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Introduction to the book

The basic objective of this chapter is to describe the organ-
ization of this book vis-a-vis separations from a chemical
engineering perspective. Separation, sometimes identified
as concentration, enrichment or purification, is employed
widely in large industrial-scale as well as small laboratory-
scale processes. Here we refer primarily to physical separ-
ation methods. However, chemical reactions, especially
reversible ones, can enhance separation and have there-
fore received significant attention in this book. Further, we
have considered not only separation of mixtures of mol-
ecules, but also mixtures of particles and macromolecules.

The number of different separation processes, methods
and techniques is very large. Further new techniques or
variations of older techniques keep appearing in industries,
old and new. The potential for the emergence of new tech-
niques is very high. Therefore, the approach taken in this
book is focused on understanding the basic concepts of
separation. Such an approach is expected not only to help
develop a better understanding of common separation pro-
cesses, but also to lay the foundation for deciphering
emerging separation processes/techniques. The level of
treatment of an individual separation process is generally
elementary. Traditional equilibrium based separation pro-
cesses have received considerable but not overwhelming
attention. Many other emerging processes, as well as estab-
lished processes dealing with particles and external forces,
are not usually taught to chemical engineering students;
these are integral parts of this book. To facilitate the analysis
of processes over such a broad canvas, a somewhat gener-
alized structure has been provided. This includes a core set
of equations of change for species concentration, particle
population and particle trajectory. These equations are
expected to be quite useful in general; however, separation
systems are quite often very complicated, thereby limiting
the direct utilization of such equations.

Separation and purification are two core activities of
chemical engineers. The first wave of textbooks on separ-
ation/mass transfer (until the early 1980s) concentrated on

distillation, absorption and extraction, with some attention
to adsorption/ion exchange/chromatography. The second
wave expanded the treatment of adsorption/ion exchange/
chromatography and incorporated an introduction to
membrane processes. The overwhelming emphasis in
these books was on chemical separations. Simultaneously,
a series of textbooks emerged focusing on bioseparations.
In these textbooks, the treatment of particle based separ-
ations appears briefly under mechanical separations, or
under the equilibrium based process of crystallization, or
as special operations under bioseparations.

Fundamental principles that facilitate understanding of
a variety of different separations have, however, been
emerging in the literature for quite some time. It is useful
to structure the learning of separation around these basic
principles. Forces present in the separation system act on
molecules, macromolecules or particles and make them
migrate at different velocities and sometimes in different
directions. When such velocities/forces interact with the
bulk velocity of the individual phase(s)/region(s) present
in the separation system, molecular species or particles
follow different trajectories or concentrate in different
phase(s)/region(s), leading to separation. This book will
systematically develop this overall framework of a few
important configurations of bulk flow direction vis-a-vis
the direction of the force(s) for open separators. Chemical
thermodynamics provides the local boundaries/limits in
such configurations for chemical separations. The individ-
ual separation processes/techniques will then be illustrated
in each such configuration of bulk flow direction vs. force
direction in three categories of processes: phase equilib-
rium driven; external force driven; membrane processes.

These three basic categories of separation processes
rely on three different types of separation phenomena.
These different types of separation phenomena achieve
different extents of separation when coupled with particu-
lar configurations of bulk flow vs. force pattern. The
description of each process/technique generally includes
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its conventional treatment and often elementary process/
equipment design considerations.

This illustrative framework is preceded by a few chap-
ters that provide the basic tools for achieving this goal. In
earlier literature, a broad category of separation techniques
is identified as a mechanical separation process. These
techniques are invariably restricted to the separation of
particles in a fluid or drops in another fluid subjected
generally to an external force. In this book, particle separ-
ations have been studied along with chemical separations
when a particular external force is considered. Therefore
the structure of this book is somewhat different. The
following section provides a brief introduction to each
chapter in the book.

Introduction to chapters

What happens to a perfectly mixed binary mixture of two
species in a closed vessel as separation takes place is intro-
duced in Chapter 1. How one describes the extent of separ-
ation achieved in the closed vessel is illustrated via a few
common separation indices. The separation indices are
based on the notion of different species-specific regions in
the separation system, and their differing compositions and
capacities. Double subscript based notation, with the first
subscript i referring to a component and the second sub-
script j referring to a region/phase/fraction, is introduced
here. This notation has been used throughout the book as
often as possible. Use of these separation indices is illus-
trated for three basic classes of separation systems without
any particles: immiscible phases; membrane-containing
systems; and systems having the same phase throughout
the separation system. A description of separation in multi-
component systems has been included along with the
notion of a separating agent required for separation.

Chapter 2 presents the description of quantities needed
to quantify separation in open systems with flow(s) in and out
of single-entry and double-entry separators for binary, multi-
component and continuous chemical mixtures, as well as a
size-distributed particle population. Separation indices
useful for describing separation in open systems with or
without recycle or reflux are illustrated for steady state oper-
ation (Sections 2.2 and 2.3); those for a particle population
are provided in Section 2.4. At the end (Section 2.5), indices
for description of separation in time-dependent systems, e.g.
chromatography, have been introduced.

