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Separation Processes

The basic components of a typical chemical process are shown in Figure 1.1, in which each
block represents a stage in the overall process for producing a product from the raw materials.
Figure 1.1 represents a generalized process, not all the stages will be needed for any particular
process and the complexity of each stage will depend on the nature of the process. In the first stage
after the reactor in stage 4, the products and by-products are separated from any unreacted materials.
If in sufficient quantity or high price, the unreacted materials will be recycled to the reactor. They
could be returned directly to the reactor, or to the feed purification and preparation stage. The
by-products may also be separated from the products at this stage.

Recycle of unreacted material By-product
Wastes
Ra:v al Feed Reaction Product Product Product Sai
materia preparation separation purification storage ales
storage
Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Stage 6

Figure 1.1 Typical chemical process

In chemistry and chemical engineering, a separation process is used to transform a mixture of
substances into two or more distinct products. The separated products could differ in chemical
properties or some physical properties, such as size, or crystal modification. With a few exceptions,
almost every element or compound is found naturally in an impure state such as a mixture of two or
more substances. Many times the need to separate it into its individual components arises.

Separation processes are used for three primary functions: purification, concentration, and
fractionation. Purification is the removal of undesired components in a feed mixture from the
desired species. For example, acid gases, such as sulfur dioxide and nitrogen oxides, must be
removed from power-plant combustion gas effluents before they are discharged into the atmosphere.
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Concentration is performed to obtain a higher concentration of desired components that are initially
dilute in a feed stream. An example is the concentration of metals present in an electroplating
process by removal of water. This separation allows metals to be recycled back to the electroplating
process rather than discharged to the environment. Lastly, in fractionation, a feed stream of two or
more components is segregated into product streams of different components, typically relatively
pure streams of each component. The separation of radioactive wastes with short half-lives from
those having much longer half-lives facilitates proper handling and storage.

Separation applications in the field of chemical engineering are very important. A good
example is that of crude oil. Crude oil is a mixture of various hydrocarbons and is valuable in this
natural form. In an oil refinery or petroleum refinery, the crude oil is processed and refined into
more useful petroleum products, such as natural gases, gasoline, diesel, jet fuel, lubricating oils,
asphalt, etc.

1.1 Characteristics of separation process and separation factor

s

1.1.1 Characteristics of separation process

The mixing of chemicals to form a mixture is a spontaneous, natural process that is
accompanied by an increase in entropy or randomness. The inverse process, the separation of
the mixture into its constituent chemical species, is not a spontaneous process that is
accompanied by a decrease in entropy; it requires an expenditure of energy. A mixture to be
separated usually originates as a single, homogenous phase. If it exists as two or more immiscible
phases, it is often best to first use some mechanical means based on gravity, centrifugal force,
pressure reduction, or an electric and/or magnetic field to separate the phases. Then, appropriate
separation techniques are applied to each phase. Usually the energy input required for the separation
is supplied with the separating agent, and generally the separating agent will cause the formation of
a second phase of matter.

A schematic diagram of a general separation process is shown in Figure 1.2. The feed mixture
can be vapor, liquid, or solid, while the two or more products may differ in composition from each
other and in phase state from each other and/or from the feed. Many separation processes are based
on the formation of an additional phase that has a different composition from the feed stream(s).
One possible way of forming another phase is the addition of energy (energy separating agent) to
convert a liquid stream to a vapor stream. Distillation exploits this idea to separate mixtures of
liquids that boil at different temperatures. Crystallization processes use energy to separate liquid
mixtures with components that solidify at different temperatures. The temperature is lowered until
the species with the higher solidification temperature crystallizes out of solution. Evaporation and

Separating agent
(matter or energy)

Feed stream
(one or more) ) ) —
Separation device

Product stream
(different in composition)

Figure 1.2 General separation process




Chapter 1 Separation Processes

drying are other processes in which energy addition promotes the separation by formation of a
new phase. Another large class of separations makes use of a change in solute distribution
between two phases in the presence of mass not originally present in the feed stream. This mass
separating agent, MSA, is added as another process input to cause a change in solute
distribution. The MSA can alter the original phase equilibrium or facilitate the formation of a
second phase with a concentration of components different from that in the original phase. One
of the components of the original feed solution must have higher affinity for the MSA than for
the original solution. This solute will then preferentially transfer from the original feed solution
to the MSA phase. Once the MSA has been used to facilitate a separation, it must normally be
removed from the products and recovered for recycle in the process. Hence, use of an MSA
requires two separation steps; one to remove a solute from a feed stream and a second to
recover the solute from the MSA.

