.8f \ n ',f d ');
fclose(fid);

GENERATION OF PURIFICATION FACTOR-YIELD DIAGRAM

[r,s]=size(AB);
Abdi f=[];
p r o d i f = [];
A b d = [];
gradient=[];
g r a d = [];
t t t = [];
for i v = I :s-1
for a=iv+l:s
if Prot(a)>Prot(iv)
if AB(a)>AB(iv)
Abdif=AB(a)-AB(iv);
prodif=Prot(a)-Prot(iv);
Abd=[Abd A bdif];
gradient^Abdif/prodif;
grad=[grad gradient];
ta=tt(a);
t i v = t t (iv);
ttt=[ttt [tt(iv) tt(a)]'];
end;
end;
end;
end;
f igu r e (5)
plot(Abd,grad,'rx')

% GENERATION OF MAXIMUM PURIFICATION FACTOR-YIELD DIAGRAM

[c,b]=size(grad);
X= [] ;
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Y= [ ] ;

x x = [];
y y = []/
t l a = [];
x^O.OOl;
while x < = l .001
y=l;
for vi=l:b
if Abd(vi)>x
if grad(vi)>y
y=grad(vi);
z=Abd(vi);
t l = t t t (:,v i );
end;
end;
end;
if XX ~= z
if yy ~= y
xx=z;

yy=y;
Y=[Y y y ] ;
X=[X x x ] ;
tla=[tla t l ] ;
end;
end;
x= x + 0 .001;
end;
% Figure 5 IS A GRAPH OF MAX. PF AGAINST YIELD
f igu r e (6)
plot(X+100,Y,'rx')
set(gca,'XTickMode','manual','YTickMode','manual')
set(gca,'X T i c k ', [0:20:100])
set(gca,'Y T i c k ', [1:0.2:2.0])
a x i s ([0 100 1 2])
%hold on
% SAVING DIFFERENT VALUES OF YIELD & PF
AA=[X' Y'];
fid=fopen('p f ','w ');
fprintf(fid, '%6.6f %6.6f\n',AA');
f clo s e (fid);
% SAVING TWO CUT POINTS WITH RESPECT TO DIFFERENT YIELD/PF
fid=fopen('tt','w ');
fprintf(fid, '%6.6f % 6 .6f\n',tla);
fcl o s e (fid);

Program Listing - Subroutine : Cparamte
% THIS SUBROUTINE IS USED TO CALCULATE THE PARAMETERS FOR SIMULATION
function

[Ep,De,DL,kf,Dm,u]=cparamte(MW,To,Frate, R, z,rs,E)

T=Tc+27 3.0;
rou=l.0041e3;
mu=1.118;
cf=0.06;
kB=l.3805e-16;

% ABSOLUTE TEMPERATURE (K)
% DENSITY OF FLUID (kg/m3)
% VISCOSITY (mPas)
% POLYMER CONCENTRATION IN PARTI C L E (g/cm3 )
% BOLTZMAN CONSTANT (gcm2/s2K)

% CORRELATIONS BETWEEN Ep AND MW FOR SEPHAROSE 6B-CL
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% MWd=[20000 30000 40000 50000 60000 100000 200000 300000 400000]';
% MWl=loglO(MWd);
% Epd=[0.72 0.67 0.635 0.605 0.58 0.53 0.44 0.40 0.37]’;
% CORRELATIONS BETWEEN Ep AND MW FOR SEPHAROSE 6B
MWd=[20000 30000 40000 50000 60000 100000 200000 300000 400000]';
MWl=loglO(MWd);
Epd=[0.77 0.735 0.705 0.69 0.675 0.625 0.555 0.52 0.48]';
% pi CONTAINS THE GRADIENT AND Y-INTERCEPT OF THE LINE
[pi,S]=polyfit(MWl,Epd,1);
Ep=pl(l)*loglO(MW)+pl(2)
% PARTICLE POROSITY
% Dm=SOLUTE DIFFUSIVITY IN UNBOUNDED SOLUTION
D m = l .Oe9*kB*T/(6.0*pi*mu*rs)