The physicochemical basis for separation is the primary
focus of Chapter 3. Separation happens via species-specific
force driven relative displacement of molecules of one
species in relation to other species into species-specific
region in the separation system. Particles of different sizes/
properties similarly undergo relative displacements. To
develop this perspective, Chapter 3 (Section 3.1) identifies
various external forces and chemical potential gradient based

force generating different migration/terminal velocities and
fluxes for chemical species and particles. Integrated flux
expressions for molecular diffusion and convection for
single-phase systems, mass-transfer coefficients and empir-
ical correlations for mass-transfer coefficients are intro-
duced. Chapter 3 (Section 3.2) further points out the role of
the spatial profile of the potential attributable to the force in
developing a multicomponent separation capability. The cri-
teria for achieving equilibrium between different phases and
regions in the separation system with or without an external
force and various types of phase equilibria are discussed in
Section 3.3. The presentation of the partitioning of a species
between two phases is at a phenomenological level. The
molecular basis of this partitioning via intermolecular inter-
actions has not been considered. This is followed by species
flux expressions in interphase transport, including mem-
brane transport (Section 3.4). The notion of an overall
mass-transfer coefficient and its relation to single-phase
mass-transfer coefficients are introduced here.

Chapter 4 provides a quantitative exposition of how
much separation is achieved at equilibrium in a closed vessel
for three broad classes of separation systems: phase equilib-
rium between two phases (Section 4.1); single phase or a
particle suspension in an external force field (Section 4.2);
two regions separated by a membrane (Section 4.3). The
phase equilibrium systems considered are: gas-liquid,
vapor-liquid, liquid-liquid, liquid-solid, interfacial adsorp-
tion systems, liquid-ion exchanger and the supercritical
fluid-solid/liquid phase. The external force fields and config-
urations studied are: centrifuges, isopycnic sedimentation,
isoelectric focusing, gravity (sedimentation, inclined set-
tlers), acoustic forces and thermal diffusion. In the case of a
membrane based system of dialysis and gas permeation if
separation is to be achieved, we come across the need for an
open system. Chapter 5 focuses on the beneficial effects of
chemical reactions in phase equilibrium and membrane
based separation systems. A few common types of reactions,
such as ionizations, acid-base reactions and different types of
complexation equilibria, are found to influence strongly the
separation achieved across the whole spectrum of separ-
ations involving molecules and macromolecules. The phase
equilibrium systems studied are: gas-liquid, vapor-liquid,
liquid-liquid, liquid-solid, surface adsorption and Donnan
equilibrium. Reaction based enhancement in the rates of
interphase transport as well as membrane transport has been
illustrated for a variety of systems.

Separation is most often implemented in open
systems/devices with bulk flow(s) in and out. The treat-
ment of separation achieved in such separators is carried
out in Chapters 6, 7 and 8. Chapter 6 begins with the
sources and the nature of bulk flow in separation systems
in a multiscale context as well as the feed introduction
mode vis-a-vis time (Section 6.1). The various equations
of change for species concentration in a mixture, the equa-
tion of motion of a particle in a fluid and the general
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Linked footprints of a separation process

equation of change for a particle population, including that
in a continuous stirred tank separator, are provided in
Section 6.2. Section 6.3 covers the separation processes/
techniques in which the direction of the bulk flow is paral-
lel to the direction of the force(s). Figure 6.3.1 illustrates
the widespread use of this flow vs. force configuration for
three basic classes of separation systems. External force
based processes of elutriation, capillary electrophoresis,
centrifugal elutriation, inertial impaction and electrostatic
separation of fine particles are introduced first. Chemical
potential gradient driven processes of flash/vaporization/
devolatilization, batch distillation, liquid-liquid extraction,
zone melting, normal freezing and drying are studied next.
The membrane based processes covered are: cake filtra-
tion/microfiltration, ultrafiltration, reverse osmosis, perva-
poration and gas permeation. In the final section (Section
6.4), Chapter 6 considers the continuous stirred tank sep-
arator (CSTS) as a special category of bulk flow vs. force
configurations; the separation processes studied are: crys-
tallization (precipitation), solvent extraction, ultrafiltration
and gas permeation.

The nature and extent of separation achieved when the
direction of flow of the feed-containing fluid phase is perpen-
dicular to the direction of the force(s) are studied in Chapter
7. This treatment illustrates the basic separation mechanism
clearly, even though the particulars vary widely, as in, for
example, free-flow electrophoresis, electrostatic precipita-
tors, electrostatic separation of plastic mixtures, laser excita-
tion of isotopes and flow cytometry (all of them driven by an
electrical force field perpendicular to the bulk flow). Figure
7.0.1 provides this broad perspective across all three classes
of separation processes: phase equilibrium driven, mem-
brane based, external force driven. This chapter begins
(Section 7.1) with the treatment of fixed-bed adsorption pro-
cesses, pressure-swing adsorption, parametric pumping and
chromatography. Crossflow membrane processes con-
sidered next (Section 7.2) are: gas permeation, reverse
osmosis, ultrafiltration, this has been
followed by granular filtration. The external force field based
processes studied in Section 7.3 involve electrical force (men-
tioned earlier), centrifugal force (centrifuges, cyclones), grav-
ity (gravity based settlers), magnetic force field (high-
gradient magnetic separation) and optical force. Field-flow
fractionation as a special case of a force perpendicular to bulk
flow interacting with the velocity profile in a novel way has
also been treated; a variety of forces may be used.

Chapter 8 deals with the configuration of bulk flows of
two phases/regions (one of which may be solid) perpen-
dicular to the direction of force(s). The directions of
motion of the two phases may be parallel to each other in
either countercurrent or cocurrent fashion, or they may be
in crossflow. Figures 8.1.1-8.1.4 illustrate the counter-
current flow vs. force configuration for all three classes of
separation systems. Conventional countercurrent devices/
processes of gas absorption/stripping, column distillation

microfiltration;

with a condenser and reboiler, solvent extraction in
columns, melt crystallization, adsorption and simulated
moving beds, dialysis and electrodialysis, liquid membrane
separation, gas permeation, gas centrifuge, thermal diffu-
sion and mass (sweep) diffusion are studied in Section 8.1.
How cocurrent flow of the two phases/flows changes the
separation achieved is considered vis-a-vis a few systems
in Section 8.2. Local multicomponent feed injection in a
crossflow format in fluid-solid systems leads to the
achievement of continuous chromatography. Overall
crossflow of two phases is exemplified by a crossflow dis-
tillation plate (Section 8.3).

