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Flash
Distillation

D1. One of the prerequisites for study of separations is the ability to convert from weight to mole
fractions and vice versa. As a refresher in this conversion, solve the following problem: We have
a flow rate of 1500 kmol/h of a feed that is 40 mol% ethanol and 60 mol% water. What is the
weight fraction of ethanol, and what is the total flow rate in pounds per hour?

D1.  New problem for 3" edition. Basis 1kmol feed.

4 kmole E =(.4)(MW =46)=18.4 kg

10.8 kg
total = 29.2 kg
Weight fraction ethanol = 18.4/29.2 = 0.630

.6 kmol Water =.6 (MW=18)=

Flow rate = (1500 kmol/hr)[(29.2kg)/(1 kmol)] = 43,800 kg/hr.

A flash distillation chamber operating at 101.3 kPa is separating an ethanol-water mixture. The feed
mixture is 40 mol% ethanol and F = 100 kmol/h. (a) What is the maximum vapor composition and (b)
what is the minimum liquid composition that can be obtained if V/F is allowed to vary? (c) If V/F =

2/3, what are the liquid and vapor compositions? (d) Repeat step c, given that F is specified as 1000

kmol/h.
[_’ vly
F =100
—=1p=10l.3kPa y. 0, 2/3,0r I.O e
Z,=04 F -
Figure 2-8.
L——’L,x 1.0
Mass Balances:
F=V+L maxy
Fz=Vy +Lx ) q (a)
_ -/ E Yeton,
Solve for y: tj_ X +4Z o | :
y=- L X + E z ‘I'\l-quf- \mq line
Vv Vv 3 2 slope™hyV
From the overall balance, L. = F — V. Thus 7xe 4 o L
when V/F=0.0,V=0,L=F,and /V=F/0 = =0.§ ) 2 4 6 8 ko
when V/F =2/3, V = (2/3)F, L = (1/3)F, and L/V = (1/3)F/[(2/3)F] = 1/2 lowest x
when V/F=1.0,V=F,L=0,and /'V=0/F =0
Thus the slopes (-L/V) are —oo0, —1/2, and 0. a. Highest y is for V/F = 0: y = 0.61 [x = 0.4]
If we solve for the y = x interception, we find it at y = x = z = 0.4 for all cases. Thus we can plot three b. Lowest x is for V/F = 1.0: x = 0.075 [y = 0.4]
operating lines through y = x = z = 0.4, with slopes of —0, —1/2 and —0. These operating lines were c. When V/F is 2/3, y = 0.52 and x = 0.17

shown in Figure 2-8.

d. When F = 1,000 with V/F = 2/3, the answer is exactly the same as in part c



D17. We are separating a mixture of acetone (MVC) from ethanol by flash distillation at p = 1 atm.

Equilibrium data are listed in Problem 4.D7. Solve graphically.

@a. 1000 kmol/day of a feed that is 70 mol% acetone is flash distilled. If 40% of the feed is

vaporized, find the flow rates and mole fractions of the vapor and liquid products.
b. Repeat part a for a feed rate of 5000 kmol/day.

@c. If feed is 30 mol% acetone, what is the lowest possible liquid mole fraction and the highest

possible vapor mole fraction?

@d. If we want to obtain a liquid product that is 40 mol% acetone while flashing 60% of the feed,

what must the mole fraction of the feed be?
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Energy separating agent mass separating agent

1.4. Use of an ESA or an MSA:
Compare the advantages and disadvantages of making separa-
tions using an ESA versus using an MSA.

Analysis: With an MSA, an additional separator is needed to recover the MSA. Also,
some MSA will be lost, necessitating the need for MSA makeup. If the MSA is
incompletely recovered, a small amount of contamination may result. The use of an
MSA can make possible a separation that can not be carried out with an ESA. An ESA
separation is easier to design.

4.6. Partial vaporization of a nonideal binary mixture.

A liquid mixture containing 25 mol% benzene and 75 mol%
ethyl alcohol, in which components are miscible in all proportions,
is heated at a constant pressure of 1 atm from 60°C to 90°C. Using
the following 7—x—y experimental data, determine (a) the tempera-
ture where vaporization begins; (b) the composition of the first bub-
ble of vapor; (c) the composition of the residual liquid when 25 mol
% has evaporated, assuming that all vapor formed is retained in the
apparatus and is in equilibrium with the residual liquid. (d) Repeat

part (c) for 90 mol% vaporized. (e) Repeat part (d) if, after 25 mol%
is vaporized as in part (c), the vapor formed is removed and an addi-
tional 35 mol% is vaporized by the same technique used in part (c). l \
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D1.* We are separating a mixture of methanol and water in a flash drumat 1 atm pressure. Equilibrium
data are listed in Table 2-7. (a_d) \_JI.\JN . |L, J |:

a. Feed is 60 mol% methanol, and 40% of the feed is vaporized. What are the vapor and liquid
mole fractions and flow rates? Feed rate is 100 kmol/h.

b. Repeat part a for a feed rate of 1500 kmol/h. KM

c. If the feed is 30 mol% methanol and we desire a liquid product that is 20 mol% methanol, what
V/F must be used? For a feed rate of 1000 Ibmol/h, find product flow rates and compositions.

d. We are operating the flash drum so that the liquid mole fraction is 45 mol% methanol. L = 1500
kmol/h, and V/F = 0.2. What must the flow rate and composition of the feed be?

.. Find the dimensions of a vertical flash drum for Problem 2.D1c.
Data: p,, = 1.00 g/en?, p,; = 0.7914 g/em®, MW, = 18.01, MW, = 32.04. Assume vapors are
ideal gas.

e. Find Liquid Density.
MWL =x_ 2 MW_ +x, MW_ = .2 32.04 + .8 18.01 =20.82

- MW . :
Then, V, =x,, v gy MW =.2(32 04]+.8[18 OIJ=22.51 ml/mol

P P, 7914 1.00
p, = MWL/VL =20.82/22.51=0.925 g/ml
P M
Find Vapor Density. p, = TV (Need temperature of the drum)

—
W=y, MW +y MW =.58 32.04 +.42 18.01 =26.15 g/mol
m m w w —— —

Find Temperature of the Drum T:
From Table 3-3 find T corresponding to

y=.58, x =20, T=81.7"C =354.7K

p, = latm 26.15 g/mol /[(82.0575

from part c

1 at B
o “2] 3547 K :|=8.98><10 “ g/ml
\

mo
e = Koy PL =P, /P,
s N . 2-60
Ky =exp[ A+B (nF, +C fmE, *+D (nF, "+E fF, ']

Since V = [%j F= 0.25 1000 =250 lbmol/h,

W, =V MW, = 250[26.15 ]= 6537.51b/h

Ibmol

L=F-V=1000-250=750 lbmol/h,and W, = L MW. = 750 20.82 =15,6151Ib/h,

w 15615 [8.89x10™*
F, = —L p—V:[ j O ~0.0744, and /n F, =-2.598
w, \p, L6537 925

,.925 -8.98x107"
Then Kdrum =.442, and upwm =.442 W =14.19 ft/s
98x

V MW, 250 26.15 454 g/lb B
- = =228 ft".

A
©u,.3600p,  14.19 3600 8.98x107 g/ml 28316.85 ml/ft’

perm

Thus, D =J4A_ /m =1.705 ft. Use?2 ft diameter.

L ranges from 3xD =6 ft to 5x D=10 ft
Note that this design is conservative if a demister is used.

EXAMPLE 26.1-1. Use of Raoult’s Law for Boiling-Point Diagram
Calculate the vapor and liquid compositions in equilibrium at 95°C
(368.2 K) for benzene—toluene using the vapor pressure from Table
26.1-1 at 101.32 kPa.

Solution: At 95°C from Table 26.1-1 for benzene, P4 = 155.7 kPa
and Pg = 63.3 kPa. Substituting into Eq. (26.1-3) and solving,

155.7(x,) + 63.3(1 — x,) = 101.32 kPa (760 mmHg)
Hence, x4 =0.411 and xg =1 —-x4 =1 —0.411 = 0.589. Substituting
into Eq. (26.1-4),

_ P, 155.7(0.411)

y — — ()632
- P 101.32




EXAMPLE 26.3-1. Relative Volatility for Benzene—Toluene System

Using the data from Table 26.1-1, calculate the relative volatility for
the benzene—toluene system at 85°C (358.2 K) and 105°C (378.2 K).

Solution: At 85°C, substituting into Eq. (26.3-3) for a system
following Raoult’s law,

a = L) = “_M) = 2.54
Pn 46.0
Similarly at 105°C,
2042 ag
860

The variation in o is about 7%.

Just reminder that the relative volatility is the vapor pressure of A/ vapor pressure of B + its (ya/xa)/(yb/xb)

26.1-1. Phase Rule for a Vapor System. For the system NH;—water and
only a vapor phase present, calculate the number of degrees of
freedom. What variables can be fixed?

Ans. F = 3 degrees of freedom; variables T, P, y



EXAMPLE 1.1 Feasibility of a separation method.

For each of the following binary mixtures, a separation opera-
tion is suggested. Explain why the operation will or will not be
successful.

(a) Separation of air into oxygen-rich and nitrogen-rich products by

(b) Separation of m-xylene from p-xylene by distillation.
(¢) Separation of benzene and cyclohexane by distillation.

(d) Separation of isopropyl alcohol and water by distillation.

distillation.

(e) Separation of penicillin from water in a fermentation broth by

evaporation of the water.

Solution

(a) The normal boiling points of O, (—183°C) and N (—195.8°C)

are sufficiently different that they can be separated by distilla-
tion, but elevated pressure and cryogenic temperatures are req-
uired. At moderate to low production rates, they are usually
separated at lower cost by either adsorption or gas permeation
through a membrane.

(b) The close normal boiling points of m-xylene (139.3°C) and p-

xylene (138.5°C) make separation by distillation impractical.
However, their widely different melting points of —47.4°C for
m-xylene and 13.2°C for p-xylene make crystallization the sep-
aration method of choice.

(¢) The normal boiling points of benzene (80.1°C) and cyclohexane

(80.7°C) preclude a practical separation by distillation. Their
melting points are also close, at 5.5°C for benzene and 6.5°C
for cyclohexane, making crystallization also impractical. The
method of choice is to use distillation in the presence of phenol
(normal boiling point of 181.4°C), which reduces the volatility
of benzene, allowing nearly pure cyclohexane to be obtained.
The other product, a mixture of benzene and phenol, is readily
separated in a subsequent distillation operation.

