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the recovery achieved by the whole plant. This aspect of the process may be complex if
chemical reactions are involved. The sections of the plant for mixing and for separation
must be considered together when assessing capital cost. The cost of the organic solvents
used in the metallurgical processes may also be high.

The mechanism of transfer of solute from one phase to the second is one of molecular
and eddy diffusion and the concepts of phase equilibrium, interfacial area, and surface
renewal are all similar in principle to those met in distillation and absorption, even though,
in liquid–liquid extraction, dispersion is effected by mechanical means including pumping
and agitation, except in standard packed columns.

In formulating design criteria for extraction equipment, it is necessary to take into
account the equilibrium conditions for the distribution of solute between the phases as this
determines the maximum degree of separation possible in a single stage. The resistance to
diffusion and, in the case of chemical effects, the kinetics are also important in that these
determine the residence time required to bring about near equilibrium in a stage-wise
unit, or the height of a transfer unit in a differential contactor. The transfer rate is given
by the accepted equation:

Rate per unit interfacial area = k�C (13.1)

where k is a mass transfer coefficient and �C a concentration driving force. A high value
of k can be obtained only if turbulent or eddy conditions prevail and, although these may
be readily achieved in the continuous phase by some form of agitation, it is very difficult
to generate eddies in the drops which constitute the dispersed phase.

13.3. EQUILIBRIUM DATA

The equilibrium condition for the distribution of one solute between two liquid phases is
conveniently considered in terms of the distribution law. Thus, at equilibrium, the ratio
of the concentrations of the solute in the two phases is given by CE/CR = K ′, where
K ′ is the distribution constant. This relation will apply accurately only if both solvents
are immiscible, and if there is no association or dissociation of the solute. If the solute
forms molecules of different molecular weights, then the distribution law holds for each
molecular species. Where the concentrations are small, the distribution law usually holds
provided no chemical reaction occurs.

The addition of a new solvent to a binary mixture of a solute in a solvent may lead to
the formation of several types of mixture:

(a) A homogeneous solution may be formed and the selected solvent is then unsuitable.
(b) The solvent may be completely immiscible with the initial solvent.
(c) The solvent may be partially miscible with the original solvent resulting in the

formation of one pair of partially miscible liquids.
(d) The new solvent may lead to the formation of two or three partially miscible liquids.

Of these possibilities, types (b), (c), and (d) all give rise to systems that may be used,
although those of types (b) and (c) are the most promising. With conditions of type (b), the
equilibrium relation is conveniently shown by a plot of the concentration of solute in one
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phase against the concentration in the second phase. Conditions given by (c) and (d) are
usually represented by triangular diagrams. Equilateral triangles are used, although it is also
possible to use right-angled isosceles triangles, which are discussed in Chapter 10.

The system, acetone (A)–Water (B)–methyl isobutyl ketone (C), as shown in
Figure 13.5, is of type (c). Here the solute A is completely miscible with the two solvents
B and C, although the two solvents are only partially miscible with each other. A mixture
indicated by point H consists of the three components A, B and C in the ratio of the
perpendiculars HL, HJ, HK. The distance BN represents the solubility of solvent C in B,
and MC that of B in C. The area under the curved line NPFQM, the binodal solubility
curve, represents a two-phase region which will split up into two layers in equilibrium
with each other. These layers have compositions represented by points P and Q, and PQ
is known as a “tie line”. Such lines, two of which are shown in the diagram, connect the
compositions of two phases in equilibrium with each other, and these compositions must
be found by practical measurement. There is one point on the binodal curve at F which
represents a single phase that does not split into two phases. F is known as a plait point,
and this must also be found by experimental measurement. The plait point is fixed if either
the temperature or the pressure is fixed. Within the area under the curve, the temperature
and composition of one phase will fix the composition of the other. Applying the phase
rule to the three-components system at constant temperature and pressure, the number of
degrees of freedom is equal to 3 minus the number of phases. In the area where there is
only one liquid phase, there are two degrees of freedom and two compositions must be
stated. In a system where there are two liquid phases, there is only one degree of freedom.

Figure 13.5. Equilibrium relationship for acetone distributed between water and methyl isobutyl ketone

One of the most useful features of this method of representation is that, if a solution of
composition X is mixed with one of composition Y, then the resulting mixture will have
a composition shown by Z on a line XY, such that:

XZ/ZY = (amount of Y)/(amount of X).

Similarly, if an extract Y is removed, from a mixture Z the remaining liquor will have
composition X.
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In Figure 13.6 two separate two-phase regions are formed, whilst in Figure 13.7 the
two-phase regions merge on varying the temperature. Aniline (A), water (B), and phenol
(C) represent a system of the latter type. Under the conditions shown in Figures 13.6 and
13.7, A and C are miscible in all proportions, although B and A, and B and C are only
partially miscible.

Figure 13.6. Equilibrium relationship for the aniline–water–phenol system

Figure 13.7. Equilibrium relationship for the aniline–water–phenol system at a higher temperature

Whilst these diagrams are of considerable use in presenting equilibrium data,
Figure 13.8 is in many ways more useful for determining the selectivity of a solvent,
and the number of stages that are likely to be required. In Figure 13.8 the percentage of
solute in one phase is plotted against the percentage in the second phase in equilibrium
with it. This is equivalent to plotting the compositions at either end of a tie line. The
important factor in assessing the value of a solvent is the ratio of the concentrations of the
desired component in the two phases, rather than the actual concentrations. A selectivity
ratio may be defined in terms of either mass or mole fractions as:

β =
[
xA

xB

]
E

/[
xA

xB

]
R

(13.2)

where xA and xB are the mass or mole fractions of A and B in the two phases E and R.
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Figure 13.8. Equilibrium distribution of solute A in phases B and C

For a few systems β tends to be substantially constant, although it more usually
varies with concentration. The selectivity ratio has the same significance in extraction
as relative volatility has in distillation, so that the ease of separation is directly related to
the numerical value of β. As β approaches unity, a larger number of stages is necessary for
a given degree of separation and the capital and operating costs increase correspondingly.
When β = 1 any separation is impossible.

13.4. CALCULATION OF THE NUMBER OF THEORETICAL
STAGES

13.4.1. Co-current contact with partially miscible solvents

In calculating the number of ideal stages required for a given degree of separation, the
conditions of equilibrium expressed by one of the methods discussed in Section 13.3 is
used. The number of stages where single or multiple contact equipment is involved is
considered first, and then the design of equipment where the concentration change is
continuous is discussed.

For the general case where the solvents are partially miscible, the feed solution F is
brought into contact with the selective solvent S, to give raffinate R1 and an extract E1.
The addition of streams F and S is shown on the triangular diagram in Figure 13.9, by
the point M, where FM/MS = S/F . This mixture M breaks down to give extract E1 and
raffinate R1, at opposite ends of a tie line through M.

If a second stage is used, then the raffinate R1 is treated with a further quantity of
solvent S, and extract E2 and raffinate R2 are obtained as shown in the same figure.

The complete process consists in carrying out the extraction, and recovering the solvent
from the raffinate and extract obtained. Thus, for a single-stage system as shown in
Figure 13.10, the raffinate R is passed into the distillation column where it is separated
to give purified raffinate R′ and solvent SR. The extract E is passed to another distillation
unit to give extract E′ and a solvent stream SE . These recovered solvents SR and SE
are pumped back to the extraction process as shown. This cycle may be represented on
a diagram, as shown in Figure 13.11, by showing the removal of SR from R to give
composition R′, and the removal of SE from E to give composition E′. It has been
assumed in this case that perfect separation is obtained in the stills, so that pure solvent