Although countercurrent multistaged processes of dis-
tillation, gas absorption, solvent extraction, etc. have been
studied in some detail in Chapter 8, the subject of multi-
staging/cascades is considered briefly in Chapter 9. Ideal
cascades and constant or variable cross-sectional area are
introduced, as are cascades of multistage columns for non-
binary systems. Chapter 10 describes at an elementary
level the minimum energy required for separation by dif-
ferent separation processes. Additional topics discussed in
Chapter 10 include the consideration of various concepts
that reduce the energy required for separation, recovering
the free energy of mixing via a dialytic battery and add-
itional deliberations for treating dilute solutions in the
context of bioseparations. In many real-life applications,
sequences of different separation processes are employed
with and without reaction processes. Chapter 11 illustrates
such sequences of separation processes for bioseparations,
water treatment, chemical and petrochemical industries
and hydrometallurgical separations.

Each of these chapters provides a particular aspect/
perspective of the broad subject of separations. One is
often interested, however, in a particular separation pro-
cess/technique in all of its aspects, beginning with the
basic concept and ending with devices designed to imple-
ment the separation. Tables are therefore provided at the
end of this chapter that identify the essential and important
components located in different chapters for a given sep-
aration process. Obviously it is not possible to provide a
comprehensive treatment of every process, and a few com-
monly used separation processes have received much
more attention than others. However, the treatment of
each such commonly used separation process is at a level
illustrative of the basic principles relevant to the particular
chapter. Furthermore, the treatments are not exhaustive.
Readers interested in greater detail are encouraged to go to
major texts on such separation processes identified along
with their treatments.

Linked footprints of a separation process/technique

We provide in this section seven tables; they appear at the
end of this chapter Each table has nine columns. The first
column identifies the name of a particular separation
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process in a particular row (e.g. ‘Absorption’ in row 1 of
Table 1). The second column focuses on Chapters 1 and 2.
Six more columns are identified progressively with each of
the Chapters 3-8. The final ninth column covers the much
smaller Chapters 9-11. Each row in the tables is dedicated
to a particular separation process. The entry in a box for a
given row and a given column identifies sections in the
chapter where that particular separation process or fund-
amental material needed to understand the transport and
thermodynamics for that process has been presented. In
Chapters 1 and 2 and in Sections 3.1, 3.2, 3.3.1-3.3.6, 6.1
and 6.2, general features or fundamental relations valid for
a variety of separation processes are presented. Therefore,
entries for a given separation process under columns 2, 3 and
6, specifically Sections 3.1, 3.2, 3.3.1-3.3.6, 6.1 and 6.2, pro-
viding fundamental information on the description of separ-
ation species/particle transport, thermodynamics relations,
balance/conservation equations and equations of change,
respectively, for species/particles are not tied in general
specifically to that separation process; however, any entry
will be useful for understanding that separation process.

Table 1 covers many of the common phase equilibrium
based separation processes. The entries contain a few
separation techniques/processes which are not employed
on a large scale or illustrate important conceptual develop-
ments, e.g. cycling zone adsorption, foam fractionation,
parametric pumping. Table 2 includes membrane separ-
ation processes, where different membrane transport rates
of different species provide the selectivity in open systems.
This table also includes membrane contactor based separ-
ation processes, where the basis for separation is the parti-
tioning equilibrium between two fluid phases contacting
each other at membrane pore mouths. Tables 3 and 4
identify separation processes driven by centrifugal force
and electrical force, respectively. Table 5 is devoted to a
few processes driven by magnetic force or gravity. A few
separation processes/techniques driven by other forces,
such as acoustic force, radiation pressure, inertial force
and thermal gradient driven force, are listed in Table 6.
Table 7 is devoted to additional separation processes such
as field-flow fractionation and mass (sweep) diffusion.

It is useful now to illustrate how the descriptive treat-
ment of a particular separation process, e.g. distillation, has
been implemented in an evolutionary fashion via the differ-
ent chapters as identified in row 7 of Table 1. In Section 1.1,
Example I of Figure 1.1.2 illustrates the result of heat add-
ition to an equimolar liquid mixture of benzene-toulene: a
benzene-rich vapor phase and a toluene-rich liquid phase.
Using definitions of compositions etc. introduced in Section
1.3, separation indices such as the separation factor o
(also the equilibrium ratio K;) describe the separation
achieved in a closed vessel for the benzene-toluene system
and a methanol-water system for various liquid-phase
compositions. Section 1.5 illustrates via Example 1.5.1 and
the values of various separation indices, a;» and & the

separation achieved in the benzene-toluene system in a
closed vessel. Section 1.6 describes multicomponent mix-
tures and develops the relations between the compositions
of two phases in equilibrium, a result useful for distillation
in later chapters.

Section 2.1 introduces various quantities describing
flow rates and compositions in an open system; a sieve
plate in a distillation column is used as one example,
among others, of a double-entry separator. A flash distill-
ation stage with liquid fraction recycle illustrates recycle in
a single-entry separator (Section 2.2). Section 2.3 for
double-entry separators provides a numerical example of
benzene-toluene distillation in a countercurrent column
without a condenser or reboiler. This and other examples
provide a quantitative background on the separation
achieved in a given device without discussing the separ-
ation mechanism. The same strategy of description of sep-
aration achieved via reflux to a column is pursued in this
section to demonstrate that a higher reflux ratio leads to
higher separation. Sections 2.4.2 and 2.4.3 introduce
indices to describe continuous chemical mixtures and
multicomponent mixtures vis-a-vis flash vaporization.