(d) The normal boiling points of isopropyl alcohol (82.3°C) and

(e

—

water (100.0°C) seem to indicate that they could be separated
by distillation. However, they cannot be separated in this man-
ner because they form a minimum-boiling azeotrope at 80.4°C
and 1 atm of 31.7 mol% water and 68.3 mol% isopropanol. A
feasible separation method is to distill the mixture in the pres-
ence of benzene, using a two-operation process. The first step
produces almost pure isopropyl alcohol and a heterogencous
azeotrope of the three components. The azeotrope is separated
into two phases, with the benzene-rich phase recycled to the
first step and the water-rich phase sent to a second step, where

almost pure water is produced by distillation, with the other
product recycled to the first step.

Penicillin has a melting point of 97°C, but decomposes before
reaching the normal boiling point. Thus, it would seem that it
could be isolated from water by evaporation of the water. How-
ever, penicillin and most other antibiotics are heat-sensitive, so
a near-ambient temperature must be maintained. Thus, water
evaporation would have to take place at impractical, high-
vacuum conditions. A practical separation method is liquid-
liquid extraction of the penicillin with n-butyl acetate or n-amyl
acetate.

general senarios why we can't separate sometimes



4.8. Equilibrium plots for benzene-toluene.
The relative volatility, a, of benzene to toluene at 1 atm is 2.5.

9@{str xX=y <y diagrams foy'this ggsteny at 1/atm. Repeat
the 1 e x—x diagrap using va l:yzéure data for
nze and for toJdene fronv'the table below,

wit s/and Daffon’s laws. Use the diagrams for the following:
(a) A liquid containing 70 mol% benzene and 30 mol% toluene is
heated in a container at 1 atm until 25 mol% of the original liquid is
evaporated. Determine the temperature. The phases are then sepa-
rated mechanically, and the vapors condensed. Determine the com-
position of the condensed vapor and the liquid residue. alculate

Mole fraction benzene in liquid

temperature is 88C

‘ equilibrium vapor (0.85), equilibrium liquid (0.65) composition

108 »——\-{\-\ —t—
I \\\\\._@ i . .
AEERNDLUNAN
i FN25 TN,

| B _N\¢
Ts ' VN\
T
i i l
- l ' M

-2 01 02 o3 04 os os or os oS 10

Mole fraction of benzene




4.10. Continuous, single-stage distillation.

Saturated-liquid feed of F = 40 mol/h, containing 50 mol% A
and B, is supplied to the apparatus in Figure 4.35. The condensate is
split so that reflux/condensate = 1.

Vapor
V
Condenser
Still pot
Feed =3t : > Distillate
F o ] - Reflux D
A R
Heat *
Bottoms
W

Figure 4.35 Conditions for Exercise 4.10.

(a) If heat is supplied such that W = 30 mol/h and « = 2, as defined
below, what will be the composition of the overhead and the

bottoms product?
_ Py yaxs
o= =
Py ypxa
| Vapor |
V
I ConLenser
| still pot
Feed —>|:- : Distillate
F = 51 Reflux D
| '- TR Fa ...‘;‘ R I
/
ot ¥ — — — —
Bottoms
w

overall balance
F=W+D




D3. We are separating a mixture of methanol and water in a flash drum at 1.0 atm pressure. Use the
equilibrium data listed in Table 2-7. Feed rate is 10.0 kmol/h.

a. The feed is 40 mol% methanol and 60% of the feed is vaporized. Find mole fractions and flow
rates of vapor and liquid products.

c. We desire a vapor product that is 80 mol% methanol and want to operate at V/F = 0.3. What
must the feed composition be?

1.2

operating line

C
)

c- we need x from the graph

0 -4 " 1 l-——-o.\-..-l._t__a_;A.

0 : ." '.
x=0.18 feed (0.4) * x=0.545 0




D11. A vapor stream which is 40.0 mol% ethanol and 60.0 mol% water is partially condensed and
sent to a flash drum operating at 1.0 atm.

a. What is the highest vapor mole fraction which can be produced?

lowest vapor mole fract

y min (0.4)

L/F=0.6=V/F=04& L/V=15
Operating line: Slope =-—1.5, throughy=x=z=0.4

. : i _1. =
: -

uR RuE
H T
o |
| N e
1 N
- il N i l_;__ 1 ]
!... - LAL - ; ) - A‘ ,i oo = - ....,. visame ?.—- -
i e 5 .2 Y & .8 - 40 .
= e e

(0.61) maximum

10



11
D12. Find the dimensions (h,,, and D) for a horizontal flash drum for Problem 2.D1c. Use h,,,/D = 4.

-Problem in page 4
K grumporzontal = 125X K g veriear =125  vertical JI K drum JI oy K drum asd Slghsdl guds

Slghazdl juai Josu g
Kdrum.venicnl = 0442’ and Kdmm,horiz = 05525
0.925-8.98x10°*
Uy = 0.5525\/ > 89810 1774 fus
8.98x10
vV MW, 250 26.15 454 g/lbm

A
©u,,.3600p  17.74 3600 8.98x10* g/ml 28316.85 ml/ft’

perm

A, =1.824ft, A =A_/02=9.12f

With L/D = 4, D=,/4AT/n=3.41 ftand L=13.6 ft

D13. The phenol-cresol system has an approximately constant relative volatility at a;, . = 1.76. Phenol

is more volatile. At equilibrium, if cresol mole fraction in the liquid is 0.3, what is the mole
fraction of cresol in the vapor?




D14. We are feeding 100 kmol/h of a mixture that is 30 mol% n-butane and 70 mol% n-hexane to a
flash drum. We operate with V/F = 0.4 and T, = 100°C. Use Raoult’s law to estimate K values

from vapor pressures. Use Antoine’s equation to calculate vapor pressure,
log o (VP) = A - =2

(T+0)

where VP is inmm Hg and T is in °C.
n-butane: A = 6.809, B =935.86, C = 238.73
n-hexane: A =6.876, B=1171.17, C = 224.41
Find pgqms X;and y;

12
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D1. A continuous, steady-state distillation column with a total condenser and a partial reboiler is
separating methanol from water at one atmosphere (see Table 2-7 for data). The feed rate is 100
kmol/h. The feed is 55 mol% methanol and 45 mol% water. We desire a distillate product that is
90 mol% methanol and a bottoms product that is 5 mol% methanol. Assume CMO.

a. If the external reflux ratio L/D = 1.25 plot the top operating line.
b. If the boilup ratio V/B = 2.0 plot the bottom operating line.

c. Step off stages starting at the bottom with the partial reboiler. Use the optimum feed stage.
Report the optimum feed stage and the total number of stages.

d. Plot the feed line. Calculate its slope. Calculate q. What type of feed is this?

Q)

/”93:-0557(4-0.'4
1 fi e
ped - —‘;' 4 "_ - Qa
(0.55,0-9) AT
€9 53, /’1 .
/ \ =Jr C~
0.8 ),{‘ ‘/jf N
o3 = ,/' :
0.4 4 1
Gy
0.2 1 11
’; b]-_ ooso.z 04 0.8 08 yieg o
V&:\-S'K -0.025
%=0.55 > ,:\.;E::S\-o.ou 'X(«g = 0.65
Rn:J point $(0.55,0.%) onolher po'm\- for c,,um_
Y nd @) bne '-n\em,#
(0.45,0.65) -
2 1)
Sope= 5= ke

—L ., 065-065 _9=0.5
A 0.55-0H45  ixiure
Dnivwe

ol g <
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D2. We are separating ethanol and water. All percentages are mol%. Find the q values and plot the
feed lines.
a. Feed is 60% ethanol and flashes in the column with V/F = 0.37.
b. Feed is 40% ethanol and is a two-phase mixture with liquid and vapor in equilibrium at a
temperature of 84.1°C.

c. Feed is 40% ethanol and is a liquid at 20°C. . .
l— Hv, HI, hf o4 &l
d. Feed is 40% ethanol and is a vapor at 120°C: P9 02 4

e. Feed is 50% ethanol and is a subcooled liquid. One mole of vapor must be condensed to heat
12 moles of feed to their boiling point.

f. Feed is 20% ethanol and 70% is vaporized in a flash distillation system. The products of the
flash system are fed to distillation column. Calculate the two q values and plot the two feed
lines.

7/: \-0.%3 063 XF:06

e

= \Fon Xox ey A

H-h
c. liquid at 20°C q= ﬁ and 40 mole % ethanol.

The pressure in Figure 2-4 is very close to 1.0 atm, thus it can be used, but must convert to wt
frac.

Basis Tkmol feed.

L \Y

4kmoleE = 4 MW =46 =184kg 0.63 wt frac.

.6 kmol Water =.6 MW =18 = _ 108ke
total = 29.2 kg
From Figure 2-4 H~398 keal/kg,h~75,h, 20C =10
398-10 ~120
398—75
Slope=i=£=()
1 +2

Alternate Solution: 40 mole % ethanol boils at 84.1°C (Table 2-1).
Then if pick reference as saturated liquid at 40 mole %

10

hy =C, i, 20-84.1 bl S el e s
h=0, H=2[, 7 o
d. 40 mole %E =63 wt%, H ~ 398 kcal/kg, h ~65,h, ~398 M+C 120-84.1 — +
kg Porr - o e

G, =¥iCo *0Co —
Assume only 1" and 2" terms in C » equations are significant.
From Problem 2.D9

C, =.414.66+0.03758T +.6 7.88+.0032T

L keal’kmol T is C

hd =6 | £ 4
which simplifies to C, =10.592+0.16952T i ~
- 0.24t =

120

For linear J’ CdT isequalto C, @T,,

841

T,, = 8414120 /2210205 . Then C, =10.592+ 0.16952 102.05 =12.32 2 < / -]
o kmol o o
]
h, =308 %804 1535 120 g4,y Keal |1 kmol ;‘ i - e
kg kmol [27.2 kg f
hy =398+15.149 = 413.15keal/kg
_398-413.05 _ -15.047 _ o ° I e s D

398-65 333




How to get (q) value when the feed is a subcooled Iiguid (D2) or Superheated vapor (D26)
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D26. A distillation column with a partial condenser and a total reboiler is separating acetone and
ethanol. There are two feeds. One feed is 50.0 mol% acetone, flows at 100.0 mol/min, and is a
superheated vapor where approximately 1 mole of liquid will vaporize on the feed stage for each
20 moles of feed. The other feed is a saturated liquid, flows at 150.0 mol/min and is 35.0 mol%
acetone. We desire a distillate product that is y, = 0.85 mole fraction acetone and a bottoms

product that is xg = 0.10 mole fraction acetone. The column has a partial condenser and a total

reboiler. Boilup is returned as a saturated vapor. Column operates at a pressure of 1.0 atm.
Assume CMO and use a McCabe-Thiele diagram. VLE data are given in Problem 4.D7.

a. Find (V/B) i, (Plot both feed lines to decide which one to use.)

