|_ecture 7
Liquid-Liquid Extraction

(partially miscible solvent and
diluent)



> WD

Intended learning outcome

Analyze the difference in system when solvent and diluent are partially miscible.
Analyze triangular phase diagram for reading composition of mixture.
Analyze single-stage extraction using triangular diagram.

Calculate number of stages for countercurrent operation using triangular diagram.



Partially miscible solvent/diluent

R, Feed R
:, ...... D A ‘S
X, XX, XXX
......
Stage 1
— «——
E.  Extract E,
yhyhys VY5,
Nomenclature
D: Diluent
A: Solute
S: Solvent
R = Raffinate
E = Extract

Diluent flow rate is not constant

Fpo#Fp1#Fpp.....

R
J-1 Rj RN—l RN
DA Y D o_Af 5 . Raffinate
I ETLE L XX Xt Ay p &y 11Xy XN XN'X
........
St Stage
age | N
«— — ——
E E. E, E v Solvent
ST 4 g Dy A S { DA S
YiiY¥, Vi Y ja0¥ ja i'yN ’.§yN’yN .-_)_/_1_\{_+}_"y1v+1'y1v+ 1
x(l)) = mole fraction of diluent in Raffinate stream entering stage 1
xg = mole fraction of solvent in Raffinate stream entering stage 1
xg‘ = mole fraction of solute in Raffinate stream entering stage 1

R #R #..R_ #R #.R _ #R,

E1 7+ E2 #....Ej 7 Ej+1 #...EN ;tEN+1

Solvent flow rate is not constant
FS,O 7& FS,I 7& FS,l """ 7& FS,N+1
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Partially miscible solvent/diluent

R, Feed R
D A S D A S
X, XX, X XX
—
Stage 1
4— <—
E, Extract E,
D A S D A S
yl’yl'yl yz’Yz’Yz
At stage |

R R
J-1 j
D A S D A S
X]—].’X]—I’X]—l X],X], X]
—> —>
Stage j
<+ <+
E] Ej+1

RN—l RN
D4 xS Raffinate x° x4 x°
Xy Xy Z v Xy Xy Xy
— —
Stage
N
«—— «——
E, E. .. Solvent
D A _S D A S
Yur Y ¥Yy V1Y v Y v

1. X?,Xf, X]S. and )’f»y;l»yjs- are in equilibrium (streams leaving the stage).

2. xP

J
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, Xf and J’fﬂ»YfH»YJS-H are part of the operating line (streams connecting two stages).



Equilibrium relationship:
Reading composition from triangular phase diagrams

Equilateral triangle

Viviani's theorem Solute, A
[y + I, + g = h = height of the triangle

(fixed for a given triangle)

Solvent, S

Diluent,D



Reading composition from triangular diagrams

Equilateral triangle 00 10 [, + I + Iy = h = height of the triangle

= lj””id cos @ + llg)”d cos @ + l;’rid cosd = h

0 = 30°

= llfrid + lgrid + lgrid — h 2h

5 c0s30 \/5

grid
IA

=a=1

id
> X, =7 . — ="
grid grid grid A

(197 417 197

......................u........................3........................',c....................... ......................

Igrid X, = Igrid
0.1 A

Lovcen e R S R B B B

lven VARV RV Diluent,D
Solve t'S 0. . 0.3 04 05 06 0.7 0.8 0.9 1.0 4

__qgrid
Xg = Is




Reading composition from triangular diagrams

Equilateral triangle

Solute, A

0.0 1.0

L LT LT LT T PP Py

N S NP ORRUIN

. T LT TTT TTT TTT TRT TN

DTS TR PPPPPPRR. >, IR RPN

£ T PR

fresesncssessesnessesecsisocsecnecsonsesvecsverethossrosssesssnsstvessseiftvsessessevresnoctoesesfhervetsoncsivssesnestesshrecsoesessocsoesesnessefiesressvessansssesosseesdsesveesaesesvecoresseeiiorectoerssnestvesone

Solvent,S 1.0

o1 02 03 04 05 06 07 08 09 1.0
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What is the composition of solute and diluent?