The introductory Section 3.1.2.5 in Chapter 3 identifies
the negative chemical potential gradient as the driver of
targeted separation, and the relevant species flux expres-
sion is developed in Section 3.1.3.2 (see Example 3.1.9
also). Section 3.1.4 introduces molecular diffusion and
convection and basic mass-transfer coefficient based flux
expressions essential to studies of distillation and other
phase equilibrium based separation processes. Section
3.1-5.1 introduces the Maxwell-Stefan equations forming
the basis of the rate based approach of analyzing distilla-
tion column operation. After these fundamental transport
considerations (which are also valid for other phase
equilibrium based separation processes), we encounter
Section 3.3.1, where the equality of chemical potential of
a species in all phases at equilibrium is illustrated as the
thermodynamic basis for phase equilibrium (i.e. z;, = 1;)-
Direct treatment of distillation then begins in Section
3.3.7.1, where Raoult’s law is introduced. It is followed by
Section 3.4.1.1, where individual phase based mass-trans-
fer coefficients are related to an overall mass-transfer
coefficient based on either the vapor or liquid phase.

Section 4.1 via Section 4.1.2 formally illustrates vapor-
liquid equilibria vis-a-vis distillation in a closed vessel
along with bubble-point and dew-point calculations for
multicomponent systems. How vapor-liquid equilibrium
is influenced by chemical reactions in the liquid phase is
treated in Section 5.2.1.2, where two subsections, 5.2.1.2.1
and 5.2.1.2.2, deal with reactions influencing vapor-liquid
equilibria in isotopic systems. We next encounter open
systems in Chapter 6. The equations of change for any
two-phase system (e.g. a vapor-liquid system) are pro-
vided in Section 6.2.1.1 based on the pseudo-continuum
approach for the dependences of species concentrations
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on time and the main axial coordinate (i.e. z) direction.
Section 6.3.2.1 starts with the simplest of open systems, a
flash vaporizer, and illustrates isothermal flash calculations
under the constraint of phase equilibrium and bulk flow
parallel to (I[) the force direction for multicomponent
systems and continuous chemical mixtures. Batch distilla-
tion without any reflux is then studied as a particular
illustration of this flow vs. force configuration for a fixed
amount of feed liquid as well as for constant-level batch
distillation employed for solvent exchange. Residue curves
are introduced here.

Column distillation is the most common form of an
open separation system in distillation. Here the two phases
have, on an overall basis, bulk motions in parallel flow in
the countercurrent direction with the forces causing separ-
ation being perpendicular (L) to the directions of bulk
flows. The general characteristics of such a separation
system are briefly identified in Section 8.1.1, specifically
8.1.1.1-8.1.1.3. We learn the structural consequences of
this flow vs. force configuration, namely a distillation
column cannot at steady state separate a ternary mixture;
we need two columns for a ternary mixture. Further, the
particular forms of equations of change for the two phases
are obtained from the more general equations in Section
6.2.1.1 (as well as by a control volume analysis). Distillation
columns with reflux and recycle are studied in detail in
various parts of Section 8.1.3. The conventional approach
of assuming ideal equilibrium stages (the stage may have
crossflow in an overall countercurrent flow configuration)
is adopted in the McCabe-Thiele graphical framework to
study the following: operating lines in both sections of a
column, g-line, total reflux, minimum reflux, partial/total
reboiler, partial condenser, open steam introduction,
Kremser equation and side stream.

The deviation from ideal equilibrium stages is studied
next via stage efficiency in Section 8.1.3.4. Vapor-liquid
contacting on a plate/tray in a column is considered in
Section 8.1.3.5 vis-a-vis estimation of column diameter
(with reference to Section 6.3.2.1). Topics such as the rate
based approach for modeling distillation and separation of a
multicomponent mixture in a column are briefly intro-
duced, the latter via the Fenske equation, the Underwood
equation and the Gilliland correlation. Distillation in a
packed tower and in a batch vessel with reflux are studied
next. Section 8.2.1 briefly touches on distillation in a cocur-
rent two-phase flow device. Section 8.3.2 studies separation
in a crossflow distillation plate employing general equations
from Section 6.2.1.1, ultimately yielding the American Insti-
tute of Chemical Engineers (AIChE) tray efficiency expres-
sion. The total number of worked examples involving
distillation in one form or another in Chapters 1-8 is 19.
Various other aspects of distillation are considered further
in Chapters 9-11. Chapter 9 (Section 9.2) introduces briefly
the methodology for multicolumn distillation for separating
a mixture containing more than two species. Chapter 10

covers the minimum energy required for distillation, and
the concepts of net work consumption, multieffect distilla-
tion and heat pump vis-a-vis distillation. Chapter 11.3 intro-
duces very briefly the important role of distillation in the
chemical and petrochemical industries.

If the treatment of distillation in a given section of the
book needs certain building blocks, it is most likely that those
concepts/methods/building blocks have been introduced in
an earlier chapter or section of the book. Furthermore, in
whichever section distillation appears, it is studied as part of a
specific pattern followed by many other separation processes
based on phase equilibrium. Such patterns have been
emphasized often throughout particular chapters.