966 635 fm Bor B Lrne
Tl T T ,‘ y/ T T
7026
e
%o
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[‘é/@\) LR
B8 gr R g ke el
e i ez 5 A
<&.J.
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ok o xe.lac i
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: //. 2 T30 Y= 00476 A+ 0476 .
A oy i
o 7 v e ' :
* Y
! 4 S\QPQ —_,Q/lb)m'm'*l =l 0kl sl s ey @/&)mm = 066
1 (V win Jiale
/ / Nl T2 @
o7
pradle—} 2 PC+R rhd s Goreemps Muxum&l
Q-! Sofum o,
(Y
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D4.*
a. We have a superheated vapor feed of 60 mol% more volatile component at 350°C. Feed flow
rate is 1000 kmol/h. On the feed plate the temperature is 50°C. For this mixture the average heat

capacities are
Cpy. = 50 cal/(mol- °C), Cpy = 25 cal/(mol- °C)
while the latent heat of vaporization is A = 5000 cal/mol. Plot the feed line for this feed.

b. If a feed to a column is a two-phase feed that is 40 mol% vapor, find the value of q and the
slope of the feed line.
c. If the feed to a column is a superheated vapor and 1 mole of liquid is vaporized on the feed

= A=
Fas e DAt iR e s 25(60) =7
a g ~<p : =
Slope_ & sz 210G > U—,o.(,')& SEEILEL
” ¢. q= L-L [FwhereL=L-F/5. q= L-F/5-L [F=-1/5, slope =q/ q—1 =1/6
4 L o
0.t
=l g !-04 - 06 Slopet 0:67) =1

Portial. uaj:ong) A WA

D5.* A distillation column is operating with a subcooled reflux. The vapor streams have an enthalpy of
H, = H, = 17,500 Btw/1bmol, while the saturated liquid h; = 3100 Btw1bmol. Enthalpy of the

reflux stream is hy = 1500 Btw/Ibmol. The external reflux ratio is set at Ly/D = 1.1. Calculate the
internal reflux ratio inside the column, L,/V,.
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D6. We are separating a mixture of acetone and ethanol in a distillation column operating at one

atmosphere pressure. The column has a total condenser and a partial reboiler. The distillate is 90
mol% acetone, and the bottoms is 10 mol% acetone. The reflux is returned as a saturated liquid.
Use a boilup ratio of V/B = 2.0. Two feeds are fed to the column. The first feed has a flow rate of
75 kmol/h, it is a saturated liquid, and it is 60 mol% acetone. The second feed has a flow rate of
100 kmol/h, it is a two-phase mixture that is 60% vapor, and it is 40 mol% acetone. Use the
optimum feed location for each feed. Assume CMO. Equilibrium data are in Problem 4.D7.

a. Find the distillate and bottoms flow rates, D and B.
b. Plot the two feed lines and the three operating lines.

c. Step off stages and find the optimum feed location for each feed stream and the total number of

equilibrium stages required.
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D7.*

a. A distillation column with a total condenser is separating acetone from ethanol. A distillate
concentration of xp = 0.90 mole fraction acetone is desired. Since CMO is valid, L/V =
constant. If L/V is equal to 0.8, find the composition of the liquid leaving the fifth stage below
the total condenser.

b. A distillation column separating acetone and ethanol has a partial reboiler that acts as an
equilibrium contact. If the bottoms composition is xg = 0.13 mole fraction acetone and the
boilup ratio V/B = 1.0, find the vapor composition leaving the second stage above the partial
reboiler.

c. The distillation column in parts a and b is separating acetone from ethanol and has xp = 0.9, xg
=0.13, L/V=0.8, and V/B = 1.0. If the feed composition is z = 0.3 (all concentrations are mole
fraction of more volatile component), find the optimum feed plate location, total number of
stages, and required q value of the feed. Equilibrium data for acetone and ethanol at 1 atm
(Perry et al., 1963, pp. 13-4) are

15

Xy .10 15 20 25 30 35 40 .50 .60 70 80 90
Yo 262 348 417 478 524 566 .605 674 739 802 865 929
S Slope = o.g
POt | (0% .00 04 -y,
<04
. Chaose. Yandonn X, Pow\,(r ~> x 0.y 0.a-0M
bé.:o-g
Jra)  operalma. Une  (09,0) . (0-4.0:8)
< 3
(0.4,0.5) fibaay
bon  read X oF Seac 5

rectifying line from a

Lo

.7

%I

e EL

" ptim

-

b)~ 0.51
o

(0.3,0.47) :

um feed ‘plaf(‘e' = 7 or 8 from top

- -

e

Lol
+ J
dle i

)

ot o} o mrenans

A= 13

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, L .3

10} M,,Atb,,(o:,\g,o.\u,\

052036 .= L
s

B0 stripping line from b
0\b - 03 :
3\p??no§um - W draw}nﬁ feee) Tine bulle ) romdom prick

o e e slepe (0275 ,0% + fed (03,02

~ 0.63




D8.* For Problem 4.D7c for separation of acetone from ethanol, determine:
a. How many stages are required at total reflux?
b. What is (L/V),;,? What is (L/D)pi,?
¢. The L/D used is how much larger than (L/D);,?

" T a) 6 stages

b)
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D9. A distillation column with two feeds is separating ethanol (E) and water at a pressure of 1.0 atm.

The column has a total condenser with saturated liquid reflux and a partial reboiler. Feed 1 is a

saturated liquid and is 42 mol% ethanol. Feed 2 flow rate is F, = 100 kmol/h. Feed 2 is 18 mol%

ethanol and is a two-phase mixture that is 30% vapor. The external reflux ratio is L/D = 1/2, and
the distillate flow rate is D = 80 kmol/h. We desire a distillate mole fraction of x, = 0.66 mole

fraction ethanol and a bottoms that is xz = 0.04 mole fraction ethanol. You can assume that CMO

is valid. Equilibrium data are in Table 2-1.
a. Find the flow rates F; and B.

b. Find the liquid and vapor flow rates in the middle section, L' and V.

c. Determine and plot the operating lines. Be neat.

Same as D6

d. Find both optimum feed locations (above partial reboiler) and the total number of equilibrium
stages needed. Step off stages from the bottom up. Be neat.
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D10.* A distillation column is separating phenol from p-cresol at 1 atm pressure. The distillate 18

composition desired is 0.96 mole fraction phenol. An external reflux ratio of L/D = 4 is used, and
the reflux is returned to the column as a saturated liquid. The equilibrium data can be represented
by a constant relative volatility, ypenol-cresol = 1.76 (Perry et al., 1963, pp. 13-3). CMO can be

assumed.

a. What is the vapor composition leaving the third equilibrium stage below the total condenser?
Solve this by an analytical stage-by-stage calculation alternating between the operating equation
and the equilibrium equation.

b. What is the liquid composition leaving the sixth equilibrium stage below the total condenser?
Solve this problem graphically using a McCabe-Thiele diagram plotted for ®p—c = 1.76.

L T / Q6+ (1= A0x 136 = 09313
fem Opf.rqhuﬂ....(anc ..... we. Can%d—%m .............................................
= __.__—_me.,.'Xo‘ ...... 103% 'i'quz— ...........................
""""""" 'd s “pi%'"x"t R v

13) +.0-192 = O QRABG. i e J, ey

....... B 2280 .O;'BJ. (O_v%
2

s

b) Plot equilibrium curve and operating line. (See Figure). Slope = L/V = .8, y intercept (x = 0)
=0.192,y=x= x,=0.96. Find x, = 0.660.

1.0 T T T
2 X
v 4010 2 .
£
8F . o

13 X,. 5 L0



D11. A mixture of methanol and water is being separated in a distillation column with open steam. The
feed is 100.0 kmol/h. Feed is 60.0 mol% methanol and is at 40°C. The column is at 1.0 atm. The
steam is pure steam (yy; = 0) and is a saturated vapor. The distillate product is 99.0 mol%
methanol and leaves as a saturated liquid. The bottoms is 2.0 mol% methanol and since it leaves
an equilibrium stage must be a saturated liquid. The column is adiabatic. The column has a total
condenser. External reflux ratio is IL/D = 2.3. Assume CMO is valid. Equilibrium data are in
Table 2-7. Data for water and methanol are available in Problem 3.E1.

a. Estimate q.

b. Find optimum feed stage and total number of equilibrium stages (step off stages from top
down). Use a McCabe-Thiele diagram.

c. Find (L/D),;,- Use a McCabe-Thiele diagram.
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D13. A distillation column is separating a 30% methanol-70% water feed. The feed rate is 237 kmol/h
and is a saturated liquid. The column has a partial reboiler and a partial condenser. We desire a
distillate mole fraction of yp, \ = 0.95 and a bottoms mole fraction of xg \ = 0.025. Assume CMO

is valid. Data are in Table 2-7 and Problem 3.E1.
a. Find N ;.
b. Find (L/V) i, and (L/D) o

c. If I/D = 2.0 (L/D),;,, find the optimum feed plate location and the total number of equilibrium

stages required.
d. Determine the boilup ratio used.
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slope = 0.438
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D14. A distillation column with open steam heating is separating a feed that is 80.0 mol% methanol

and 20.0 mol% water in a steady state operation. The column has 10 stages, a total condenser, and
the feed is on stage 5. Operation is at 1.0 atm. The steam is pure water and is a saturated vapor.
CMO can be assumed to be valid. At 2:16 a.m. 25 days ago the feed and distillate flows were shut
off (D = F = 0), but the steam rate was unchanged and the total condenser is still condensing the
vapor to a saturated liquid. The column has now reached a new steady state operation.

a. What is the current methanol mole fraction in the bottoms?

b. At the new steady state estimate the methanol mole fraction in the liquid leaving the total
condenser.

New S.S b) Common sense is all methanol leaks out and x,,, =0.

External M.B. S=B

Sys = Bxg . Since ys =0 (pure water)

xb=0

I

D15. A partial condenser takes vapor leaving the top of a distillation column and condenses a portion

of it. The vapor portion of mole fraction yp, is removed as the distillate product. The liquid
portion of mole fraction x; is returned to the column as reflux. The liquid and vapor leaving
partial condensers and partial reboilers can be assumed to be in equilibrium. A distillation
column with a partial condenser and a partial reboiler is separating 300 kmol/h of a mixture that is
30 mol% ethanol and 70 mol% water and is a saturated liquid. We desire a 98% recovery of the
ethanol in the vapor distillate and an 81% recovery of water in the bottoms. If Ly/D = 2.0 find the

__ optimum feed location and the total number of equilibrium stages. = ey 3o
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D17. A mixture of acetone and ethanol (acetone is more volatile) is fed to an enriching column that has 22
a liquid side stream withdrawn. The feed flow rate is 100.0 mol/min. Feed is 60.0 mol% acetone
and is a saturated vapor. The liquid side product is withdrawn from the second stage below the
total condenser at a flow rate of S = 15.0 mol/min. The reflux is returned as a saturated liquid.
The distillate should be 90.0 mol% acetone. The external reflux ratio is L/D = 7/2. Column
pressure is 1.0 atm. Column is adiabatic and CMO is valid. Equilibrium data are in Problem
4.D7. Note: Trial and error is not required.