A. 0.8and 0.2
B. 0.3and 0.5
C. 0.5and 0.2
D. 0.5 and 0.8

Solvent,S 1.0

Solute, A

0.0_1.0

06 07 08 09 1.0



Equilibrium relationship in partially miscible
solvent/diluent case

Solute, A

0.0_1.0

Solvent,S 1.0

01 02 03 04 05 06 07 08 09 10
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Solvent,S 1.0

Effect of temperature

Solute, A

0.0_1.0

...................................................................

..............................................

T, >T,>Ty,> T,

Better solubility at higher
temperature

0.1

02 03 04 05 0.6

=PFL

0.7

. Diluent,D
1.0
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Calculations for partially miscible mixture

Consider two stream, E and R, which mix to form M

M=E+R

A __ . A A
Mz, =Ey_ +RX,

Mixture, M
—_—

MZZ = Eyg + Rxg z

U I

Z =

4 Eyg +RX2 B Ey;1 +RX£

M M E+R

b _ Ey,+Rx, Ey. +Rx,

M M E+R

Extract, E

Solute, A

0.0_1.0

07

/
1

Solvent,S 1 0/

>

0.
Raffinate, R

a

\ Diluent D
02 03 04 05 06 07 08 09

0.

Can be used to calculate composition of M
when the flow rates and the compositions of
the E and R streams is known

nm

PFL
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| ever-arm rule

Solute, A
R 0.0 1.0
A A
Ey +Rx, 2/ \/\e.

; .
E+R 1+[R]
E

B R\
MM g E-| g 'R VA /ATANANA  VARVARAS YA WAN

01 02 03 04 05 06 07 08 09 1

) o
-z, NM EM
; OR MR

The lever-arm rule

_R+E M
E E

X |m=
=

R
—+1
E

EM _ EM+MR  ER

X [=
=

we wkomx EPFL



Single-stage extraction

Specified R, Feed R,
D A _S <P x4 S
R E XO’XO 'XO 1271771
0 2 —_—] >
D A S D A S
X, XX, V1YY, | |
E. Extract E,
A S
Need to calculate VoYL, Yy Ya¥,
Rl El
D A S D A S
X7, X% x Vo, Vy
17171 e Solute, A

0.0_1.0

1. Start with identifying Ro and E2 on the diagram

2. Calculate specification of mixture

A A A D D
M=E +R Mz, =E y +RX_ Mz =E y +RX

A A D D
o = Yy TRX o = By TRX,
M E +R M E,+R

SOIVBH t ,S 1.0 £ ¥ + + + + ¥ ES F— A
1 02 03 04 05 06 07 08 09 1.0

0
3. Identify M on the plot ol > )
y P =Pr-L



Single-stage extraction

4. Exploit the fact that R+ and E1 are in equilibrium

5. R1 and E1 will be connected by tie-line and will
pass through point M. Guiding tie lines are provided.

6. Calculated R+ and E+ using tie-lines.

7. Read y,.y.,y,.x.,x,x;, from the diagram

R0 Feed

D A S

X, X0, X,

«——

E Extract
yo,yLy,

Solute, A

0.0_1.0

Solvent,S 1.0+

=Pi-L
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Cross-flow

E Solvent
Specified - Yr VY
. ; “ | R
0 in XD, XA,XS D A _S
D A S D A S 0 0 0 X ) X ;X
XO ) XO ’XO -yin’ yin'yin —*| Stagel _>R ffinate
Feed attina
Need to calculate l E  Extract
R E D, A’ S
s Y, yy
x’, x* x° yo.¥yy Solute, A
0.0 1.0

No difference with the previous case

Solvent,S 1.0:

=Pi-L

01 02 03 04 05 06 07 08 09 1.0
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Two-stage cross-flow

E,, Solvent
E. ., Solvent ”

- g D A S
SpQleled D A S yZ,in' yZ,in'yz,in
R yl,in’ yl,in’yl,in
R, E, 0
o 4 s x? x4 x°
Xg’ XoA'Xg Vi Yiim' Y iin 077070 Rl R
—P»| Stage 1 > YR > Stage 2 p—b 12) L
X, X7, X
Need to calculate Feed 17 %1% - X, X)X,
E
El E2 RZ l 1D A S l EZ
200 0 A 200 2 G GO s Y Yo ¥ y2,ylys
Solute, A
1. Carry out the first stage calculation. 0.0 1.0

2. Use R+ and Ex in as feeds for 2nd stage.

3. The process can be used for N stages.

Solvent,S 1.0+

01 02 03 04 05 06 07 08 09 1.0
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Calculate the amount of solute, A, left in the outlet raffinate stream Ras.