Some general statements regarding the use of separating agents can be made.

1. Separation processes use mass and/or energy separating agents to perform the
separation.

A mass separating agent can be a solid, a liquid, or a gas. Heat is the most common energy
separating agent, used in distillation. External fields, such as magnetic and electric, are sometimes
used as energy separating agents.

2. A different component distribution between two phases is obtained.

This distribution change can be accomplished in two ways.

(1) The original phase equilibrium is altered. Two phases are originally present and the role of
the separating agent is to change the composition in each phase relative to the initial values. For
examples,

Mass separating agent: one approach is the addition of a selective complexing agent to a liquid
phase to increase the solubility of a solute. For example, a selective chelating agent can be added to
an organic phase to form a complex with a metal ion in an aqueous phase when the two phases are
in contact.

Energy separating agent: heat input to change the temperature of a gas/liquid system. The most
common example is distillation.

(2) A second phase is generated, with a different component distribution. For examples,

Mass separating agent: addition of a solid sorbent that is selective for a solute in a feed stream.
An example is the removal of VOCs from an air stream using activated carbon.

Energy separating agent: heat input to a liquid phase to change the solute solubility in that
phase. An example is evaporation to remove water from a waste stream and concentrate the stream
prior to disposal.

3. Separating agents employ four methods to generate selectivity.

(1) Modification of phase equilibrium. For examples,

Mass separating agent: an ion-exchange resin used to selectively partition ions into the resin.

Energy separating agent: heat removal to precipitate salts from an aqueous stream.

(2) Geometry differences. For examples,

Mass separating agent: a membrane to filter suspended solids based on size.

Energy separating agent: gravity settling to separate particles by size.

(3) Kinetics (rate of exchange) between phases. For examples,
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Mass separating agent: the use of amines in gas sorption to change the rate of acid gas uptake
into the liquid phase.

Energy separating agent: heat input into the amine solution to accelerate the rate of gas
desorption, which regenerates the solution.

(4) Rate of mass transfer within a phase. For examples,

Mass separating agent: intra-particle diffusion in a porous sorbent.

Energy separating agent: application of an electric field across a liquid phase to accelerate
charged particles relative to uncharged ones.

The separation is accomplished by forcing the components in the feed into different spatial
locations by any of five general separation techniques, or combinations thereof, as shown in Figure
1.3. The most common industrial technique, Figure 1.3(a), involves the creation of a second phase
that is immiscible with the feed phase. The creation is accomplished by energy transfer to or from
the process or by pressure reduction. A second technique, Figure 1.3(b), is to introduce the second
phase into the system in the form of a solvent that selectively dissolves some of the species in the
feed mixture. Less common, but of growing importance, is the use of a barrier, Figure 1.3(c), which
restricts and/or enhances the movement of certain chemical species with respect to other species.
This method will be described in detail in Chapter 7. Also of growing importance are techniques
that involve the addition of solid particles, Figure 1.3(d), which act directly or as inert carriers for
other substances so as to cause separation. Finally, external fields, Figure 1.3(e), of various types
are sometimes applied for specialized separations.

,ﬁ‘_, Phase 1
F
Feed Phase Ld- Phase
Creation Creation
Phase 2 MSA Phase 2
(a) (b)
Phase 1 Feed

Feed Barrier

Phase 1

l_PEaﬁL Phase 2

(c) (d)

Phase 1

Feed Force field
or gradient

Phase 2

(e)
Figure 1.3 General separation techniques: (a) separation by phase creation; (b) separation by phase
addition;(c) separation by barrier; (d) separation by solid agent; (e) separation by force field or gradient
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Chapter 1 Separation Processes

For all of the general techniques of Figure 1.3, the separations are achieved by enhancing the
rate of mass transfer by diffusion of certain species relative to mass transfer of all species by bulk
movement within a particular phase. The driving force and direction of mass transfer by diffusion is
governed by thermodynamics, with the usual limitations of equilibrium. Thus, both transport and
thermodynamic considerations are crucial in separation operations. The rate of separation is governed
by mass transfer, while the extent of separation is limited by thermodynamic equilibrium.

1.1.2 Separation factor

The degree of separation which can be obtained with any particular separation process is
indicated by the separation factor. Because the aim of a separation device is to produce products of
differing compositions, it is logical to define the separation factor in terms of product compositions.

o _ /% (1-1)

Y xi'l/x_/vl
The separation factor «;  between components i and j is the ratio of the mole fractions of

those two components in product 1 divided by the ratio in product 2. The separation factor will
remain unchanged if all the mole fractions are replaced by weight fractions, by mole flow rates of
the individual components, or by mass flow rates of the individual components.