Find the mole fraction of acetone in the sidestream xg, the mole fraction of acetone in the bottoms
Xp, and the number of equilibrium stages required.
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D18. We have a stripping column with two feeds separating acetone and ethanol at 1 atm. Feed F; is a
saturated liquid and is fed into the top of column (no condenser). Flow rate of F; is 100 kgmol/h,
and this feed is 60 mol% acetone. Feed F, is 40 mol% acetone, it is a two-phase feed that is 80%

vapor, and flow rate is 80 kmol/h. We desire a bottoms mole fraction that is 0.04 mole fraction
acetone. The column has a partial reboiler. Equilibrium data are in Problem 4.D7.

a. Calculate (V/B) -

b. If (V/B) = 1.5, find D and yp, the optimum feed stage for feed F,, and the total number of stages.
Please step off stages from the bottom upwards.
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D19.* A distillation column is separating acetone and ethanol. The column effectively has six
equilibrium stages plus a partial reboiler. Feed is a two-phase feed that is 40% liquid and 75
mol% acetone. Feed rate is 1000 kmol/h, and the feed stage is fourth from the top. The column is
now operating at a steady state with the bottoms flow valve shut off. However, a distillate product
is drawn off, and the vapor is boiled up in the reboiler. LyD = 2. Reflux is a saturated liquid.

CMO can be assumed. p = 1 atm. Equilibrium data are in Problem 4.D7. Find the distillate
composition. If one drop of liquid in the reboiler is withdrawn and analyzed, predict xg.
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D21. An enricher column has two feeds. Feed F, (input at the bottom) is a saturated vapor. Flow rate

F; =100.0 kmol/h. This feed is 20.0 mol% methanol and 80.0 mol% water. Feed F, (input part
way up the column) is a two-phase mixture that is 90 % liquid. Flow rate F, = 80.0 kmol/h. Feed
F, is 45.0 moles % methanol and 55.0 mol% water. We desire a distillate that is 95.0 mol%

methanol. Reflux is returned as a saturated liquid. Pressure is one atmosphere. L/D = 1.375.
Assume CMO. Data are available in Table 2-7.

Find: D. B. X». optimum feed location and number of equilibrium stages reauired.
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D22.* When water is the more volatile component we do not need a condenser but can use direct
cooling with boiling water. This was shown in Problem 3.D3. We set yp, = 0.92, xg = 0.04, z =
0.4 (all mole fractions water), feed is a saturated vapor, feed rate is 1000 kmol/h, p = 1 atm,
CMO is valid, the entering cooling water (C) is a saturated liquid and is pure water, and C/D =
3/4. Derive and plot the top operating line. Note that external balances (that is, balances around
the entire column) are not required.
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D23.* When water is the more volatile component we do not need a condenser but can use direct
cooling. This was illustrated in Problem 3.D3. We set yp, = 0.999, x5 = 0.04, z = 0.4 (all mole
fractions water), feed is a saturated liquid, feed rate is 1000 kmol/h, p = 1 atm, CMO is valid, the
entering cooling water (C) is pure water and C/D = 3/4. The entering cooling water is at 100 °F
while its boiling temperature is 212 °F.

Btu Btu
;= 3 ) = & P . 5.,
pLw = 18.0 _Ib ol °F MW =18 hy =17.465.4 b mol

Find the slope of the top operating line, L/V.
Note: Equilibrium data are not needed.

C

Note L/V # C/D since C is subcooled. Let ¢ = amount condensed. The energy required to
heat stream W to the boiling point must come from this condensation. That is,

H-h c= h-h, C
_h-hy G, AT 18 212-100

c =0.1154C
H-h A 17465.4
L=C+c=1.1154C Same As (D22) but instead of C
V=D+c=D+0.1154C . . Ly
entering as a sat-liquid, it enters
In addition, C/D = % or D/C = 4/3. b led liguid
L_ LUS4C _ LIIS4 _ Liis4 oo as a subcooled uqui

V. D+.1154C  4/3+.1154 4/3+.1154
This compares to L/V = 0.75 if entering water is a saturated liquid. Very little effect since A
is very large.



D24. We have a distillation column with a partial condenser and a total reboiler separating a feed of
200.0 kmol/h. The feed is 40.0 mol% acetone and 60.0 mol% ethanol. The feed is a two-phase
mixture that is 80% liquid. We desire a distillate vapor that is 85.0 mol% acetone and a bottoms
that is 5.0 mol% acetone. Column pressure is one atmosphere. Reflux is returned as a saturated
liquid and L/D = 3.25. Assume CMO. Equilibrium data are in Problem 4.D7.

a. Find the optimum feed location and the total number of equilibrium stages.

b. What is the minimum external reflux ratio?
¢. What is the minimum number of stages (total reflux)?
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D25. We are separating methanol and water. Calculate the internal reflux ratio inside the column,
L/V,, for the following cases. The column is at 101.3 kPa. Data are available in Table 2-7 and in
Problem 3.E1.

a. Distillate product is 99.9 mol% methanol. External reflux ratio is Ly/D = 1.2. Reflux is cooled
to 40.0°C. (i.e., it is subcooled).
b. Repeat part a except for a saturated liquid reflux. Compare with Part a.
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D27.* A distillation column is separating methanol from water at 1 atm pressure. The column has a total
condenser and a partial reboiler. In addition, a saturated vapor stream of pure steam is input on

the second stage above the partial reboiler (see figure).

Bxb=0.08

The feed flow rate is 2000 kmol/day. Feed is 48 mol% methanol a

D

xd =0.92

q=(L-L)/F
L'=sL+F+F/4
q=5/4

52 mol% water and is a

subcooled liquid. For every 4 moles of feed, 1 mole of vapor must condense inside the column.
Distillate composition is 92 mol% methanol. Reflux is a saturated liquid, and Ly/D = 1.0. Bottoms
composition is 8 mol% methanol. Boilup ratio is V/B = 0.5. Equilibrium data are given in Table
2-7. Assume that CMO is valid. Find the optimum feed plate location and the total number of

equilibrium stages required.

(0.584,1)
l
R=1 )Vb=0.5 Lo E ) . '> r v
Top line=y=0.5x + 0.46 | yp27 x,:
Bottom line =y =3x-0.16 '
qline=y=>5x-1.92 . !
6 stages + 1 for Reboiler Yu + I j
At .
I Middie
af B ive
o/ X,. . .8 7.0

Second feed line
g =0 (Horizontal)

atys=0

T

Middle Op.Line

between 2 point
Intersection of q1 and op
line

Intersection of q2 and
Bottom line
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D28. A stripping column is separating 10,000.0 kmol/day of a saturated liquid feed. The column has a
partial reboiler. The feed is 60.0 mol% acetone and 40.0 mol% ethanol. We desire a bottoms that
is 2.0 mol% acetone. Operate at a boilup rate V/B = 1.5(V/B),,;,- Find yp, N, D, and B.

Equilibrium data are in Problem 4.D7.

1) Finding V/B (min)
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D29. A distillation column will use the optimum feed stage. A liquid side stream is withdrawn on the
third stage below the total condenser at a rate of 15.0 kmol/h. The feed is a two phase mixture that
is 20% vapor. Feed to the column is 100.0 kmol/h. The feed is 60.0 mol% acetone and 40.0 mol%
ethanol. We desire a distillate composition that is 90.0 mol% ethanol. We operate with an
external reflux ratio of L/D = 3. The bottoms product is 10.0 mol% acetone. A partial reboiler is
used. Find the mole fraction ethanol in the side stream x,, the optimum feed location, and the total

number of equilibrium contacts needed. Equilibrium data are available in Problem 4.D7.
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D32.* A distillation column is separating acetone from ethanol. Feed is a saturated liquid that is 40
mol% acetone. Feed rate is 50 kmol/h. Operation is at 1 atm and CMO can be assumed. The
column has a total condenser and a partial reboiler. There are eight equilibrium stages in the
column, and the feed is on the third stage above the reboiler. Three months ago the distillate flow
was shut off (D = 0), but the column kept running. The boilup ratio was set at the value of V/B =
1.0. Equilibrium data are given in Problem 4.D7. What is xg?

External Balance: F =B =50, and Fz=Bx,,. Thus x, =z=04.



D30.* A distillation column is separating methanol from water. The column has a total condenser that
subcools the reflux so that 1 mole of vapor is condensed in the column for each 3 moles of reflux.
Ly/D = 3. A liquid side stream is withdrawn from the second stage below the condenser. This side
stream is vaporized to a saturated vapor and then mixed with the feed and input on stage 4. The
side withdrawal rate is S = 500 kmol/h. The feed is a saturated vapor that is 48 mol% methanol.
Feed rate is F = 1000 kmol/h. A total reboiler is used, which produces a saturated vapor boilup.
We desire a distillate 92 mol% methanol and a bottoms 4 mol% methanol. Assume CMO.
Equilibrium data are given in Table 2-7. Find:

a. The total number of equilibrium stages required.
b. The value of V/B.

32




D33.* A distillation column is separating 1000 mol/h of a 32 mol% ethanol, 68 mol% water mixture.
The feed enters as a subcooled liquid that will condense 1 mole of vapor on the feed plate for
every 4 moles of feed. The column has a partial condenser and uses open steam heating. We
desire a distillate product y, = 0.75 and a bottoms product xg = 0.10. CMO is valid. The steam

used is pure saturated water vapor. Data are in Table 2-1 and Figure 2-2.

a. Find the minimum external reflux ratio.

b. Use L/D = 2.0(L/D),y,, and find the number of real stages and the real optimum feed location if

the Murphree vapor efficiency is 2/3 for all stages.
c. Find the steam flow rate used.
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CH3 Different column distillation Cases

1) #Partial Reboiler with total condenser and 2 Feeds

D1. A distillation column with two feeds is separating ethanol from water. The first feed is 60 wt %
ethanol, has a total flow rate of 1000 kg/h, and is a mix of liquid and vapor at 81°C. The second
feed is 10 wt % ethanol, has a total flow rate of 500 kg/h, and is liquid at 20°C. We desire a
bottoms product that is 0.01 wt % ethanol and a distillate product that is 85 wt % ethanol. The
column operates at 1 kg/cm? and is adiabatic. The column has a partial reboiler, which acts as an
equilibrium contact, and a total condenser. The distillate and reflux are saturated liquids. Find B
and D in kg/h, and find Q. and Qg in kcal/h. Use data in Figure 2-4. Do both parts a and b.

a. External reflux ratio, L/D = 3.0
b. Boilup ratio, V/B = 2.5.




