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1.1 Chromatography, Development, and Future Trends

Ink dripping on a blotting paper thrills children when they realize the rainbow of
colors spreading out. It is chromatography, an effect first coined by Tswett (1906)
in 1903 for the isolation of chlorophyll constituents. Now, more than a hun-
dred years later, children still enjoy chromatographic effects. Chromatography
has developed into an important method for chemical analysis and production
of high purity product in micro- and macroscale, and today pharmaceuticals are
unthinkable without chromatography.

Liquid chromatography (LC) was first applied as a purification tool and has
therefore been used as a preparative method. It is the only technique that enables
to separate and identify both femtomoles of compounds out of complex matrices
in life sciences and allows the purification and isolation of synthetic industrial
products in the ton range. Figure 1.1 characterizes the development of chro-
matography and its future trends.

In the 1960s, analytical high-performance liquid chromatography (HPLC)
emerged when stationary phases of high selectivity became available. At the
same time, an essential technology push for preparative chromatography was
created by the search of engineers for more effective purification technologies.
The principle to enhance mass transfer by countercurrent flow in combina-
tion with high selectivity of HPLC significantly increased the performance of
preparative chromatography in terms of productivity, eluent consumption, yield,
and concentration. The first process of this kind was the simulated moving bed
(SMB) chromatography for large-scale separation in the petrochemical area and
in food processing (Broughton and Gerhold 1961).

These improvements were closely coupled to the development of adsorbents
of high selectivity. In the 1980s, highly selective adsorbents were developed for
the resolution of racemates into their enantiomers. The availability of enantios-
elective packing in bulk quantities enabled the production of pure enantiomers
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Figure 1.1 Development of chromatography. Source: Unger et al. (2010). Reproduced and
modified with permission of John Wiley and Sons.

by the SMB technology in the multi-ton range. Productivities larger than 10 kg
of pure product per kilogram of packing per day were achieved in the following
years.

In the 1990s, the SMB process concept was adapted and downsized for the
production of pharmaceuticals. The development of new processes was neces-
sarily accompanied by theoretical modeling and process simulation, which are a
prerequisite for better understanding of transport phenomena and process opti-
mization.

While preparative as well as analytical LC were heavily relying on equipment
and engineering and on the physical aspects of their tools for advancement in
their fields, the bioseparation domain was built around a different key aspect,
namely, selective materials that allowed the processing of biopolymers, for
example, recombinant proteins under nondegrading conditions, thus maintain-
ing bioactivity. Much less focus in this area was on process engineering aspects,
leading to the interesting phenomenon, that large-scale production concepts for
proteins were designed around the mechanical instability of soft gels (Janson
and Jönsson 2010).

The separation of proteins and other biopolymers has some distinctly different
features compared with the separation of low molecular weight (MW) molecules
from synthetic routes or from natural sources. Biopolymers have an MW rang-
ing from several thousand to several million. They are charged and characterized
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by their isoelectric point. More importantly, they have a dynamic tertiary struc-
ture that can undergo conformational changes. These changes can influence or
even destroy the bioactivity in the case of a protein denaturation. Biopolymers are
separated in aqueous buffered eluents under conditions that maintain their bioac-
tivity. Moreover, these large molecules exhibit approximately 100 times lower dif-
fusion coefficients and consequently slower mass transfer than small molecules
(Unger et al. 2010). Due to these conditions, processes for biochromatography
differ substantially from the separation of low molecular weight molecules. For
instance, process pressure, which is in many cases much lower for bioprocesses
than for HPLC, requires a different plant design. Selectivity makes another dif-
ference; due to the very different retention times of biosolutes, an effective sepa-
ration is only possible with solvent gradients.