An effective separation is accomplished to the extent that the separation factor is
significantly different from unity. If o =1, no separation of components i and j has been

accomplished. If ;] ,>1, component i tends to concentrate in product 1 more than component j does,

and component j tends to concentrate in product 2 more than component i does. On the other hand,
if @;,;<1, component ;j tends to concentrate preferentially in product 1 and component i tends to

concentrate preferentially in product 2. Generally, components i and j are selected so that «;;

defined by Equation (1-1) is greater than unity.

It is obvious that the separation factor reflects the differences in equilibrium
compositions and transport rates due to the fundamental physical phenomena underlying the
separation. It can also reflect the construction and flow configuration of the separation device.
For this reason, it is convenient to define an inherent separation factor, which is denoted by «; ;
with no superscript. This inherent separation factor is the separation factor which would be obtained
under idealized conditions. For equilibrium separation processes the inherent separation factor
corresponds to those product compositions which will be obtained when simple equilibrium is
attained between the product phases (Equation 1-2). For rate-governed separation processes the
inherent separation factor corresponds to those product compositions which will occur in the
presence of the underlying physical transport mechanism alone, with no complications from
competing transport phenomena, flow configurations, or other extraneous effects.
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It must be noted that both the inherent separation factor «; ; and the actual separation factor
a; ;, can be used for the analysis of separation processes. If ; ; can be derived relatively easily,
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the most common approach is to analyze a separation process on the basis of the inherent
separation factor ¢; ; and allow for deviation from ideality through efficiencies. On the other
hand, there are situations where the physical phenomena underlying the separation process are so
complex or poorly understood that an inherent separation factor cannot readily be defined. In these
instances one must necessarily work with ¢, derived empirically from experimental data. The

quantity ¢, may be closer to, further from, unity than ¢; ;, but if ¢; ; is unity, it is imperative

that ¢, be unity, no matter what the flow configuration or other added effects.

1.2 Classifications of separation process

R

Separation processes rely on various mechanisms, implemented via a unit operation, to perform
the separation. The mechanism is chosen to exploit some property difference between the
components. They fall into two basic categories: the partitioning of the feed stream between phases
and the relative motion of various chemical species within a single phase. These two categories are
often referred to as equilibrium and mass transfer rate processes, respectively. Separation processes
can often be analyzed with either equilibrium or mass transfer models. However, one of these two
mechanisms will be the limiting, or controlling, factor in the separation and is, therefore, the
design mechanism. For a separation to occur there must be difference in either chemical or
physical property between the various components of the feed stream. This difference is the driving
force basis for the separation. Separation processes generally use one of these differences as their
primary mechanism.

Separation processes can essentially be termed as mass transfer processes. The classification
can be based on the means of separation, mechanical or chemical. The choice of separation depends
on the pros and cons of each. Mechanical separations are usually favored if possible due to the
lower cost of the operations as compared to chemical separations. As for systems that can not be
separated by purely mechanical means, chemical separation is the remaining solution. The mixture
at hand could exist as a combination of any two or more states: solid-solid, solid-liquid, solid-gas,
liquid-liquid, liquid-gas, gas-gas, solid-liquid-gas mixture, etc.

These separation categories are designed using thermodynamic equilibrium relationships
between phases and the rate of transfer of a species from one phase into another, respectively. The
choice of which analysis to apply is governed by which is the limiting step. If mass transfer is rapid,
such that equilibrium is quickly approached, then the separation is equilibrium limited. On the other
hand, if mass transfer is slow, such that equilibrium is not quickly approached, the separation is
mass-transfer limited. In some separations, the choice of analysis depends upon the type of process
equipment used.

