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Figure 8.24 Right-triangle diagram constructicns for cascade in
Figure 8.23,

value for xy:
Feed  Solvent, Solvent-to- Extract Mixing
Case Ly, kg Vw, kg FeedRatio Designation Point
1 180 100 0.556 Vi M
2 55 100 1.818 Viz M,
3 600 100 0.167 Vivs Ms

For Case 2, a difference point, P;, may be defined, as with
the equilateral-triangle diagram, in terms of passing streams, as

PB=Vyp—Lypy=Vy —Ly (8-12)

This point, shown in Figure 8.24, is located at the top of the
diagram, where the lines Ly Vy and Ly ; V3 intersect. For
Case 3, the difference point, P, falls at the bottom of the
diagram, where the lines Ly Vi and L ~+1 Vs intersect.

Equilibrium stages for Figure 8.24 are stepped off in a
Inanner similar to that for an equilateral-triangle diagram by
alternating use of equilibrium tie lines and operating lines
Passing through the difference point. For example, consider-
ing Case 2, with the high solvent-to-feed ratio of 1.818, and
stepping off stages from stage N, a tie line from the point yy-
gives a value of xy = 0.04. But this is less than the specified
value of x,, = 0.05. Therefore, less than one equilibrium
Stage is required.
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If we step off stages for Case 3, starting from yys3, the tie
line and the operating line coincide. That is, we have a pinch
point. Thus, the solvent-to-feed ratio of 0.167 for this case is
the minimum value corresponding to an infinite number of
equilibrinm stages. .

For Case 1, where the solvent-to-feed ratio is in between
that of Cases 2 and 3, the required number of equilibrium
stages lies between 1 and co. Construction of the difference
point and the steps for this case are not shown in Figure 8.14.
The difference point is found to be located at a very large
distance from the triangle because lines Ly Vi and Ly Vy
are almost parallel. When the stages are stepped off, using
operating lines parallel to Ly Vi, it is found that between
one and two stages are required.

Use of an Auxiliary Distribution Curve
with a McCabe-Thiele Diagram

As the number of equilibrium stages to be stepped off on
either one of the two types of triangular diagrams becomes
more than a few, the diagram becomes cluttered. In that
event, the use of a triangular diagram in conjunction with
the McCabe-Thiele method becomes attractive. This is a
method devised by Varteressian and Fenske [30]. The y—x di-
agram, discussed in Section 4.5 and illustrated in Figure 8.21b,
is simply a plot of the tie-line data in terms of mass fractions
(or mole fractions) of the solute in the extract (y4) and equi-
librium raffinate (x4). The curve begins at the origin and
terminates at the plait point where the curve intersects the
45° line. A tie line, such as RE, in the triangular diagram
becomes a point, in the equilibrium curve of Figure 8.25,
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Mass fraction of salute, A, in raffinate, x

Figure 8.25 Stepping-off stages by the McCabe-Thiele method
for the A—C-S system.
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If an.operating line is added to the equilibrium curve in
Figure 8.21b, a staircase construction of the type used in the
McCabe—Thiele method of Chapter 7 can rapidly determine
the number of equilibrium stages. However, unlike distilla-
tion, where the operating line is straight because of the as-
sumption of constant molar overflow, the operating line for
liquid-liquid extraction in a terpary system will always be
curved except in the low-solute-concentration region. Fortu-
nately, the curved operating line is quite readily drawn using
the following technique of Varteressian and Fenske [30]. In
Figure 8.19 for the equilateral-triangle diagram, or in Fig-
ure 8.24 for the right-triangle diagram, the intersections of
the equilibrium curve with a line drawn through a difference
(operating) point represent the compositions of the passing
streams. Thus, for each such operating line on the triangular
diagram, one point of the operating line for the y—x plot is
determined. The operating lines passing through the differ-
ence point can be drawn at random; they need not coincide
with passing streams of actual equilibrium-stage operating
lines. Usually five or six such fictitious operating-line inter-
sections, covering the expected range of compositions in the
‘extraction cascade, are sufficient to establish the curved op-
erating line in the y—x plot. For example, in Figure 8.21c, the
arbitrary operating line that intersects the equilibrium curve
at ] and J in the right-triangle diagram becomes a point X on

the operating line of the y—x diagram. The y—x plot of
Figure 8.25 for the A—C-S system includes an operating line
established in this manner, based on the data of Figure 8.24,
but with a solvent-to-feed ratio of 0.208, that is, Vy = 100,
Lys1 = 480 (25% greater than the minimaum ratio of 0.167).
The stages are stepped off in the McCabe-Thiele manner
starting from the feed end. The resuit is seen to be almost ex-
actly three equilibrium stages.