2) #Total condenser and a steam of water vapor instead of reboiler

D2.* A distillation column separating ethanol from water is shown. Pressure is 1 kg/cm?. Instead of
having a reboiler, steam (pure water vapor) is injected directly into the bottom of the column to

provide heat. The injected steam is a saturated vapor. The feed is 30 wt % ethanol and is at 20 °C.

Feed flow rate is 100 kg/min. Reflux is a saturated liquid. We desire a distillate concentration of
60 wt % ethanol and a bottoms product that is 5 wt % ethanol. The steam is input at 100 kg/min.

What is the external reflux ratio, L/D?
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3) Total Reboiler and instead of condenser stream of pure ethanol

D3.* A distillation column separating ethanol from water is shown. Pressure is 1 kg/cm?. Instead of
having a condenser, a stream of pure liquid ethanol is added directly to the column to serve as the
reflux. This streamis a saturated liquid. The feed is 40 wt % ethanol and is at =20 °C. Feed flow
rate is 2000 kg/h. We desire a distillate concentration of 80 wt % ethanol and a bottoms
composition of 5 wt % ethanol. A total reboiler is used, and the boilup is a saturated vapor. The
cooling stream is input at C = 1000 kg/h. Find the external boilup rate, V. Note: Set up the
equations, solve in equation form for V including explicit equations for all required terms, read
off all required enthalpies from the enthalpy composition diagram (Figure 2-4), and then calculate
a numerical answer.

CXe—) — O
1
Qcoi=0
F,z —
N
XN,L V-YNH
Qr
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37
4) Partial condenser , Partial Reboiler

D4. A partial condenser takes vapor leaving the top of a distillation column and condenses a portion
of it. The vapor portion of mole fraction yp, is removed as the distillate product. The liquid

portion of mole fraction x; is returned to the column as reflux. The liquid and vapor leaving the
partial condenser can be assumed to be in equilibrium.

A distillation column with a partial condenser and a partial reboiler is separating 100 kmol/h of a
mixture that is 30 mol% methanol and 70 mol% water and is a saturated liquid. Column pressure

is 1.0 atm. We desire a 99% recovery of the methanol in the vapor distillate and a 98% recovery
of water in the bottoms. Equilibrium data are in Table 2-7 (in Problem 2.D1), and other data are

in Problem 3.E1.

a. Find D, B, yDM, and XBM'
b. If I/D = 2.0, find x;); and L, where subscript 0 refers to the reflux stream.




5) Total condenser , Partial Reboiler with a liquid side stream

38

D5.* A distillation column is separating ethanol from water at a pressure of 1 kg/cm?. A two-phase
feed of 20 wt% ethanol at 93°C is input at 100 kg/min. The column has a total condenser and a
partial reboiler. The distillate composition is 90 wt % ethanol. Distillate and reflux are at 20°C.
Bottoms composition is 1 wt % ethanol. Reflux ratio is Ly/D = 3. A liquid side stream is

withdrawn above the feed stage. Side stream is 70 wt % ethanol, and side stream flow rate is 10

kg/min. Find D, B, Q., and Qg. Data are in Figure 2-4.
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EXAMPLE 26.4-3. Number of Trays in a Stripping Tower

A liquid feed at the boiling point of 400 kg mol/h containing 70 mol
% benzene (A) and 30 mol % toluene (B) is fed to a stripping tower at
101.3 kPa pressure. The bottoms product flow is to be 60 kg mol/h
containing only 10 mol % A and the rest B. Calculate the kg mol/h
overhead vapor, its composition, and the number of theoretical steps
required.

Solution: Referring to Fig. 26.4-14a, the known values are F = 400
kg mol/h, xg = 0.70, W = 60 kg mol/h, and xyy = 0.10. The

equilibrium data from Table 26.1-1 are plotted in Fig. 26.4-15.
Making an overall material balance,

F=W+V,

400 = 60 + V,,

Solving, Vp = 340 kg mol/h. Making a component A balance and

solving,

Fx, = Wx,, +V,y

'
400(0.70) = 60(0.10) + 340(y,,)

y 0.806

Yo
For a saturated liquid, the g line is vertical and is plotted in Fig. 26.4-
15. The operating line is plotted through the point y = xy, = 0.10 and
the intersection of yp = 0.806 with the g line. Alternatively, Eq.
(26.4-25) can be used, with a slope of L,/V,+1 = 400/340. Stepping
off the trays from the top, 5.3 theoretical steps or 4.3 theoretical trays
plus a reboiler are needed.

6 | 08 1.0
Xw xXp
Mole fraction, x

(=)
[ 5]
o
H
(=)

1.0
yD —0—8-‘I-' ———————
» I |
§ 0.6} l
5 |
= i I
2 04} 4 —operating line
= | I
5 |
0.2 |
6 |
|
I

0 % L (T | ) b2 M | L
|

Figure 26.4-15. Stripping tower for Example 26.4-3.




26.4-1. Distillation Using the McCabe—Thiele Method. A rectification

column is fed 100 kg mol/h of a mixture of 50 mol % benzene and
50 mol % toluene at 101.32 kPa abs pressure. The feed is liquid at
the boiling point. The distillate is to contain 90 mol % benzene and

the bottoms 10 mol % benzene. The reflux ratio is 4.52:1. Calculate

the kg mol/h distillate, kg mol/h bottoms, and the number of
theoretical trays needed using the McCabe—Thiele method.

Ans. D = 50 kg mol/h, W = 50 kg mol/h, 4.9 theoretical trays plus reboiler

Stripping line
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Mole Fraction of Component H in Vapor (y_H)

o
N

26.4-2. Rectification of a Heptane—Ethyl Benzene Mixture. A saturated
liquid feed of 200 mol/h at the boiling point containing 42 mol %
heptane and 58% ethyl benzene is to be fractionated at 101.32 kPa
abs to give a distillate containing 97 mol % heptane and a bottoms
containing 1.1 mol % heptane. The reflux ratio used is 2.5:1.
Calculate the mol/h distillate, mol/h bottoms, theoretical number of
trays, and the feed tray number. Equilibrium data are given below at
101.32 kPa abs pressure for the mole fraction n-heptane gy and yy:

Temperature Temperature
K °C XH YH K °C XH YH
409.3 136.1 0 0 383.8 110.6 0.485 0.730
402.6 1294 0.08 0.230 376.0 102.8 0.790 0.904
3926 1194 0.250 0.514 371.5 98.3 1.000 1.000
Ans. D = 85.3 mol/h, W = 114.7 mol/h, 9.5 trays + reboiler, feed on tray 6
from top
Lo XY Diagram Based on Provided Equilibrium Data
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26.4-3. Graphical Solution for a Minimum Reflux Ratio and Total
Reflux. For the rectification given in Problem 26.4-1, where an
equimolar liquid feed of benzene and toluene is being distilled to
give a distillate of composition xp = 0.90 and a bottoms of

composition xy = 0.10, calculate the following using graphical

methods:

a. Minimum reflux ratio R,

b. Minimum number of theoretical plates at total reflux
Ans. (a) R, = 0.91; (b) 4.0 theoretical trays plus a reboiler
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26.7-1. Use of the Enthalpy—Concentration Method to Distill an
Ethanol-Water Solution. A mixture of 50 wt % ethanol and 50 wt
% water that is saturated liquid at the boiling point is to be distilled
at 101.3 kPa pressure to give a distillate containing 85 wt % ethanol
and a bottoms containing 3 wt % ethanol. The feed rate is 453.6
kg/h and a reflux ratio of 1.5 is to be used. Use equilibrium and
enthalpy data from Appendix A.3. Note that the data are given in wt
fraction and kJ/kg. Use these consistent units in plotting the
enthalpy—concentration data and equilibrium data. Do as follows:

a. Calculate the amount of distillate and bottoms.
b. Calculate the number of theoretical trays needed.
c. Calculate the condenser and reboiler loads.
Ans. (a) D = 260.0 kg/h, W =193.6 kg/h (b) 3.9 trays plus a reboiler (c) q.
=698 750 kJ/h, gg =704 770 kJ/h
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26.7-3. Minimum Reflux and the Theoretical Number of Trays. A feed
of ethanol-water containing 60 wt % ethanol is to be distilled at
101.32 kPa pressure to give a distillate containing 85 wt % ethanol
and a bottoms containing 2 wt % ethanol. The feed rate is 10000
kg/h and its enthalpy is 116.3 kJ/kg (50 btu/lby,)). Use consistent

units of kg/h, weight fraction, and kJ/kg.

a. Calculate the amount of distillate and bottoms.

b. Determine the minimum reflux ratio using enthalpy—
concentration data from Appendix A.3.

c. Using 2.0 times the minimum reflux ratio, determine the
theoretical number of trays needed.
d. Calculate the condenser and reboiler heat loads.

e. Determine the minimum number of theoretical plates at total
reflux.

Ans. (b) R, = 0.373 (c) 4.4 theoretical trays plus reboiler (d) q. = 3634
kW, qgr = 4096 kW (e) 2.8 theoretical trays plus reboiler
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26.7-4. Distillation of Benzene—Toluene Feed Using the Enthalpy— 3
Concentration Method. A liquid feed of 100 kg mol/h of benzene—
toluene at the boiling point contains 55 mol % benzene and 45 mol
% toluene. It is being distilled at 101.32 kPa pressure to give a
distillate with xp = 0.98 and bottoms of xy; = 0.04. Using a reflux

ratio of 1.3 times the minimum and the enthalpy-concentration
method, do as follows:

a. Determine the theoretical number of trays needed.
b. Calculate the condenser and reboiler heat loads.
c. Determine the minimum number of theoretical trays at total

reflux.
A min = 22,000
L
e U
K t
[ Hppfeec = - >
e
. Qo K= o ax \‘
/xg;aéi Kw = 0.04 \
parallel to nearest eq-line 2. G490 ik R A
\ Iv\?. =
12,00
i S --\-Kv/s Luin = 1.\29
\—\(\[—\fi\/
Cs Slo
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26.7-5. Use of an Enthalpy—Concentration Plot. For the benzene—toluene
system, do as follows:

a. Plot the enthalpy—concentration data using values from Table
26.7-2. For a value of x = 0.60 = y, calculate the saturated liquid
enthalpy h and the saturated vapor enthalpy H, and plot these
data on the graph.
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EXAMPLE 26.7-2. Distillation Using the Enthalpy-Concentration
Method

A liquid mixture of benzene—toluene is being distilled under the same
conditions as in Example 26.4-1, except that a reflux ratio of 1.5
times the minimum reflux ratio is to be used. The value R, = 1.17
from Example 26.4-2 will be used. Use enthalpy balances to calculate
the flow rates of the liquid and vapor at various points in the tower,
and plot the curved operating lines. Determine the number of
theoretical stages needed.