(cm2/s)

%EFFECTIVE INTRAPARTICLE DIFFUSIVITY OF SOLUTE (cm2/s)
De=Dm*exp(-0.1307*(MW^(1/3)+12.45)* c f " (1.0/2.0))
ID=1.6;
Area=pi*(ID/2.0)^2;
u=Frate/(Area*E*60.0)

% INTERNAL DIAMETER OF COLUMN(cm)
% CROSS SECTIONAL A R E A (cm2)
% MEAN INTERSTITIAL VELOCITY (cm/s)

% COLUMN: I D = 1 .6cm, CROSS-SECTIONAL AREA=2.0cm2
%u=Frate/(2.0*E*60.0)
% MEAN INTERSTITIAL VELOCITY

(cm/s)

dp=2.0*R;
% MATRIX PARTICLE DIAMETER(cm)
R e = 0 .l*dp*u*E*rou/mu
% REYNOLDS NUMBER
Sc=10.0*mu/(rou*Dm)
% SCHMIDT NUMBER
ReSc=Re*Sc
% REDUCED VELOCITY
CDo=24.0/Re;
% DRAG COEFFICIENT
E E = 2 5 .0*(1-E)*E^2*CDo*u^3/R;
% ENERGY DISSIPATION RATE/MASS
FLUID(cm2/S)

OF

% SHERWOOD NUMBER
Sh=2.0 + 0.51* (EET(1/3.0)*dp^(4.0/3.0)* (rou/1000.0) / (mu/100.0) )^0. 6*Sc
"(1/3.0)
kf=Sh*Dm/dp
% MASS TRANSFER COEFFICIENT
(cm/s)
% HEJTMANEK'S MODEL: CONSTANT=0.863
PeL=0.8 6 3 * (Re*Sc/E)"(-0.078)
% DISPERSION PECLET NUMBER
DL=dp*u/PeL
% AXIAL DISPERSION COEFFICIENT

(cm2/s)

Program Listing - Subroutine : chros
% THIS SUBROUTINE IS USED TO EXECUTE THE FAST FOURIER TRANSFORM
% ALGORITHM
function

[c,t,tR,DT]=chros(u,Co,Ep,DL,De,kf,E, R,z)

m=E/(l-E);
T=4 0000;
N=512;
DT=2*T/N;
Dw=pi/T;
U=u/(2*DL);
C=[]
x=[]

% VOLUME RATIO
% HALF PERIOD (s)
% NO. OF TIME STEP
% TIME INTERVAL
% FREQUENCY STEP

y=[]
% A CONSTANT ALONG WHICH THE LINE INTEGRATION IS CARRIED OUT. FOR
% THIS PARTICULAR CASE a SHOULD BE 0.0, BUT THIS WILL RESULTS IN AN
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% ERROR IN THE CALCULATION DUE TO THE APPEARANCE OF AN INFINITE
% NUMBER (DIVISION BY ZERO), THEREFORE 'a' SHOULD BE MADE AS SMALL
% AS POSSIBLE
a=0.000000000001;
% EVALUATION OF THE REAL & IMAGINARY PARTS OF THE TRANSFORMED
% FUNCTION
for k = 0 :1 :N/2
l=k+l;
w (1)=k*pi/T;
s=a+j *w(l) ;
RT=sqrt(Ep*s/De) ;
RTR=RT*R;
alp=(RT^cosh(RTR)- (1/R)*sinh(RTR)) / (RT*cosh(RTR)+ (kf/De1/R)*sinh(RTR));
C (1) =Co*exp ( (U-sqrt (U'^2 + s/DL+ (3*kf*alp) / (m*DL*R) ) )*z) ;
X (1)=real(C (1));
y (1)= i m a g ( C (1));
X(N-1+2)= x (1);
y (N-1+2)=-y(1);
end
y (N/2+l)=0.0;
for k = 0 :1 :N-1
l=k+l;
w (1)=k*pi/T;
CC(l)=x(l)+y(l)*j;
t (1)=k*DT;
end
CF=conj (CC);
%FAST FOURIER TRANSFORM ALGORITHM
cf=fft(CF);
f=conj (cf);
for 1=0 :I :N-I
n=i+l;
c (n) = (exp(a*i*DT)/(2*T))*f(n);
end
% c(n) CONTAINS THE CONCENTRATION VARYING WITH TIME
[mval,i n d ] = m a x (c ) ;
%c=c/max(c);
tR=t(ind);
% RETENTION TIME
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EXPERIMENTAL DATA FOR CHAPTER 5