Extract and Raffinate Reflux

The simple, single-section, countercurrent, equilibrinm-stage
extraction cascade shown in Figure 8.13 can be refluxed, as
in Figure 8.26a, to resemble distillation. In Figure 8.26a, L is
used for raffinate flows, Vis used for extract flows, and stages
are numbered from the solvent end of the process. Extract re-
flux, Lg, is provided by sending the extract, V), to a solvent-
recovery step, which removes most of the solvent, o give a
solute-rich solution, Lz + D, which is divided into extract
reflux, Lg, which is returned to stage N, and solute product,
D. At the other end of the cascade, a portion, B, of the raffi-
nate, L, is withdrawn in a stream divider and added as raffi-
nate reflux, Vs, to fresh solvent, S. The remaining raffinate, B,
is sent to a solvent-removal step (not shown) to produce
a carrer-rich raffinate product. When using extract reflux,

Extract Extract
D | stream Solvent | Solvent D | Stream Sotvent | Solvent
divider removal S divider -removal Sp
Extract 4 Extract A
reflux Vy reflux Vy
Lg Y ' Le L
N N
h b
vy Vi1 . Ly Vios
Enriching _ Enriching
section N-1 y-1 ssction
Ly V-2 © Ly V-2
Lpa Vr Lpy Yr
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Table 8.5 Analogy between Distillation and Extraction

Distillation Extraction

Addition of heat _Addition of solvent

Reboiler Solvent mixer

Removal of heat Removal of solvent

Condenser Solvent separator

Vaper at the boiling point Solvent-rich solution saturated with solvent i

Superheated vapor Solvent-rich solution containing more solvent than that required
to saturate it

Liquid below the boiling point Solvent-lean solution, containing less solvent than that required
to saturate it

Liquid at the boiling point Solvent-lean solution saturated with solvent

Mixture of liquid and vapor Two-phase liquid mixture

Relative volatility Relative selectivity

Chiange of pressure Change of temperature

D = distillate D = extract product (solute on a solvent-free basis)

B = bottoms B = raffinate (solvent-free basis)

L = saturated liquid

V = saturated vapor

A = more volatile component
C = less volatile cornponent
F = feed

x = mole fraction A in liquid
¥ = mole fraction A in vapor

F=1feed

L = saturated raffinate (solvent-free)
V = saturated extract (solvent-free)
A = solute to be recovered

C = carrier from which A is extracted

X = mole or weight ratio of A (solvent-free), A/(A + C)
Y=8/(A+C)

minimum- and total-reflux conditions, corresponding to infi-
nite and minimum number of stages, bracket the optimal ex-
tract reflux ratio. Raffinate reflux is not processed through the
solvent-removal unit because fresh solvent is added at this
end of the cascade. It is necessary, however, to remove sol-
vent from extract reflux at the enriching end of the cascade.

The analogy between a two-section liquid—liquid extrac-
tor with feed entering a middle stage, and distillation, is con-
sidered in some detail by Randall and Longtin [32). Differ-
ent aspects of the analogy are listed in Table 8.5. The most
important analogy is that the solvent (a mass-separating agent)
in extraction serves the same purpose as heat (an energy-
separating agent) in distillation.

The use of raffinate reflux has been judged to be of little,
if any, benefit by Skelland [31], who shows that the amount
of raffinate reflux does not affect the number of stages
required. Accordingly, we will consider a two-section, coun-
tercurrent cascade that includes only extract reflux, as shown
in Figure 8.26b, )

Analysis of a refluxed extractor, such as that of Fig-
ure 8.26b, involves relatively straightforward extensions of
the procedures already developed. As will be shown, how-
ever, results for a type I system depend critically on the feed
Composition and the nature of the equilibrium-phase dia-
gram, and it is very difficult to draw any general conclusions
with respect to the effect (or even feasibility) of reflux.

For the two-section cascade with extract refiux shown
in Figure 8.26b, a degrees-of-freedom analysis can be per-
formed as described in Chapter 5. The result, using as elements

two countercurtent cascades, a feed stage, a splitter, and a
divider, is Np = 2N 4 3C + 13. All but four of the specifi-
cations will usually be

Variable Specification Number of Variables
Pressure at each stage N
Temperature for each stage N
Feed-stream flow rate, composition, C+2
temperature, and pressure
Solvent composition, temperature, C+1
and pressure
Split of each component in the spliiter C
(solvent removal step)
Temperature and pressure of the 4
two streams leaving the splitter
Pressure and temperature of the divider 2
2N +3C+9

The four additional specifications can be taken from one
of the following sets:

Set 1 Set 2 Set3

Solvent rate Reflux ratio Solvent rate
Solute concentration  Sclute concentration  Reflux ratio

in extract (solvent in extract Number of stages

free) (solvent-free) Feed-stage location
Solute concentration  Solute concentration

in raffinate in raffinate

{solvent-free) (solvent-free)
Optimal feed-stage ~ Optimal feed-stage

location location