El,in =350

1yig,in= 1

R, =100

x{)* =0.3

R,

Stage 1

xé) =0.7

lEl

EZ,in = 50

lyg,in=1

Stage 2

R,

1=

Solvent,S 1.0

E3,in = 50
l yg,in =0.8, yf,in =0.1,

Stage 2

r—>R3

‘e

0.9

Solute, A

0.0_1.0

01 02 03 04 05 06 07 08 O.

9 1

A Diluent,D
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Calculate the amount of solute, A, left in the outlet raffinate stream Rs.

El,in =50 E2,in =350 E3,in =350 A A
lyiq’i" =1 l ¥, =1 l Y =08,y3, =0.1, oA _ E| 1+ Roxg
M1 —
R, = 100 R, . Ey i+ Ry
—P| Stage 1 > age 2 R D D
x(‘;‘ _03 Stage 2 | Stage2 b= 13 ZD . El,inyl,in + ROXO
P =07 lEl 1E2 l ML B 4+ R,
E3 ,INn
M, =150 zj; =02 zy, = 0.47 Draw R1E+ as per other tie lines
R, = 4.4/9.8%150 = 67.3 =015  xP=082
(4.4 and 9.8 are distances measured by ruler)
, , Solute, A
Get M2 by connecting R+ with Ez;in 00 10

M, =R+ Ey;, = 1173 Zyp = 0.086 Zyy = 047 Operating line in

. green
Draw R2E2 as per other tie lines

R,=56/125%117.3=526 x4 =005  xP=092

(5.6 and 12.5 are distances measured by ruler)

tie line in red

Get M3 by connecting Rz with Esin  zi, = 0.06  z3), = 0.52
M;=R,+E;;, =102.6 Zhy, = 0.07 Zyy, = 0.52 o4 4_ ..... _____ “

Rs composition is similarto Rz~ x5 = 0.05 x5 = 0.93

Es composition is similar to Es;in 1339-
S O Iv ent) S éq_o = 5 1 ~.?, ? f ; ~?, i -.{. 7%3 ' D llu en t’D
Third Stage did not help much to purify El,m 01 02 03 04 05 06 0.7 08 09 -1.0

2,in 18



Countercurrent extraction: overall balance

R, Feed = 777" Rasessesccsccsess dyrprsssseccannnnans Hlgescsccsscsscse lissesssessessscssescossesey R
D A S D A S D A S D A S
X, X, X, X, X)X L X X X', X7, X Xy X Xy Raffinate XXX
— — —> —> — BN
E Stage 1 Stage StaNge :
E Extra,'ct E, E E. E, E,\;+1 Solvent
YLy Yy Y3, yyhy? SO0 P S % IvaYwrYna
Overall balance M is Hypothetical mixture
R+E, =R +E, - M
A A A A _ A
Roxo +EN+1-yN+1 _ RNXN +E1-y1 — MZM
D D D D . D
Roxo +E1v+1y1v+1 — RNXN +E1y1 — MZM

Rn and E1 are not at equilibrium!!
~™pre
= Pl' L
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Countercurrent extraction: overall balance

R Feed R, R R, R, R,
D A S D A D A S i D _A S
xg,on,XS XXXy XXX X?'X;' X}S' N1 Xy ¥y Raffinate Xy Xy Xy
—> —> —> —> — >
Stage 1 - Stage j M StaNge
«— — — — ——
E, Extract E, E, E E, E, . Solvent
vy vy YOyhy, YaYiaYia VY Y nearYv
p p p p Solute, A
E +Rx” E + R X
Z]é[ _ By Y a 0X0 _ EnYy 171 0.0_1.0
E +R E +R
N+1 0 N 1
Find M on plot

D D D D
EN+1yN+1 +ROXO — EN-yN +R1X1

EN+1+RO EN+R1

SS

Point M lies at the intersections of lines joining

* En+1and Ro Solvent,S 1.0

* E4and Rn
So, if Rn is given then E1 can be figured out.