Equilibrium processes are those in which cascades of individual units, called stages, are
operated, with two streams typically flowing countercurrent to each other. The degree of separation
in each stage is governed by a thermodynamic equilibrium relationship between the phases. One
example is distillation, in which a different temperature at each stage alters the vapor-phase
equilibrium between the components of mixture. The driving force for separation is the tendency to
establish a new equilibrium between the two phases at the temperature of each stage. In an
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Chapter 1  Separation Processes

equilibrium process, two phases are brought into contact with each other, mixed thoroughly, and
then separated with a redistribution of the components between phases. Often multiple contacts are
made in a series of cascading steps in which the two phases flow countercurrent to each other. At
each contact the phases are allowed to approach thermodynamic equilibrium. Once equilibrium is
reached, there can be no more separation without a change in the operating parameters of the system
that affects the equilibrium relationship. The next stage in the cascade, therefore, has at least one
process change that alters the equilibrium relationship to establish a new equilibrium relationship.
The cascade should be designed such that conditions are altered at each stage to move closer
towards the desired separation. For example, distillation is a fractionating separation in which a
binary (or greater) feed stream is separated into two (or more) product streams based upon their
differences in boiling point. One type of distillation column has a series of cascading contact trays
such that the temperature increases from the top tray, which is just above the boiling point of the
lower boiling point component, to the bottom tray, which is just below the boiling point of the
higher boiling point component. Thus, the lower boiling point component is enriched in the gas
phase, while the higher boiling point component is enriched in the liquid phase. Each tray from the
top to the bottom of the column operates at a higher temperature such that a new equilibrium is
established down the length of the column. As the temperature increases down the column, the
lower boiling point species tends to vaporize more and move up the column as a gas stream, while
the higher boiling point component continues down the column as a liquid. The final result is a
vapor stream leaving the top of the column which is almost pure in the lower boiling point species
and a liquid stream exiting the bottom of the column that is almost pure in the higher boiling point
component. The multicomponent distillation will be introduced in Chapter 2 and 3.

Rate processes, on the other hand, are limited by the rate of mass transfer of individual
components from one phase into another under the influence of physical stimuli. Concentration
gradients are the most common stimuli, but temperature, pressure, or external force fields can also
cause mass transfer. One mass-transfer based process is gas absorption, a process by which a vapor
is removed from its mixture with an inert gas by means of a liquid in which it is soluble. Desorption,
or stripping, on the other hand, is the removal of a volatile gas from a liquid by means of a gas in
which it is soluble. Adsorption consists of the removal of a species from a fluid stream by means of
a solid adsorbent with which it has a higher affinity. /on exchange is similar to adsorption, except
that the species removed from solution is replaced with a species from the solid resin matrix so that
electroneutrality is maintained. Lastly, membrane separations are based upon differences in
permeability due to size and chemical selectivity for the membrane material between components of
a feed stream.

Many times two or more of these processes have to be used in combination to obtain the
desired separation. Separations, including enrichment, concentration, purification, and refining, are
important to chemists and chemical engineers. The former uses analytical separation methods, such
as chromatography, to determine compositions of complex mixtures quantitatively. Chemical
engineers are more concerned with the manufacture of chemicals using economical,
large-scale separation methods, which may differ considerably from laboratory techniques.
For example, in a laboratory, chemists separate and analyze light-hydrocarbon mixtures by
gas-liquid chromatography, while in a large manufacturing plant a chemical engineer uses

distillation to separate the same hydrocarbon mixtures.
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1.3 Selection of separation processes

The selection of a best separation process must frequently be made from among a number of
feasible candidates. When the feed mixture is to be separated into more than two products, a
combination of two or more operations may be best. Even when only two products are to be
produced, a hybrid process of two or more operations may be most economical. The factors include
feed and product conditions, property differences that can be exploited, and certain characteristics
of the candidate separation operations. The most important feed conditions are composition and
flow rate, because the other conditions (temperature, pressure, and phase condition) can be altered
by pumps, compressors, and heat exchangers to fit the required conditions of a particular candidate
separation operation. In general, however, the vaporization of a liquid feed that has a high heat of
vaporization, the condensation of a vapor feed with a refrigerant, and/or the compression of a vapor
feed can add significantly to the cost. The most important product conditions are the required
purities because the other conditions listed can be altered by energy transfer after the separation is
achieved.

Some separation operations are well understood and can be readily designed from a
mathematical model and/or scaled up to a commercial size from laboratory data. The results of a
survey by Keller, shown in Figure 1.4, show that the degree to which a separation operation is
technologically mature correlates well with its commercial use. Operations based on a barrier are
more expensive to stage than those based on the use of a solid agent or the creation or addition of a
second phase. Some operations are limited to a maximum size. For capacities requiring a larger size,
parallel units must be provided. The choice of single or parallel units must be given careful
consideration. Except for size constraints or fabrication problems, the capacity of a single unit can
be doubled for an additional investment cost of only about 50%. If two parallel units are installed,
the additional investment is 100%. Those operations ranked near the top are frequently designed
without the need for any laboratory data or pilot-plant tests. Operations near the middle usually
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Figure 1.4 Technological and use maturities of separation processes