A few pointers on phase equilibrium based separation
processes are useful. Table 3.3.1 lists possible useful com-
binations of two bulk immiscible phases for separation
such as gas-liquid (vapor-liquid included), gas-solid,
liquid-liquid, etc. Quite a few of these combinations form
the basis of existing separation processes. In this book,
therefore, each chapter, from Section 3.3 onwards, focus-
ing on a particular aspect of the subject of separation, has
the subject of phase equilibrium driven separation pro-
cesses organized along such two immiscible phase com-
binations. However, all such combinations in practical use
do not appear in each chapter.

The treatment of membrane separation processes in this
book merits some deliberation. The most commonly used
driving force in membrane separation processes is negative
chemical potential gradient; a few processes also employ
electrical force. Figure 3.4.5 identifies the variety of feed
phase-membrane type combinations with variations due to
the nature of the permeate phase when negative chemical
potential gradient is imposed across the membrane. Section
3.4.2 illustrates the interphase membrane transport aspects
of many such configurations. The developments in later
chapters follow these feed phase-membrane type permeate
phase combinations as often as possible, subject to space
limitations. Electrodialysis as an example of an application of
electrical force appears in Sections 3.4.2 and 8.1.7. Mem-
brane contactors appear with their phase equilibrium pro-
cess counterparts in Sections 8.1.2 and 8.1.4, whereas the
basic transport considerations in such membrane devices
appear much earlier in Sections 3.4.3.1 and 3.4.3.2. A most
important item in membrane separation processes is that
such devices in the absence of external forces achieve separ-
ation when operated as an open system - Sections 4.3.1 and
4.3.3 demonstrate this feature via the processes of dialysis
and gas permeation.

The descriptive treatment of the membrane process of
reverse osmosis (RO) in the book as identified in Table 2 will
be briefly illustrated here. Section 1.1 identifies the basic
configuration of RO in Figure 1.1.3. Example 1.5.4 illustrates
calculations of separation indices describing separation in
RO shown in Figure 1.5.1. Sections 2.1 and 2.2 describe
various quantities, as well as the separation indices relevant

© in this web service Cambridge University Press

www.cambridge.org



http://www.cambridge.org/9780521895736
http://www.cambridge.org
http://www.cambridge.org

Cambridge University Press

978-0-521-89573-6 - Separation of Molecules, Macromolecules and Particles: Principles, Phenomena and Processes

Kamalesh K. Sirkar

Excerpt

More information

Introduction to the book

for RO; Example 2.2.1(c) is directly applicable to RO.
Sections 3.1.2.5, 3.1.3.2 and 3.1.5.1 provide a general trans-
port background. Section 3.1.5.2 is directly relevant to an
irreversible thermodynamics based solute and solvent
transport through RO membranes. Section 3.3.7.4 provides
a membrane-liquid equilibrium relation from an osmotic
equilibrium point of view. Section 3.4.2.1 formally intro-
duces transport rates in RO membranes and flux expres-
sions, along with issues of concentration polarization in a
feed solution. A closed vessel of Chapter 4 has very limited
relevance for RO (Section 4.3.4). Sections 5.4.1 and 5.4.1.1
describe how chemical reactions, such as ionization, in the
solutions influence separation in RO processes.

Section 6.3.3.3 studies RO in bulk flow parallel to the
force configuration and describes various membrane
transport considerations and flux expressions. Practical
RO membranes are employed in devices with bulk feed
flow perpendicular to the force configuration, as illustrated
in Section 7.2.1.2. A simplified solution for a spiral-wound
RO membrane is developed: analytical expressions for the
water flux as well as for salt rejection are obtained and
illustrated through example problem solving. A total of six
worked example problems have been provided up to
Chapter 7. Chapter 9 (Figure 9.1.5) shows a RO cascade
in a tapered configuration. Section 10.1.2 calculates the
minimum energy required in reverse osmosis based desal-
ination and compares it with that in evaporation. Section
11.2 covers the sequence of separation steps in a water
treatment process for both desalination and ultrapure
water production. The very important role played by RO
in such plants is clearly illustrated.

The evolution of separation through different chapters
due to an external force needs some discussion as well.
Whereas negative chemical potential gradient driven dis-
tillation is utilized to separate low molecular weight liquids
having different volatilities, an external force, such as elec-
trical force arising from a negative gradient of electrical
potential, can be used to separate small charged mol-
ecules, charged macromolecules, charged cells, charged
particles, etc.; the medium may be liquid or gaseous. The
canvas is large, and the variety of separation processes/
techniques driven by electrical force is significant.
Although there is considerable variety also in phase equi-
librium processes resulting from a variety of two-phase
systems, the separation systems are more often limited to
smaller molecules. Separation of proteins/macromolecules
via chromatography (Section 7.1.5.1) and biphasic/reverse
micellar extraction (Sections 4.1.4 and 4.1.8) provide
exceptions; flotation (Section 3.3.8) separates particles with
the helping hand of an external force, gravity, as does a
Venturi scrubber (Section 8.2.3) via inertial impaction.

Consider the electrophoretic motion of charged mol-
ecules/macromolecules/proteins in an aqueous solution/
buffer subjected to an electrical force. Three separation
techniques, isoelectric focusing, capillary electrophoresis

and continuous free-flow electrophoresis, exploit, among
others, electrophoretic transport under the constraints of
a closed vessel, bulk flow parallel to force and bulk flow
perpendicular to force, respectively. Correspondingly,
in Table 4, isoelectric focusing does not appear in
Chapters 6-8; capillary electrophoresis is absent from
Chapter 8. However, each such technique benefits from
relevant discussions in earlier chapters, even though
the technique itself is treated in detail in a later chapter;
therefore materials in Chapters 2 and (especially)
Chapter 3 are identified for each of the three techniques.
Capillary electrophoresis appears also in Section 7.1.7.1,
where it has been coupled with chromatography where
the bulk flow is perpendicular to the force.