=Pi-L
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Why E1 and Rn are on equilibrium curve?

R
R, Feed R, i1 R, R, . R,
D A S D L4 ¢S D o4 S D LA S D A S Raffinate +? +v4 +$
X, X, X, X XX, X, X X X, X, X Xy 1 Xy Xy XXXy
— —> —> e —
Stage 1 w Stage w Stage
— «— -« -« — —
E, Extract E, E E., E, E .. Solvent
D A S D A _S D A _S D A S D A _S D A S
yl’yl’yl yz'yz’yz yj,yj,yj -yj+1'yj+1'yj+1 yN'yN’yN yN+1’yN+l’yN+1

Solute, A

0.0_1.0

Is this a tie-line?

0.8

Solvent,S 1.0 / VAN

=PFL
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Can you identify position of R1?

R
RO Feed R1 j-1 R] RN—1 RN
D A .s D A S D A S D LA S DA x5  Raffinate x? x4 x5
XO,XO,XO xllxl ,Xl x]—llxj—l'x]—l X],Xj, X] XN_l, XN—I’XN—l XN,XN,X
—_— — — > — >
Stage 1 M Stage | W Stilge
— — <« «— — ——
E, Extract E, E, E., E, E,., Solvent
D A D A _S D A .S D A _S D A N
Vi ¥Yo¥y Yy ¥y ¥, yj:yj:yj ]+l’y]+1'y]+l YurYn¥u YvaYnarYun

Solute, A

0.0_1.0

Solvent,S 1.0

02 03 04 05 06 07 08 09 1.0

=PFL
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How would you calculate number of stages?
Can you identify position of E2?

R

D A S D A S A D A S D S Raffinate +2 v4 +°
Xy, XX, X XX, X X Xy X, X, X vo1 Xy Xy XXXy

—» — —> —> —> e

Stage | L Stage - Stage

— — «— — —
E Extract E, E, Ej E, E, . Solvent

D A S D A _S s D _A _S D A s
yl 'yl'yl -yz 'yz'yz y;J: Y;Jyj y} y} y] -yN’yN'yN yN+1'yN+1’yN+1

0.8

OEN 1 M\ 0.
Solvent,S 1.0 / \R

R+ and E2 are related by operating line

Trick to find Eo.
1.

E> will lie on the equilibrium curve
(in equilibrium with R2) because it
comes out from stage 2.

What if we had a fixed point A such
that E2 lies in a straight line that
connects Ry1and A.



Can you identify position of E2? Lets find A

Stage 1 Ry+E, =R, + E|

A A A A
ROXO +E2y2 —Rlx1 +E1y1

Rix* + E;y2 = Ryxl + Eyys

A A_ A A _ A_A
Ey, —Rx,=Ey, —Rx; = Az

>E.,,—R = A = E, = A+R,

J

A _ A A
$Evj+1yj+l = AZA + R]X]

1. Ej+1is a mixture of composition at Rj and A

2. Eolies in a straight line that connects Riand A

3. A can be located using E1 and Ro and En+1 and Ry

=Pi-L

XA XA
Ry——0 | R,
Stage 1
E 1 —£L,
M Vs
A A
Rl L’I i; R2
Stage 2
E, 71— —— L

D _ D D
:>Ej+1yj+1 - AZA + ijj
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Can you identify position of E2? Lets find A

Solvent,S 107 2Nt —— A

Zﬁa Zi), Zi

D

25



Countercurrent extraction: Number of stages

* Plot coordinates of Ro, Rn, and Ena+
 Find coordinate of M, and then Ej

e Find coordinates of A

e Starting from E1, find R+ using tie-line.

* From R1, get E> (connecting to A)

e Continue in this manner until reach Rn A " 05R;

...........
..............

.SO [Ven t ) S 1.0 £— .EN ~ + ¥ RN
0.1 b.2 0.3 04 05 06 07 08 09 1.0

(x,x),X,) >

N=