Since the 1990s modeling and simulation tools for chromatographic separa-
tions of fine chemicals have developed considerably and are meanwhile well
established, stimulating the efficiency of practical processes, while biosepara-
tions were mainly based on empirical knowledge because of the complex nature
of biomolecules. In the past regulation policies of FDA and other authorities
focused on certified process schemes and process conditions as well as quality
control by measuring the composition of intermediates and final products in
order to guarantee drug safety. This resulted in overregulation and threatened
to lead drug production into a dead end. Therefore, FDA started the process
analysis technology (PAT) initiative in the 2000s and stated, “The goal of PAT is
to enhance understanding and control of the manufacturing process, which is
consistent with our current drug quality system: quality cannot be tested into
products; it should be built-in or should be by design” (FDA 2004). PAT implies
a paradigm change in pharmaceutical industries and created a momentum for
better understanding of processes and products. Meanwhile it is extended by
quality by design (QbD), which in summary aims at: “a systematic approach to
development that begins with predefined objectives and emphasizes product
and process understanding and control, based on sound science and quality risk
management” (Yu et al. 2014).

In the recent past countercurrent SMB processes have been highlights of
chromatographic separations. With a focus on increased productivity and to
make chromatographic separations more economical especially for bioproducts,
the SMB principles are becoming a source to create new and more flexible
processes with a reduced number of columns. Here the extreme case is a pro-
posal for a SMB-like process with only one column (Zobel et al. 2014). Process
control is another example for improvements. Robust processes are essential for
high-quality products. Prerequisites for all these developments are stable and
highly selective stationary phases and reliable equipment and on the other side
rigorous models and increased computer power, which enables fast and reliable
process simulations.

Peeking into the future reveals a technology trend toward the use of continuous
process operations and downstream processing for fine chemicals and especially
biopharmaceuticals. Costs and production capacities will have to be addressed,
asking for better integrated and efficient approaches. Adapting countercurrent
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solvent gradient concepts for the isolation of antibodies from complex fermenta-
tion broths will allow for more cost-effective downstream processing of biophar-
maceuticals within the next couple of years.

Preparative and large production chromatography in their current major fields
of application and scale have reached a level of maturity, which turns it from a
breakthrough technology into a commodity. Major future opportunities will be
in the field of continuous operation in the form of new SMB variants and espe-
cially in combination with other unit operations like extraction, crystallization,
precipitation, etc. Such combinations will provide new and viable opportunities
in fields like natural and renewable plant-based products, for example, in health-
care applications and other regulated industries. Work in a variety of applications
and combinations is in progress with a focus on regulated products. This, how-
ever, is outside and beyond the scope of this book.

1.2 Focus of the Book

The general objective of preparative chromatography is to isolate and purify prod-
ucts in high quality. During this process, the products have to be recovered in the
same condition that they were in before undergoing the separation. As prepara-
tive chromatographic processes have to produce the target with a desired purity
and as economical as possible, they are usually operated under overloaded (non-
linear) conditions.

In contrast to this, analytical chromatography, which is not in the core of this
book, focuses on the qualitative and quantitative determination of a compound.
Thus, the sample can be processed, handled, and modified in any way suitable to
generate the required information, including degradation, labeling, or changing
the nature of the compounds under investigation. Such processes operate gener-
ally under diluted (linear) conditions.

The book provides and develops access to chromatographic purification con-
cepts through the eyes of both engineers and chemists. This includes on one side
the fundamentals of natural science and the design of materials and functional-
ities. On the other side mathematical modeling, simulation, and plant design, as
well as joint efforts in characterizing materials, designing processes, and oper-
ating plants, are exemplified. Such a joint approach is necessary at the earliest
possible moment as interaction and cooperation between chemists and engineers
is important to achieve time and cost-effective solutions and to develop consis-
tent methods that can be scaled up to a process environment.

In comparison with the second edition published in 2012, this book is com-
pletely restructured, revised, and updated.

1.3 Suggestions on How to Read this Book

For most readers it is probably not necessary to read all chapters of this book
in sequence. For some readers the book may be a reference to answer specific
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questions depending on actual tasks; for others it may be a guide to acquire new
fields of work in research or industrial applications. The book may not provide
answers to all questions. In such situations, the reader can obtain further infor-
mation from the cited literature.