Classification of separation processes

This book has not adopted a comprehensive classification
scheme for all separation processes. Readers should go to
the references, especially Figure 30 and Table 7 of Lee et al.
(1977a) and Table 1-1 of King (1980), to that end. What has
been adopted here is apparent from the titles of Tables 1-7.
Separation processes are classified into three categories
based on the three basic types of physiocochemical phe-
nomena: (1) phase equilibrium based separation pro-
cesses; (2) membrane separation processes; (3) external
force based separation processes. There are a few pro-
cesses where there is an overlap. For example, electro-
dialysis is a membrane-separation process driven
primarily by an external force, the electrical potential gra-
dient; most membrane-separation processes are driven by
negative chemical potential gradient. There are a few
others, e.g. mass diffusion/sweep diffusion, which cannot
be neatly put into these three categories; they possess
characteristics of different categories.

In this framework of three broad categories of separ-
ation processes, further separation development/classi-
fication comes about due to the nature of the interaction
between the basic separation phenomena in each category
and the directions of bulk flow vis-a-vis the direction of
force(s) responsible for the basic separation mechanism.
additional separation development is
achieved by reflux, recycle, creation of an additional prop-
erty gradient in an external force field, mode of feed intro-
duction, etc. These aspects have been addressed in the
following sections: reflux (Sections 2.3.2, 8.1.1, 8.1.4,
10.1.4.2, 10.2.2.1); recycle (Sections 2.2.2, 2.4.1, 7.2.1.1,
7.2.4, 8.1.1); development of an additional property gradi-
ent in an external force field (Sections 4.2.1.3, 4.2.2.1,
4.2.3.3, 7.1.7); mode of feed introduction (Sections 6.1.9,
7.1.5,7.1.6, 8.1.1, 8.2.2.1, 8.2.2.2, 8.3.1).

An additional classification approach considers the
nature of the mixture to be separated: mixtures of small
molecules and/or ions in solution or gas phase; mixtures of

Considerable

© in this web service Cambridge University Press

www.cambridge.org



http://www.cambridge.org/9780521895736
http://www.cambridge.org
http://www.cambridge.org

Cambridge University Press

978-0-521-89573-6 - Separation of Molecules, Macromolecules and Particles: Principles, Phenomena and Processes

Kamalesh K. Sirkar

Excerpt

More information

Textbooks, handbooks and major references

macromolecules in solution; mixtures of particles,
where particles in this book include biological cells
(Tables 4.2.1, 7.3.1), cell debris, colloidal material and
inorganic and organic particles of varying dimensions
(submicron to visible particles, Figure 2.4.1(b)). Of the
numerous separation techniques involving different types
of macromolecules, the following have received some
attention here: separation of proteins from each other/
one another or solvent via isoelectric focusing, etc.
(Sections 4.2.2.1, 4.2.2.2), ultrafiltration (Sections 6.3.3.2,
6.4.2.1, 7.2.1.3), chromatography (Sections 4.1.6, 4.1.9.4,
7.1.5.1.6, 7.1.5.1.7, 7.1.5.1.8, 7.1.6, 7.1.7), electrophoresis
(Section 7.3.1.1), field-flow fractionation (Section 7.3.4),
aqueous biphasic extraction (Section 4.1.3) and reverse
micelles (Section 4.1.9); separation of nonbiological
macromolecules via size exclusion chromatography
(Section 7.1.5.1.7), flash devolatilization (Section 6.3.2.1),
sol-gel separation (Section 2.4.2); DNA separation via
isopycnic sedimentation (Section 4.2.1.3).

It is useful to provide a list of the basic physical or
physiochemical properties, each of which could be a basis
for separation; it is also useful to list simultaneously the core
phenomenon exploiting such a physical or physicochemical
property for separation. It is to be noted that this list is not
exhaustive; rather, it contains the more familiar properties.
Table 8 identifies a variety of these basic properties and lists
phenomena employing a particular basic property leading
to separation. For each basic property and phenomenon in
this table, there are three columns corresponding to three
different types of basic separation processes: phase-
equilibrium-based separation processes; membrane-
separation processes; and external force based separation
processes. An entry into these three columns identifies a
separation process or processes where the particular basic
property is key to separation. References to Tables 1-7, a
section in the book or a separate reference have been pro-
vided to each entry in these three columns.

There are some items of interest here. A few basic
properties are the basis for separation in two different
types of basic separation processes. For example, conden-
sability of a vapor/gas species is useful for vapor absor-
ption as well as for membrane gas separation; geometrical
partitioning (or partitioning by other means between a
pore and an external solution) is useful both in adsorp-
tion/chromatography as well as in the membrane pro-
cesses of dialysis and ultrafiltration, etc. Further, there are
many cases where chemical reactions are extraordinarily
useful for separation; these are not identified here since
chemical reactions can enhance separation only if the
basic mechanism for separation exists, especially in phase
equilibrium based separations. However, there are a few
cases where chemical reactions, especially complexations,
provide the fundamental basis for separation, as in affinity
chromatography, metal extractions and isotope exchange
reactions.