This appendix presents the raw experimental data for the case study discussed in
Section

5.4

(Purification

of

Recombinant

Protein

by

Size

Exclusion

Chromatography). Data for Batch 1 product has been tabulated in Table 5.3, the
following are the data for Batch 2 to 5 materials.

% Area under curve of A280nm chromatogram
Fraction

Impurity 1

Impurity 2

Impurity 3

Product

Total Protein (mg/ml)

1

30.1

0

28.6

34.7

0 06

2

II. 4

0

8.0

806

0.20

3

2.5

0

2.1

95^

0.75

4

0.8

0

0.7

98 6

1.90

5

0

0

0.3

9 9J

3TI6

6

0

0

0

100

3TI6

7

0

0

0

100

E65

8

0

0

0

9&8

0.42

9

0

0.7

0

9Z9

0.09

10

0

7.7

0

8E8

0.04

Table A2.1; Chromatographic data of gel permeation purification of
recombinant protein for Batch 2 material.
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% Area under curve of A280nm chromatogram
Fraction

Impurity 1

Impurity 2

Impurity 3

Product

Total Protein (mg/ml)

1

26^

0

14.6

5 5^

0.14

2

9.3

0

4.4

86A

0.47

3

3.3

0

1.5

952

1.75

4

1.1

0

0.6

98J

2.50

5

0

0

0.5

9&5

329

6

0

0

0

100

4.03

7

0

0

0

100

224

8

0

0

0

99J

1.13

9

0

0.9

0

95^

027

10

0

3.7

0

8A9

0

Table A2.2; Chromatographic data of gel permeation purification of
recombinant protein for Batch 3 material.

% Area under curve of A280nm chromatogram
Fraction

Impurity 1

Impurity 2

Impurity 3

Product

Total Protein (mg/ml)

1

302

0

282

360

023

n

13.2

0

11

752

0.15

3

4.8

0

3

922

0.52

4

2.6

0

1.2

962

1.26

5

1.6

0

0.6

922

2.22

6

0.9

0

0.3

982

228

7

0

0

0

100

222

8

0

0

0

100

1.94

9

0

0

0

992

023

10

0

1.1

0

9T4

0.18

11

0

5.7

0

84.1

027

12

0

13

0

5 4^

022

Table A2.3: Chromatographic data of gel permeation purification of
recombinant protein for Batch 4 material.

280

A p p e n d ix A 2 : E x p e rim e n ta l D a ta fo r C h a p te r 5

% Area under curve of A280nm chromatogram
Fraction

Impurity 1

Impurity 2

Impurity 3

Product

Total Protein (mg/ml)

1

29^

0

24T

41.4

0.04

2

10.4

0

7.3

818

0.21

3

3.5

0

1.9

94^

0J6

4

1.2

0

0.7

98.1

1.61

5

0.6

0

0.3

99.1

2.9

6

0

0

0

100

139

7

0

0

0

100

2.66

8

0

0

0

100

1.29

9

0

0

0

99^

0J4

10

0

3

0

9 T5

0T16

11

0

13.1

0

71.3

OTC

Table A2.4: Chromatographic data of gel permeation purification of
recombinant protein for Batch 5 material.
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WORKING EXAMPLE FOR CHAPTER 5

This appendix shows a working example to confirm the mass balance data that
predicted from the fractionation diagram approach conserve with those obtained
from the raw data. This is for the industrial case study discussed in Section 5.4.2
where recombinant protein is purified by using a size exclusion chromatography.
Host cell proteins are the only impurities found in the product. The example shown
is for the Batch I fermentation material.