The different chapters are complementary to each other. It is recommended
to be familiar first with basic definitions explained in Chapter 2. This chapter
presents the basic principles of chromatography and defines the most important
parameters such as retention factor, selectivity, and resolution. It also explains the
main model parameters as well as different kinds of isotherm equations including
the IAS theory, the determination of pressure drop, and the effect of mass trans-
fer. Other passages are devoted to plate numbers, height of an equivalent theo-
retical plate (HETP) values as well as their determination based on first and sec-
ond moments and column overloading. The experienced reader may pass quickly
through this chapter to recall the definitions used. For beginners this chapter
is recommended in order to learn the general terminology and acquire a basic
understanding. A further goal of this chapter is the harmonization of general
chromatographic terms between engineers and chemists.

Chapter 3 gives a survey of packings and stationary phases. It explains the
structure and specifies the properties of stationary phases such as generic and
designed phases, reversed phase silicas, cross-linked organic polymers, and chi-
ral phases and gives instructions for their maintenance and regeneration. This
chapter may be used as reference for special questions and will help those looking
for an overview of attributes of different stationary phases.

Chapter 4 deals with the selection of chromatographic systems, that is, the opti-
mal combination of stationary phases and eluent or mobile phases for a given sep-
aration task. Criteria for choosing normal phase (NP), reversed phase (RP), and
chiral stationary phase (CSP) systems are explained and are completed by practi-
cal recommendations. Other topics discussed are the processing of monoclonal
antibodies and size exclusion. Finally, practical aspects of the overall optimization
of chromatographic systems are discussed.

The selection of chromatographic systems is the most critical for process pro-
ductivity and thus process economy. This step offers the biggest potential for
optimization, but, on the other hand, it is also a potential source of severe errors
in developing separation processes.

Chapter 5 gives an overview of process concepts available for preparative
chromatography. Depending on the operating mode, several features distinguish
chromatographic process concepts: batchwise or continuous feed introduction,
operation in single- or multicolumn mode, elution under isocratic or gradient
conditions, recycling of process streams, withdrawal of two or a multitude of
fractions, integration of reaction, and separation in one process step. It finishes
with guidelines for the choice of a process concept.

In Chapter 6, modeling and determination of model parameters are key
aspects. “Virtual experiments” by numerical simulations can considerably
reduce the time and amount of sample needed for process analysis and opti-
mization. To reach this aim, accurate models and precise model parameters
for chromatographic columns are needed. Validated models can be used
predictively for optimal plant design. Other possible fields of application for
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process simulation include process understanding for research purposes as well
as training of personnel. This includes the discussion of different models for the
column and plant peripherals.

Chapter 7 is devoted to the consistent determination of the model parameters,
especially those for equilibrium isotherms. Methods of different complexity and
experimental effort are presented, which allow a variation of the desired accuracy
on the one hand and the time needed on the other hand. The chapter ends with a
selection of different examples showing that an appropriate model combined with
consistent parameters can simulate experimental data within high accuracy.

Chapter 8 focuses on process design and optimization and starts with basic
principles and continues with single-column processes. Design and scaling pro-
cedures for batch as well as recycle processes are described, and a step-by-step
optimization procedure is exemplified. In the case of isocratic and gradient SMB
processes, rigorous process simulations combined with shortcut calculations
based on the true moving bed process (TMB) model are useful tools for process
optimization, which is illustrated by different examples. Further sections discuss
the improvements of SMB chromatography by variable operating conditions
as given by Varicol, PowerFeed, or Modicon processes and gradient operation.
Comments on multicolumn systems for bioseparation are completing this
chapter.

Chapter 9 starts with an introduction to standard process control and presents
scientific results on theoretical online optimization of batch chromatography
and model-based advanced control of SMB processes, which are compared with
experimental results. Further aspects are adaptive parameter estimation and
cycle control as well as control of coupled SMB processes.

Chapter 10 focuses on practical aspects concerning equipment and operation
of chromatographic plants for the production and purification of fine chemi-
cals and small pharmaceutical molecules as well as proteins and comparable
biomolecules. It starts with chromatographic columns followed by chromatog-
raphy systems, that is, all equipment required for production. This includes
high-performance as well as low-pressure batch systems as well as continuous
SMB systems, supplemented by remarks on auxiliary equipment. Further topics
are detailed procedures for different methods of column packing. The section on
troubleshooting might be an interesting source for practitioners. Especially for
the manufacturing of biotherapeutics, special disposable technologies such as
prepacked columns and single-use membrane chromatography are exemplified.
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