Additional comments on using the book

This book has 118 separate numerical examples spread
over Chapters 1-4 and 6-9. The numerical examples are
not in finer print. Chapter 5 has sometimes employed
numerical calculations to illustrate the effect of chemical
reactions on separations without formal numerical
examples. Chapter 10 follows this strategy as well to illus-
trate the amount of energy required for a particular separ-
ation. The total number of problems provided at the ends
of all the chapters is 299. The specific separation process
relevant for the problem is generally obvious from the
introductory sentence in the problem. Further, the
sequence of appearance of a problem on a given separ-
ation process reflects/follows the sequences of appearance
of that separation process in the text.

Footnotes have been employed occasionally. All refer-
ences used appear at one location in alphabetical order at
the end of the book. The symbols and notation employed
throughout the book are consistent; any local deviation has
been identified. In a few locations, advanced material or
additional information has been provided.

Textbooks, handbooks and major references
on separation processes

There is an extraordinarily rich literature on separations.
This book has freely drawn material from this literature
consisting of textbooks, monographs or extended chap-
ters in multiauthor edited volumes apart from numerous
journal articles. Here we list these books and chapters
(but no journal articles) under the following categories:
separations; chemical separations; bioseparations; mem-
brane separations; particle separations; other books.
Such books and relevant journal articles have been cited
through each section in each chapter. Occasionally some
comments have been attached here to a given reference.
Books devoted solely to a given separation process/
technique are not, in general, mentioned below. The
following list is given in chronological order. At the
end of each reference, its formal reference has been
identified.

Separations

(1) Karger, B.L., L.R. Snyder and C. Horvath, An Intro-
duction to Separation Science, Wiley, New York
(1973). Chapter 18 devotes ~19 pages to particle
separation; otherwise it covers primarily separations
of chemicals and macromolecules. (Karger et al.,
1973.)

Lee, H.L., E.N. Lightfoot, J.F.G. Reis and M.D. Waiss-
bluth, “The systematic description and development
of separation processes,” in Recent Developments in
Separation Science, Vol. 111, N.N. Li (ed.), Part A, CRC

()
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8 Introduction to the book
Press, Cleveland, OH (1977), pp.1-70. An important (8) Humphrey, J.L. and G.E. Keller II, Separation Process
contribution to structuring separations from a mor- Technology, McGraw-Hill, New York (1997). Book
phological perspective with a distinct transport- oriented towards separation technology, useful for
based input. (Lee et al., 1977a.) process design. (Humphrey and Keller, 1997.)

(3) Giddings, J.C., “Principles of chemical separations,” (9) Seader, J.D. and E.J. Henley, Separation Process
in Treatise on Analytical Chemistry, Part 1. Theory Principles, John Wiley, New York (1998). Textbook
and Practice, Vol. 5, P.J. Elving, E. Grushka and L.M. with broad coverage of chemical separation pro-
Kolthoff (eds.), Wiley-Interscience, New York (1982), cesses including adsorption, crystallization and
chap.3. An early and useful contribution toward membrane separations. A second edition was pub-
transport-based understanding of analytical separ- lished in 2006. (Seader and Henley, 1998.)
ations. (Giddings, 1982.) (10) Noble, R.D. and P.A. Terry, Principles of Chemical

(4) Giddings, J.C., Unified Separation Science, John Separations with Environmental Applications, Cam-
Wiley, New York (1991). An important contribution bridge University Press, Cambridge, UK (2004).
to separation science with an emphasis on methods Treats chemical separations in an environmental
used in analytical chemistry, especially chromatog- context. (Noble and Terry, 2004.)
raphy. (Giddings, 1991.) (11) Wankat, P.C., Separation Process Engineering, 2nd

(5) Schweitzer, P.A., Handbook of Separation Techniques edn., Prentice Hall, Upper Saddle River, NJ (2007)
for Chemical Engineers, 3rd edn., McGraw-Hill, New (formerly published as Equilibrium Staged Separ-
York. (Schweitzer, 1997.) ations, Elsevier, New York, 1987). (Wankat, 2007.)

(12) Benitez, J., Principles and Modern Applications of
A A Mass Transfer Operations, 2nd edn., John Wiley,
Chemical separations Hoboken, NJ (2009). (Benitez, 2009.)
(1) Benedict, M. and T.H. Pigford, Nuclear Chemical
Engineering, McGraw-Hill, New York (1957). Intro-
duces isotope separations and cascades in a chemical

engineering context for the nuclear industry. The (1) Belter, P.A., E.L. Cussler and W.-S. Hu, Biosepara-

Bioseparations

second edition (1981), with added author H.W. Levi, tions: Downstream Processing in Biotechnology,
substantially expands the treatment and coverage. Wiley-Interscience, John Wiley, New York (1988).
(Benedict et al., 1981.) An introduction to bioseparations. (Belter et al.,
(2) Pratt, H.R.C., Countercurrent Separation Processes, 1988.)
Elsevier, Amsterdam (1967). Contains, among others,  (2) Garcia, A.A., M.R. Bonen, J. Ramirez-Vick, M. Sadaka
an introduction to cascade analysis for chemical sep- and A. Vuppu, Bioseparation Process Science, Black-
arations and isotope separations. (Pratt, 1967.) well Science, Malden, MA (1999). (Garcia et al., 1999.)
(3) Sherwood, T.K, RL. Pigford and C.R. Wilke, Mass (3) Ladisch, M.R., Bioseparations Engineering: Principles,
Transfer, McGraw-Hill, New York (1975). (Sherwood Practice and Economics, John Wiley, New York (2001).
et al., 1975.) (Ladisch, 2001.)
(4) King, C.J., Separation Processes, 2nd edn., McGraw-  (4) Harrison, R.G., P. Todd, S.R. Rudge and D.P. Petrides,
Hill, New York, (1980). An important textbook which Bioseparations Science and Engineering, Oxford Uni-
analyzes chemical separations in a generalized versity Press, New York (2003). (Harrison et al., 2003.)