Solution: The given data are as follows: F = 100 kg mol/h, xg = 0.45,
Xp =0.95, xyy = 0.10, R = 1.5R, = 1.5(1.17) = 1.755, D = 41.2 kg

mol/h, W = 58.8 kg mol/h. The feed enters at 54.4°C and q = 1.195.
The flows at the top of the tower are calculated as follows:

B 1.755; L = 1.755(41.2) = 72.3;
D
Vi=L+D=T3+412=1135

From Fig. 26.1-1, the saturation temperature at the top of the tower
foryl =xp = 0.95 is 82.3°C. Using Eq. (26.7-2),

H, = 0.95[30820 + 96.3(82.3 — 80.1)]
+(1 - 0.95)[34224 + 138.2(82.3 - 80.1)] = 31206

This value of 31 206 could also have been obtained from the
enthalpy—concentration plot, Fig. 26.7-1. The boiling point of the
distillate D is obtained from Fig. 26.1-1 and is 81.1°C. Using Eq.
(26.7-5),

hy, = 0.95(138.2)(81.1 — 80.1) -+ (1 — 0.95)(167.5)(81.1 — 80.1) = 139

n

Again, this value could have been obtained from Fig. 26.7-1.
Following the procedure outlined for the enriching section for step
1, a value of x, = 0.55 is selected. Assuming a straight operating line
for Eq. (26.7-8), an approximate value of yj+1 is obtained:
723, , 412

oy = e X, 4+~ (0.95) = 0.637(x,) + 0.345
Yer = Is % T 155 0%) (x.)

= 0.637(0.55) + 0.345 = 0.695

Starting with step 2 and using Fig. 26.7-1, for x, = 0.55, h,, = 1590,
and for y,.; = 0.695, H,,.; = 33 240. Substituting into Eq. (26.7-12)
and solving,

v, ,(33240) = (v, , — 41.2)1590 + 113.5(31206) — 72.3(139)

V.., = 1095

"
Using Eq. (26.7-6),

1095 =1, +412 or L, =683
For step 3, substituting into Eq. (26.7-8),

683
Yt = 1095

A2 (0.95) = 0.700
095

0.55) +
(055)+ 1

This calculated value of y,+1 = 0.700 is sufficiently close to the

approximate value of 0.695 that no further trials are needed.
Selecting another value for x,, = 0.70 and, using Eq. (26.7-8), an

approximate value of y,,; is calculated:

73 412
) = —(0.70 —(0.95) = 0.791
Yo = 3.5 070 + 1135109%)

Using Fig. 26.7-1 for x, = 0.70, h, = 1000, and for y.1 = 0.791,
Hp4q = 32 500. Substituting into Eq. (26.7-12) and solving,
vV, (32500) = (V,_, — 41.2)1000 + 113.5(31206) — 72.3(139)
vV, , =108
Using Eq. (26.7-6),
L, =1108-412 = 69.6
Substituting into Eq. (26.7-8),

= 896 (5:70) + 22 (0.95) = 0.793
1108

\J
1108

In Fig. 26.7-3, the points for the curved operating line in the
enriching section are plotted. This line is approximately straight and
is very slightly above that for constant molal overflow.

L0
08 qline f ~ ]l 'g
Mole fraction
i , 06 “
in vapor, y
04 T
1
- '
'
02| -A7 f
'
'
I '
'
0 1 1 LT L Il
0 02 04, 06 08 10
*F

Mole fraction in liquid, x

Figure 26.7-3. Plot of curved operating lines using enthalpy-concentration
method for Example 26.7-2. Solid lines are for enthalpy-
concentration method and dashed lines are for constant molal
overflow.

Using Eq. (26.7-10), the condenser duty is calculated:

. = 113.5(31206) — 72.3(139) — 41.2(139)

=

= 3526100 ki/h

To obtain the reboiler duty g, values for hy, and hy are needed.
Using Fig. 26.7-1 for xyy = 0.10, hyy = 4350. The feed is at 54.5°C.
Using Eq. (26.7-5),

hy = 0.45(138.2)(54.5 — 80.1) + (1 — 0.45)(167.5)(54.5 — 80.1)

= —3929

Using Eq. (26.7-17),
4, = 41.2(139) + S8.8(4350) + 3526100 — 100(~3929) = 4180500 kI/h

Using Fig. 26.4-5 and making a material balance below the
bottom tray and around the reboiler,

Ly=W+V, (26.7-18)
Rewriting Eq. (26.7-16) for this bottom section,
VoH, = (Vy + Wih, +q, — Wh, (26.7-19)
From the equilibrium diagram, Fig. 26.1-2, for xy = 0.10, yy =
0.207, which is the vapor composition leaving the reboiler.

For equimolal overflow in the stripping section, using Egs. (26.4-
14) and (26.4-15),

L, = L, +qF = 723+ 1.195(100) = 191.8 (26.4-14)

Voa=V,

et net

~(1=q)F = 1135 - (1 - 1.195)100 = 133.0 (26.4-15]

Selecting y,;+1 = yw = 0.207, and using Eq. (26.7-15), an
approximate value of x,, = xy is obtained:

L Wi,
Yo = -
Vi Vs
" (26.7-15)
1918 88
0207 = 2248y 388 510
7= 130" 133010

Solving, xy = 0.174. From Fig. (26.7-1), for Xy =0.174, hy = 3800,
and for yy = 0.207, Hy = 37 000. Substituting into Eq. (26.7-19),

Vi (37000) = (V,, + 58.8)(3800) + 4180500 — 58.8(4350)

Solving, Vyy = 125.0. Using Eq. (26.7-18), Ly = 183.8. Substituting
into Eq. (26.7-15) and solving for xy,

183.8 8.8
0.207 = — X - S 0.10
1250 ~ 1250 %10

x, = 0173

This value of 0.173 is quite close to the approximate value of 0.174.
Assuming a value of yp;+1 = 0.55 and using Eq. (26.7-15), an
approximate value of x,, is obtained:
191.8 58.8

y =055 = ——(x_ ) — ——(0.10
Yo = 055 = 3575 05m) ~ 1335(010)

x, = 0412

From Fig. (26.7-1), for x,, = 0.412, hy, = 2300, and for y,,., = 0.55,
Hy, = 34400. Substituting into Eq. (26.7-16),

V, ., (34400) = (V, _, + 58.8)(2300) + 4180500 — 58.8(4350)
Solving, V;,;1 = 126.5. Using Eq. (26.7-13),

L,=W+V,

| = 588 +1265 = 1853

Substituting into Eq. (26.7-15) and solving for x,,,

- sq
., =055 1853, _ s88
1265 1265

x, = 0.407

(0.1

This value of 0.407 is sufficiently close to the approximate value of
0.412 that no further trials are needed. The two points calculated for
the stripping section are plotted in Fig. 26.7-3. This stripping line is
also approximately straight and is very slightly above the operating

line for constant molal overflow.

Using the operating line for the enthalpy balance method, the
number of theoretical steps is 10.4. Using the equimolal method, 9.9
steps are obtained. This difference would be larger if the reflux ratio
of 1.5 times R, were decreased to, say, 1.2 or 1.3. At larger reflux
ratios, this difference in number of steps would be less.
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7.54. Use of an enthalpy-concentration diagram.

Figure 7.37 is an enthalpy-concentration diagram for n-hexane
(H), and n-octane (O) at 101 kPa. Use this diagram to determine
the: (a) mole-fraction composition of the vapor when a liquid con-
taining 30 mol% H is heated from Point A to the bubble-point tem-

Seader | Henley | Roper . . .
T perature at Point B; (b) energy required to vaporize 60 mol% of a

mixture initially at 100°F and containing 20 mol% H (Point G); and
(c) compositions of the equilibrium vapor and liquid resulting from
part (b).

Exercise 7.54

Subject: Determining compositions and energy requirements for a mixture of nCq and nCg
with an enthalpy-concentration diagram for 101 kPa.

Given: Enthalpy-concentration diagram in Fig. 7.37.
Find: (a) Composition of vapor at bubble-point for 30 mol% nC.

(b) Energy to vaporize 60 mol% of a mixture initially at 100°F with 20 mol% nCs .
(¢) Vapor and liquid compositions resulting from part (b).

%

Analysis: (a) In Fig. 7.37, below, the bubble point for 30 mol% nCs in nCg is shown as point 3 20
B, which corresponds to a temperature of 211°F. An equilibrium tie line is drawn from point B E
to point M at the intersection with the saturated vapor line. The vapor composition at point M is 5
69 mol% nCg and 31 mol% nCs. @
2z
(b) From Fig. 7.37, reproduced below, the enthalpy of the initial mixture of 20 mol% é
w

nCs at 100°F, shown at point G, is 6,500 Btu/lbmol = Hg . A vertical line is drawn upward from
point G until it reaches the point E, located on the dashed tie line between the saturated liquid
and saturated vapor curves, at a point that is 60% of the way from the saturated liquid curve to
the saturated vapor curve. The enthalpy of the two-phase mixture at point E--237066-Btu/Ibmol
= Hg. Therefore, the energy required = Q = Hg - Hg = 23,000 - 6,500 = 16,500 Btu/Ibmol.

(¢) From the reproduction of Fig. 7.37 below, the equilibrium liquid phase
composition is at point D, which is 7.5 mol% nC, , while the equilibrium vapor composition is at
point F, which is 28.5 mol% nC,. Checking this by material balance on nCg , for a basis of 100
Ibmoles of mixture:

0.20(100) = 20 Ibmoles P=1atm
0.075(40) + 0.285(60) = 20.1 Ibmoles 0 1 1 1 1
This is a reasonably good check. 0 0.2 0.4 0.6 0.8 1.0

Mole fraction of n-hexane, x or y



7.56. Plotting an enthalpy-concentration diagram for distilla-
tion calculations.

One hundred Ibmol/h of 60 mol% methanol in water at 30°C and
I atm is to be separated by distillation into a liquid distillate contain-
ing 98 mol% methanol and a bottoms containing 96 mol% water.
Enthalpy and equilibrium data for the mixture at 1 atm are given in
Table 7.8. The enthalpy of the feed mixture is 765 Btu/lbmol.
(a) Using the given data, plot an enthalpy-concentration diagram.
(b) Devise a procedure to determine, from the diagram of part (a),
the minimum number of equilibrium stages for the condition of total
reflux and the required separation. (¢) From the procedure devel-
oped in part (b), determine N,,;,. Why is the value independent of
the feed condition? (d) What are the temperatures of the distillate
and bottoms?