Figure A 3 .1, a replicate of Figure 5 .11 (a), shows the chromatographic elution profile
of the recombinant protein product and the other three host-cell-protein contaminants
obtained from the chromatographic separation. Based on the cutting points
information tabulated in Table 5.4, if the product of choice is that the fraction
corresponds to the product yield of 90%, i.e. the contamination index obtained was
0.00255 mg impurity/mg product. And the cutting points determined are 567ml and
2000ml. The mass calculated is based on the area under the curve. It is Just a rough
approximation based upon calculating the area. A more advanced numerical
technique could be used in future for a higher degree of accuracy.

2 .5
0.012
0.01
0.008

o

-1.5

0.006
0.00-4

c=
«x>

cu t 2

cu t 1

o

0.5

0.002

CD
C J>

o
o

500

1000

1500

2000

C J>

2500

ilu tio n V o l u m e (ml)

Figure A3.1 : Calculation of area under the curve for product component.
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From Figure A3.1,
Amount of product collected = area under the curve between 2 cutting points
= area A + area B + area C
= 0.5(1 l 2 5 - 5 6 7 ) + ix 2 . 2 ( l8 7 5 - ll 2 5 )

+ i [(l 125 - 567)+ (l 125 - 1 000)X2.15 - 0.5)
= 279.0 + 825.0 + 563.5
= 1667.5 mg

From Figure A3.2:
Amount of impurity 1collected = area D
= A o .0 1 lx ( l0 5 0 - 5 6 7 )
= 2.7 mg

2 .5
0.012
0.01

<_>
o

■ a

0.008
0.006

«

0.004

0.5

0.002

co_>

<o_>

O
500

1OOO

1500

2000

2500

i lu tio n V o l u m e (ml)

Figure A3.2: Calculation of area under the curve for Impurity 1.

Between the two cutting points,
Amount of impurity 2 = 0 mg

From Figure A3.3,
Amount of impurity 3 collected = area E + area F
=E
+

(0.008 - 0.0065 X750 - 567 )

-

X

0.0065[(l 250 - 567) + (1050 - 567 )]

= 0.14 + 3.79

= 3.9 mg
2X3
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2 .5
0.012
CD

0.01
0.008

<=>
co

1 .5

0.006
0.004

0 .5

0.002

O

■m500

1000

1500

2000

2500

E l u t i o n V o l u m e (ml)

Figure A3.3: Calculation of area under the curve for Impurity 3.

The total amount of product in feed for Batch 1 (Table 5.3) = 1838.9mg

Product Yield =

= 90.7%

(agrees well with prediction from Cl plot, 90%)

Refer to Table 5.4, contamination index = 0.00255 mg impurity/mg product

Purity =

+ (100255

X100 = 99.7%

Based on the amount of materials calculated above,
Purity =

I66T5
1667.5 + 2.7 + 0 + 3.9

= 99.6 %

xl OO

(agrees well with prediction from Cl plot, 99.7%)
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APPENDIX A5
STEP-BY-STEP APPLICATION RECIPE OF
FRACTIONATION DIAGRAM APPROACH

This appendix summarises the application of the fractionation diagram approach and
provides a step-by-step guide to the approach showing application to simulation or
experimental

chromatographic

mass balance data.

Section

A5.1

details the

construction of the fractionation diagram and resultant diagrams for product
purification system while A5.2 presents the generation of modified fractionation
diagram and resultant diagrams for contaminant removal system. [For a detailed
explanation of each step please refer to Chapter 3.J

A5.1 FD Approach for Product Purification System

STEP 1: Chromatogram
iV

• Chromatogram

shows the

concentration

profiles of different components in the
elution part of the process;
• Chromatograms may
simulation

be

the output

or assay results

from

of
an

exnerimental run.