framework with considerable emphasis on multi-
stage separation processes. The first edition

appeared in 1970. (King, 1980.) Membrane separations

(5) Treybal, R.E., Mass-transfer Operations, 3rd edn.,
McGraw-Hill, New York (1980). A textbook focusing (1) Hwang, S.T. and K. Kammermeyer, “Membranes in
primarily on conventional mass transfer operations. separations,” Vol. VII in Techniques of Chemistry,
(Treybal, 1980.) A. Weissberger (ed.), Wiley-Interscience, New York
(6) Hines, A.L. and R.M. Maddox, Mass Transfer: Fun- (1975). Reprinted, Kreiger Publishing, Malabar, FL
damentals and Applications, Prentice-Hall PTR, (1984). (Hwang and Kammermeyer, 1984.)
Upper Saddle River, NJ (1985). (Hines and Maddox, (2) Meares, P. (ed.), Membrane Separation Processes,
1985.) Elsevier Scientific Publishing Co., Amsterdam
(7) Wankat, P.C., Rate-Controlled Separations, Elsevier (1976). (Meares, 1976.)
Applied Science, New York (1990). Textbook providing ~ (3) Belfort, G., Synthetic Membrane Processes, Academic
an extensive treatment of adsorption, chromatography, Press, New York (1984). (Belfort, 1984.)
crystallization, ion exchange and membrane separ- (4) Ho, W.S.W. and N.N. Li, “Membrane processes,” in
ations. (Wankat, 1990.) Perry’s Chemical Engineers’ Handbook, R.H. Perry
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and D.W. Green (eds.), 6th edn., McGraw-Hill, New
York, (1984), pp. 17.14-17.35. (Ho and Li, 1984a.)

(5) Rautenbach, R. and R. Albrecht, Membrane Processes,
John Wiley, New York (1989). (Rautenbach and
Albrecht, 1989.)

(6) Mulder, M., Basic Principles of Membrane Technol-
ogy, 2nd edn., Kluwer Academic Publishers, Dor-
drecht (1991); a second edition followed in 1996.
(Mulder, 1991.)

(7) Ho, W.S.W. and KK. Sirkar (eds.), Membrane Hand-
book, Van Nostrand Reinhold (1992). Reprinted,
Kluwer Academic Publishers, Boston (2001). (Ho and
Sirkar, 2001.)

(8) Noble, R.D. and S.A. Stern (eds.), Membrane Separ-
ations Technology: Principles and Applications,
Elsevier, Amsterdam (1995). (Noble and Stern, 1995.)

(9) Baker, R.W., Membrane Technology and Applications,
2nd edn., John Wiley, Hoboken, NJ (2004). (Baker,
2004.)

Particle separations

(1) Wark, K. and D.F. Warner, Air Pollution, Its Origin
and Control, IEP - Dun-Donnelley, Harper & Row,
New York (1976). (Wark and Warner, 1976.)

(2) Friedlander, S.K., Smoke, Dust and Haze: Fundamen-
tals of Aerosol Behavior, John Wiley, New York (1977).

(3) Svarovsky, L. (ed.), Solid-Liquid Separation, Butter-
worths, London (1977). (Svarovsky, 1977.)

(4) Svarovsky, L., Solid-Gas Separation, Elsevier Scientific
Publishing, Amsterdam (1981). (Svarovsky, 1981.)

(5) Flagan, R.C. and J.H Seinfeld, Fundamentals of Air
Pollution Engineering, Prentice Hall, Englewood

Cliffs, NJ (1988). A useful book written from a funda-
mental perspective. (Flagan and Seinfeld, 1988.)

(6) Randolph, A.D. and M.A. Larson, Theory of Particulate
Processes: Analysis and Techniques of Continuous
Crystallization, 2nd edn., Academic Press, New York
(1988). (Randolph and Larson, 1988.)

(7) Soo, S.L., Particulates and Continuum: Multiphase Fluid
Dynamics, Hemisphere Publishing, New York (1989).
(Soo, 1989.)

(8) Tien, C., Granular Filtration of Aerosols and Hydro-
sols, Butterworths, Boston, MA (1989). (Tien, 1989.)

Other books

(1) Bird, R.B., W.E. Stewart and E.N. Lightfoot, Transport
Phenomena, John Wiley, New York (1960); 2nd edn.,
John Wiley, New York (2002). A key book for trans-
port phenomena. Bird et al. (2002.)

(2) Foust, A.S., L.A. Wenzel, C.W. Clump, L. Maus and L.
B. Anderson, Principles of Unit Operations, John
Wiley, New York (1960). (Foust et al., 1960.)

(3) McCabe, W.L. and J.C. Smith, Unit Operations of Chem-
ical Engineering, 3rd edn., McGraw-Hill, New York
(1976); 5th edn., (1993), with additional author
P. Harriott. (McCabe ef al., 1993.)

(4) Perry, R.H. and D.W. Green (eds.), Perry’s Chemical
Engineers’ Handbook, 6th edn., McGraw-Hill, New
York (1984). (Perry and Green, 1984.)

(5) Cussler, E.L., Diffusion: Mass Transfer in Fluid
Systems, 2nd edn., Cambridge University Press, Cam-
bridge, UK (1997); 3rd edn. (2009).

(6) Geankoplis, C.J., Transport Processes and Separation
Process Principles, 4th edn., Prentice-Hall PTR, Upper
Saddle River, NJ (2003). (Geankoplis, 2003.)
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