25000

1 atm

20000 -

15000 -

10000 -+

H, Enthalpy, Btu/lbmol of mixture

5000 +

0
0.00 0.10 0.20 0.30 040 050 060 0.70 0.80 0.90 1.00
x , Methanol mole fraction

. The minimum number of stages is seen to be 6. The value is
independent of the feed condition because at total reflux, there is no feed. The temperature of the
bottoms is 93.5°C. The temperature of the distillate is 64.7°C
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We wish to strip SO, from water using air at 20C. The inlet air is pure. The e G
outlet water contains 0.0001 mole fraction SO,, while the inlet water contains \ ot 1{*\‘55} \, = TYSABRI.
0.0011 mole fraction SO,. Operation is at 855 mmHg and L/V = 0.9%(L/V),ax. e Ji . (poiclizimet)

Assume Hg, = 2.76 feet and that the Henry’s law constant is 22,500
mmHg/mole frac SO,.
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Given: Feed gas flow rate of 0.062 kmol/s containing 1.6 mol% SO,. Absorbent is 2.2 kmol/s
of pure water. Packed column is 1.5 m” in cross sectional area and packed with No. 2 plastic
super Intalox saddles to a 3.5-m height. EXit gas contains an SO, mole fraction of 0.004.
Operating pressure is | atm. At operating temperature, equilibrium curve for SO, is y = Kx =
40x

Assumptions: No stripping of water. No absorption of air.
Find: (@) L/Lmin

(b) Nog and N,

(¢) Hog and HETP
(d) Kga
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Given: Feed gas flow rate of 0.062 kmol/s containing 1.6 mol% SO,. Absorbent is 2.2 kmol/s
of pure water. Packed column is 1.5 m” in cross sectional area and packed with No. 2 plastic
super Intalox saddles to a 3.5-m height. EXit gas contains an SO, mole fraction of 0.004.
Operating pressure is | atm. At operating temperature, equilibrium curve for SO, is y = Kx =
40x

Assumptions: No stripping of water. No absorption of air.

Fill(]: ( ) L/Lmin

(b) Nog and N,

(¢c) Hpog and HETP
(d)

K(,'(I

(B) + (C) +(D)

2 L 20%6

Hs W2 Gt

-2
V.62 %0
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EXAMPLE 22.5-2. Absorption of Acetone in a Packed Tower
Acetone is being absorbed by water in a packed tower having a cross-
sectional area of 0.186 m? at 293 K and 101.32 kPa (1 atm). The inlet

air contains 2.6 mol % acetone and the outlet contains 0.5%. The gas
flow is 13.65 kg mol inert air/h (30.1 Ib mol/h). The pure-water inlet
flow is 45.36 kg mol water/h (100 Ib mol/h). Film coefficients for the

given flows in the tower are k[« = 3.78 x 102 kg mol/s - m? - mol
frac (8.50 1b mol/h - ft3 - mol frac) and kla=6.16 x 102 kg mol/s -
m> - mol frac (13.85 Ib mol/h - - mol frac). Equilibrium data are
given in Appendix A.3.

1.911 m(6.27 fi

a. Calculate K« and the tower height. .
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D5.* A packed column 0.0762 m in diameter with 3.048 m of Intalox saddle packing is being run in the
laboratory. P is being stripped from nCq using methane gas. The methane can be assumed to be

insoluble and the nCgq is nonvolatile. Operation is isothermal. The laboratory test results are:

Ib P IbP
X =040 ——, Y =05) ——
in Ibn-C, o Ib methane
) .(».()(»LP,. Y =0.02 e OB
out Ibn-C, n Ib methane

Equilibrium data can be approximated as Y = 1.5X. Find the HETP for the packing.

-y - -y
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D10.* A packed tower is used to absorb ammonia from air using aqueous sulfuric acid. The gas enters
the tower at 31 Ibmol/(h-ft?) and is 1 mol% ammonia. Aqueous 10 mol% sulfuric acid is fed at a
rate of 24 1bmol/(h-ft?). The equilibrium partial pressure of ammonia above a solution of sulfuric
acid is zero. We desire an outlet ammonia composition of 0.01 mol% in the gas stream.

a. Calculate ny for a countercurrent column.




D11. An air stream containing 50 ppm (mole) of H,S is to be absorbed with a dilute NaOH solution.

The base reacts irreversibly with the acid gas H,S so that at equilibrium there is no H,S in the air.
An outlet gas that contains 0.01 ppm (mole) of H,S is desired. L/V = 0.32.

Calculate ny for a countercurrent system.
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D14. In an ammonia plant we wish to absorb traces of argon and methane from a nitrogen stream using
liquid ammonia. Operation is at 253.2 K and 175 atm pressure. The feed flow rate of gas is 100
kmol/h. The gas contains 0.00024 mole frac argon and 0.00129 mole frac methane. We desire to
remove 95% of the methane. The entering liquid ammonia is pure. Operate with L/V =
1.4(L/V) pin- Assume the total gas and liquid rates are constant. The equilibrium data at 253.2 K
are:

Methane: partial pressure methane atm = 3600(methane mole frac in liquid)

Argon: partial pressure argon atm = 7700(argon mole frac in liquid)

Reference: Alesandrini et al., Ind. Eng. Chem. Process Design and Develop., 11, 253 (1972)
a. Find outlet methane mole frac in the gas.

b. Find (L/V),,;, and actual L/V.

c. Find outlet methane mole frac in the liquid.

6 stages

d. Find the number of equilibrium stages required. §
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D16. You have a water feed at 25°C and 1 atm. The water has been in contact with air and can be
assumed to be in equilibrium with the normal CO, content of air (about 0.035 volume %) (Note:
This dissolved CO, will decrease the pH of the water.) We wish to strip out the CO,. A
countercurrent stripping column will be used operating at 25°C and 50 mm Hg pressure. The
stripping gas used will be nitrogen gas saturated with pure water at 25°C. Assume the nitrogen is
insoluble in water. Assume ideal gas (vol % = mol%). Data: See Table 12-1. We want to remove

95% of the initial CO, in the water.

a. Calculate the inlet and outlet mole fracs of CO, in water.
b. Determine (L/G) . If L = 1 kgmol/h, calculate G, (corresponds to (L/G) pax)-

c. If we operate at G = 1.5 x Gy, find the CO, mole frac in the outlet nitrogen and the number of

equilibrium stages needed.

6 stages
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D20. We need to remove H,S and CO, from 1000 kmol/h of a water stream at 0°C and 15.5 atm. The

inlet liquid contains 0.000024 mole frac H,S and 0.000038 mole frac CO,. We desire a 99%
recovery of the H,S in the gas stream. The gas used is pure nitrogen at 0°C and 15.5 atm. The

nitrogen flow rate is 3.44 kmol/h. A staged countercurrent stripper will be used. Assume water
flow rate and air flow rate are constant. Data are in Table 12-1. Note: Watch your decimals.
a. Determine the H,S mole fractions in the outlet gas and liquid streams.

b. Determine the number of equilibrium stages required.

3 stages
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D21. A gas processing plant has an absorber and stripper set up as shown in Figure 12-2 except both
columns operate at 25°C but are at different pressures. The absorber is at 5.0 atm and the stripper
is at 0.2 atm. The feed to the plant is V,,; = 100 kmol/h of air containing yi, abs = YN+1,abs =
0.00098 mole fraction 1,2,3 trichloropropane. We want the outlet gas from the absorber y ,ps =
Y1.abs = 0-000079 mole fraction 1,2,3 trichloropropane. The inlet liquid to the absorber is x;, ;s =
Xpabs = 0-00001 mole fraction 1,2,3 trichloropropane. Note that because the absorber and stipper
are connected, X, s = Xoygsripper A4 Xougabs = Xinstripper- 11€ €ntering gas in the stripper is pure air
Determine the minimum liquid flow rate in the absorber and then operate with L, = 1.6(L,ps min)-
Note that Lyps = Lgripper- In the stripper determine the minimum gas flow rate and operate with

Vitripper = 1-5(Vsgripper,min)- Equilibrium data are in Table 12-2.

a. Find Labs,mim Labs’ Xoutabs — Xin,s[ripper’ Nabs’ Vstripper,min’ Vstripper’ YOut,s[ripper = yl.strippew Nstripper’
b. Do the mole fractions in the liquid ever exceed the solubility limits?

Suggestion: Easiest solution path is to roughly sketch McCabe-Thiele diagrams to help in
calculation of Ly min and Vgipper,min, US€ external balances to find Xy abs = Xinstripper ad

Youtstripper» a0d use Kremser equation to find N, and Ngpippe,. Watch your decimal points!

6 stages

5 stages




D22. We are absorbing n-butane from a light gas into a heavy oil at 1000 kPa and 15°C. The flow rate
of the inlet gas is V,; = 150 kmol/h and the mole fraction n-butane in the inlet gas is yy.; =

0.003. The inlet solvent flows at L, = 75 kmol/h and contains no n-butane, x, = 0. We want an exit
vapor with y; = 0.0004 mole fraction n-butane. Use the DePriester chart for equilibrium data.
Assume the light gas is insoluble and the heavy oil is nonvolatile.

a. Find the mole fraction of n-butane in the outlet liquid, xy.

b. Find the number of equilibrium stages that is sufficient. 2 Sta g esS

4 WEEKS.
3J00omg v

(natalizumab)

DECISIVE ACTION
MATTERS

1 [
VAR VAR X5y e e = p A Ko 0,

e O INEL S VTV




2096969096969 09696%906%0
VVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVYS
2096969096969 09696%06%0
VVVVVVVVVVVVVVVVVVVVVVVVVVFVVVVVYS

' 69 6969690696969696%96%0
VVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVYN



TRANSPORT
PROCESSES AND

SEPARATION PROCESS
PRINCIPLES

FIFTH EDITION

CHRISTIE JOHN GEANKOPLIS « A. ALLEN HERSEL

DANIEL H. LEPEK

PRENTICE HALL INTERNATIONAL SERIES IN THE
PHYSICAL AND CHEMICAL ENGINEERING SCIENCES

Chapter 27 : Liquid-Liquid
Extraction



27.1-1. Composition of Two Liquid Phases in Equilibrium. An original
mixture weighing 200 kg and containing 50 kg of isopropyl ether,
20 kg of acetic acid, and 130 kg of water is equilibrated in a mixer—
settler and the phases are separated. Determine the amounts and
compositions of the raffinate and extract layers. Use equilibrium
data from Appendix A.3.