STEP 2: Analysis o f fractions

For

the

fractionate

simulated
the

profile

chromatogram,
into

N

equal

elements;
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•

For experimental chromatogram, N equals to the total number of fractions
collected;

•

Calculate the amount of product {Mp) and total materials {Mp) in each
assayed fraction or fractionated element according to Equations (3.4) and
(3.5);

•

With the known values of total amount of materials ( Ms ) and product ( M q ) in
the initial sample load, calculate the axes of fractionation diagram, X and Y,
where:

I " .,
7 = 1 _________

(/V5.1)

N

Y =

:|

(A5.2)

M

STEP 3: Construction o f fractionation diagram

•

Calculate yield and purification factor between
any two points 1 and 2:

(/15.3)

Yield

PF =

y2-y.

(A5.4)

If an inadequate number of data points are available or the data points are not
closely spread, curve fitting is necessary before calculating the yield and
purification factor. This can done by using cubic-spline or other piecewisepolynomial curve fitting function in MATLAB;
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STEP 4: Purification factor versus yield diagram

Of all the possible purification

Ï
X

PE

X

X

11
V

•

i
1 ^

X

X

X

X 1

X

\

X

factors for a product yield, only

PF m a x
boundary

the maximum value is stored. This

\

1 ' ' '
1
X X X

can be achieved by the application
\

w

0

100

Yield

of a sorting-type algorithm.

J

Repeat STEP 1 for different set of operating conditions to be investigated.

S TEP 5: Maximum purification factor versus yield diagrams

max

Determine the combination of desired

PF

yield and maximum PF that fulfils the
process requirement.
Yield

STEP 6: Retrieval o f cutting information stored

Based on the selected yield/PFmax, the
combination

of

cutting

points

on

slope=PF

fractionation

curve

stored

during

simulation is retrieved.

288

Appendix A5: Step-by-step Application Recipe of FD Approach

STEP 7: Determination o f cutting times

Determination of sample collection
times to achieve the specified product
requirement is then made by simple
look-up table referencing the FD data
back to the original chromatogram.

A5.2 FD Approach for Contaminant Removal System

STEP I: Chromatogram
Chromatogram

shows

the

concentration

profiles of different components in the
elution part of the process;
Chromatograms

may

be the

output

of

simulation

assay

results

from

an

or

exnerimental run.

STEP 2: Analysis o f fractions
For

the

fractionate

simulated
the

profile

chromatogram,
into

N

equal

elements;
For experimental chromatogram, N equals
to the total number of fractions collected;
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Calculate the amount of product ( Mp ) and impurity (M/) in each assayed
fraction or fractionated element according to Equations (3.4);
With the known values of total amount of product

{M q)

and impurity

(Mjj)

in

the initial sample load, calculate the axes of modified fractionation diagram,
and y , where:

M

Y =

(A5.6)

M

STEP 3: Construction o f modified fractionation diagram
•

Calculate yield and contamination
index between any two points 1 and
2:

Yield

(A5.7)

(A5.8)

If an inadequate number of data points are available or the data points are not
closely spread, curve fitting is necessary before calculating the yield and
purification factor. This can done by using cubic-spline or other piecewisepolynomial curve fitting function in MATLAB;
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STEP 4: Contamination index versus yield diagram
iL
•

Of all the possible contamination
indexes for a product yield, only

C l

the minimum value is stored. This
can be achieved by the application

CImin Boundary

of a sorting-type algorithm.

100

Yield

Repeat S T E P 1 for different set of operating conditions to be investigated.

S TEP 5: Minimum contamination index versus yield diagrams

min
Cl

•

Determine the combination of desired
yield and minimum Cl that fulfils the
product requirement.

Yield

STEP 6: Retrieval o f cutting information stored

Based on the selected yield/CImin, the
combination
fractionation

of

cutting

curve

points

stored

on

during

simulation is retrieved.

0

X,

X?

1
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S TEP 7: Determination o f cutting times

Determination of sample collection
times to achieve the specified product
requirement is then made by simple
look-up table referencing the modified
FD

data

back

to

the

original

chromatogram.
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