_olel nuxloe. = Kool
> SOKCJ Lo )‘)ra/jjl. clker:
Ly Zolley... Bevic. =i
L |%ol£3 Lhales

e =?
; \2.0
X(AC)= 0.1 COWL0. = "2’_5;0 = 0.6%
x(H20)= 0.65 L ;
x(IPE)= 0.25 OIS g/260 = |
(OS] = 20 = 0.25
me I/Tjun"_ s 3
R Qaf £«  Point1
; COW20 = 0:%’ IS P o 0 OO"I
_O )
E Point 2 L A OHEES
= Corresponding Srpz 00zl wap 0.94%
: tie-line for this g
= pOint. Palance :- A
M= R+ E

CA) Rolonce. . 20001 = o UgA + ooYz -
P62 ey 5 Exhedh = 1819,

S 80 85 90 ¢

Water Wt%




| Acetic acia Wt

27.1-1. Single-Stage Extraction. A single-stage extraction is performed in
which 400 kg of a solution containing 35 wt % acetic acid in water
is contacted with 400 kg of pure isopropyl ether. Calculate the
amounts and compositions of the extract and raffinate layers. Solve
for the amounts both algebraically and by the lever-arm rule. What
percent of the acetic acid is removed? Use equilibrium data from e (1 o
Appendix A.3. 0 L ke e

Ans. Ll =358 kg’ XB1 = 0715, X1+ 003, Vl =442 kg, YAl = Oll’yC1 — [ L e TR SRR e
0.86, 34.7% removed.

EVERY
4 WEEKS
300mg v

(natalizumab)

L2 — -
DECISIVE ACTION
> MATTERS

X(AC)= 0.11
x(H20)= 0.03
x(IPE)= 0.86

Corresponding
tie-line forthis | S , a0yl
point.

---------------------------------------------------------------------------------------------------------

____________ M‘}Z+E@:>‘VL=5586LK%
O:Jﬂﬁmsozﬁ%on&@..,H,_._,A__,A,_,AV___E;_._,__H_H_.\__,__z)g___“_jg?__._“»

0000 T e e e B4t:28 O H-wsy i exhitcls
arer W oledic i Bercid))). ot ot R




27.2-2. Single-Stage Extraction with Unknown Composition. A feed
mixture weighing 200 kg of unknown composition containing
water, acetic acid, and isopropyl ether is contacted in a single stage
with 280 kg of a mixture containing 40 wt % acetic acid, 10 wt %
water, and 50 wt % isopropyl ether. The resulting raffinate layer
weighs 320 kg and contains 29.5 wt % acetic acid, 66.5 wt % water,
and 4.0 wt % isopropyl ether. Determine the original composition of
the feed mixture and the composition of the resulting extract layer.
Use equilibrium data from Appendix A.3.

Ans. XA0 = 0032, XBo = 0948, ya1 = 0.15
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27.2-3. Extraction of Acetone in a Single Stage. A mixture weighing
1000 kg contains 23.5 wt % acetone and 76.5 wt % water, and is to

be extracted by 500 kg methylisobutyl ketone in a single-stage
extraction. Determine the amounts and compositions of the extract
and raffinate phases. Use equilibrium data from Appendix A.3.

DECISIVE ACTION 3
MATTERS

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

Extract
xac=0.205
XM\EK:O.748

Raffinate
xac=0.12
xmiek=0.022
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27.4-1. Multiple-Stage Extraction with Fresh Solvent in Each Stage.
Pure water is to be used to extract acetic acid from 400 kg of a feed TEE R
solution containing 25 wt % acetic acid in isopropyl ether. Use =~ [ = i it
equilibrium data from Appendix A.3. S :

a. If 400 kg of water is used, calculate the percent recovery in the
water solution in a one-stage process.

i M='Ya 0 tEe, = Caeh et
B e = H00(0) £ HAO K25 e
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27.4-1. Multiple-Stage Extraction with Fresh Solvent in Each Stage.
Pure water is to be used to extract acetic acid from 400 kg of a feed
solution containing 25 wt % acetic acid in isopropyl ether. Use

equilibrium data from Appendix A.3.

o ox

b. If a multiple three-stage system is used and 133.3 kg fresh water
is used in each stage, calculate the overall percent recovery of
the acid in the total outlet water. (Hint: First, calculate the outlet
extract and raffinate streams for the first stage using 400 kg of
feed solution and 133 kg of water. For the second stage, 133 kg
of water contacts the outlet organic phase from the first stage.
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27.4-2. Overall Balance in Countercurrent Stage Extraction. An

aqueous feed of 200 kg/h containing 25 wt % acetic acid is being
extracted by pure isopropyl ether at the rate of 600 kg/h in a
countercurrent multistage system. The exit acid concentration in the
aqueous phase is to contain 3.0 wt % acetic acid. Calculate the
compositions and amounts of the exit extract and raffinate streams.
Use equilibrium data from Appendix A.3.

MATTERS




27.4-4. Countercurrent Extraction of Acetic Acid and Minimum
Solvent. An aqueous feed solution of 1000 kg/h of acetic acid—water
solution contains 30.0 wt % acetic acid and is to be extracted in a
countercurrent multistage process with pure isopropyl ether to
reduce the acid concentration to 2.0 wt % acid in the final raffinate.
Use equilibrium data from Appendix A.3.

a. Calculate the minimum solvent flow rate that can be used.
(Hint: See Problem 27.4-3 for the method to use.)

b. If 2500 kg/h of ether solvent is used, determine the number of
theoretical stages required. (Note: It may be necessary to replot
on an expanded scale the concentrations at the dilute end.)
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kerosene stream of 2000 kg/h containing 0.05 wt % nicotine in a
countercurrent stage tower. The exit water is to contain only 10% of
the original nicotine, that is, 90% is removed. Use equilibrium data
from Example 27.4-3. Calculate the number of theoretical stages
needed.

Ans. 3.7 stages
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27.4-3. Minimum Solvent and Countercurrent Extraction of Acetone.
An aqueous feed solution of 1000 kg/h containing 23.5 wt %
acetone and 76.5 wt % water is being extracted in a countercurrent
multistage extraction system using pure methylisobutyl ketone DECISIVE ACTION
solvent at 298—299 K. The outlet water raffinate will contain 2.5 wt leoo kg /, AALIERS
% acetone. Use equilibrium data from Appendix A.3.

a. Calculate the minimum solvent that can be used. [Hint: In this
case, the tie line through the feed L represents the condition for

minimum solvent flow rate. This gives V;,;,- Then, draw lines
LpnVimin @and LoV q to give the mixture point M ,;,, and the
coordinate Xapmin- Using Eq. (27.4-4), solve for VN, in> the
minimum value of the solvent flow rate V1.1

b. Using a solvent flow rate of 1.5 times the minimum, calculate
the number of theoretical stages.
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leaving each stage.

8.11. Extraction of acetone by trichloroethane.

One thousand kg/h of a 45 wt% acetone-in-water solution is to
be extracted at 25°C in a continuous, countercurrent system with
pure 1,1,2-trichloroethane to obtain a raffinate containing 10 wt%
acetone. Using the following equilibrium data, determine with an
equilateral-triangle diagram: (a) the minimum flow rate of solvent;
(b) the number of stages required for a solvent rate equal to 1.5
times minimum; (c) the flow rate and composition of each stream
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8.11. Extraction of acetone by trichloroethane.

One thousand kg/h of a 45 wt% acetone-in-water solution is to
be extracted at 25°C in a continuous, countercurrent system with
pure 1,1,2-trichloroethane to obtain a raffinate containing 10 wt%
acetone. Using the following equilibrium data, determine with an
equilateral-triangle diagram: (a) the minimum flow rate of solvent;
(b) the number of stages required for a solvent rate equal to 1.5
times minimum; (c) the flow rate and composition of each stream
leaving each stage.

XM(A)=0.33
XM(H20)= 0.4
XM(TCE)= 0.27

1,1.2 TCE 80 70 60 50 46 =t



8.13. Extraction of isopropanol with water.

A distillate of 45 wt% isopropyl alcohol, 50 wt% diisopropyl
ether, and 5 wt% water is obtained from an isopropyl alcohol
finishing unit. The ether is to be recovered by liquid-liquid
extraction with water, the solvent, entering the top and the feed
entering the bottom, so as to produce an ether containing less
than 2.5 wt% alcohol and an extracted alcohol of at least 20 wt%.
The unit will operate at 25°C and 1 atm. Using the method of
Varteressian and Fenske with a McCabe—Thiele diagram, find the
stages required. Is it possible to obtain an extracted alcohol com-
position of 25 wt%?

Equilibrium data are given below.
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8.14. Extraction of trimethylamine from benzene with water.

Benzene and trimethylamine (TMA) are to be separated in a
three-equilibrium-stage liquid-liquid extraction column using
pure water as the solvent. If the solvent-free extract and raffi-
nate products are to contain, respectively, 70 and 3 wt% TMA,
find the original feed composition and the water-to-feed ratio
with a right-triangle diagram. There is no reflux. Equilibrium
data are as follows:

1- Assuming given M -
Point F will be the
intersection between (S-

M) line + (delta-E) line

1.0 -
drawing a straight line from P toward the point S to OR -
0.9 - where the line intersects the phase boundary. This I
is point E for the extract 2. Assuming Water—free

o
(o)
L

feed—> Point F will be the

intersection between y-
axis + (delta-E) line then
you can get point M

o
~l
0
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0 9 O
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Mass fraction of Trimethylapnine (solute)
o
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o
—_—

R
0.0 -

0.0 0.1

02 03 04 05 06 07 08 09 1.0
Mass fraction of water (solvent)

Assumed given [found by trial and error]
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8.15. Extraction of diphenylhexane from docosane with
MATTERS

furfural.

The system docosane—diphenylhexane (DPH)—furfural is repre-
sentative of complex systems encountered in the solvent refining of
lubricating oils. Five hundred kg/h of a 40 wt% mixture of DPH in
docosane are to be extracted in a countercurrent system with 500 kg/h
of a solvent containing 98 wt% furfural and 2 wt% DPH to produce
a raffinate of 5 wt% DPH. Calculate, with a right-triangle diagram,
the stages required and the kg/h of DPH in the extract at 45°C and
80°C.
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