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Objectives

* Reminder of vapour-liquid equilibria

e Reminder of relative Volatﬂity
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Vapour-Liquid Equilibria

* For each component in a mixture, the vapour and liquid are in
thermodynamic equilibrium when,

¥ = faL fis the fugacity
* Which are defined as,
Jcav = ?fya P
L L dis the fugacity coefficient
f;‘_ B éi :ri P

* Or more typically,

L _ . p0
fo = yxP; yis the activity coefficient
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Reminder - Vapour-quuld Equlllbrla

e This means that, 6V 4P = 4z:P°

* Which can be rearranged to give, Ke=2t =3 P
. ¢/ P

* At moderate pressures, @ —> | K, =i ;’f

* And if ideal system, . po
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Reminder — Relative Volatility

* The relative volatility is the ratio of the K values for two
components,

K.
C{‘U:——:-"

K,

J

NlelR s

J
e The geometric mean of the top and bottom product values 1s
most commonly used as a column average,

(Ddéj)mcan = '\/(af.f)-tnp CQ‘J)MM |

)
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Objectives

* Define multicomponent key components
e Short-cut process for multicomponent distillation

* FUG equations
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Multlcomponent Distillation

* Separate B from D (Jﬁ\

A
B
s —> C
A
Light Key B (D) C 1s an intermediate
C — boiling component
Heavy Key D
L—r_‘
T e
— C
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Binary Distillation Reminder

* For binary distillation there are several short-cut methods to

calculate the number of stages needed, e.g.:
i
,'_‘_d"’il/-I‘_ AT .’ - .
e McCabe-Thiele //(-‘/'Th https:/ / WWW.training.it.services.manchest'er.ac.u
> k/ public / gced/ separations.html?separations /
/ Pl MT /index.html

PP

https: // www.training.itservices.manchester.ac.u
k/ public / gced/ separations.html?separations /P

1 A1 S/index.html

* Ponchon-Savarit



https://www.training.itservices.manchester.ac.uk/public/gced/separations.html?separations/MT/index.html
https://www.training.itservices.manchester.ac.uk/public/gced/separations.html?separations/MT/index.html
https://www.training.itservices.manchester.ac.uk/public/gced/separations.html?separations/MT/index.html
https://www.training.itservices.manchester.ac.uk/public/gced/separations.html?separations/PS/index.html
https://www.training.itservices.manchester.ac.uk/public/gced/separations.html?separations/PS/index.html
https://www.training.itservices.manchester.ac.uk/public/gced/separations.html?separations/PS/index.html
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Multi-component Distillation

* As many components are present in the feed, fixing the recovery
or mole fraction of a single component does not specify the
product composition or temperature.

* The selection of the key components 1s a process engineering
decision, usually based on the objectives of the separation
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Short-Cut Method

 There are a number of short-cut methods for simple columns.

e These are based on,

* Theoretical analysis of a simplified column, or

. Empirical correlations
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Specify the Column Separation

Specify top product Select light and Specify mole Specify pressure of
phase, i.e. total or heavy key fraction of light condenser and
partial condenser components key in the bottoms reboiler

and heavy key in

the distillate
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Calculate N

Calculate relative Calculate N, — Estimate the split Repeat steps I to 3
volatilities — top, Fenske equation of the non-key until NV_. doesn’t
bottom and feed components — change

point Hengstebeck-

Geddes
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Calculate R and Actual Stages

Calculate R, . — Pick a R=aR;, Calculate the actual Calculate the ratio
Underwood value number of stages, of rectifying to
equations N — Gilliland stripping stages
correlation — Kirkbride

correlation
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The Fenske Equation

e Estimation of the minimum number of the
theoretical stages

o)), G _=[5E
N 2\=ujo \xipg ] _ P Du By

(og & H (09 &y H

N -1

N

ya |
|
YN l
1 ITN-1

xo




MANCHESTER

1824
The University of Manchester

The Hengstebeck-Geddes Method

* Total reflux (Fenske equation)

e Minimum reflux (httle distribution of the non—key
Components>

» High L/D (~5R, )
* Low L/D (~1.1R

min)

log D./B;

D,
[Dg -B—' = A+ C [Dg. O
b

log o 1k
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The Underwood Equation

e Estimation of the minimum reflux ratio

, Solve forgin 1 then use in 2

Mole fraction in vapour, y

R . 4= A e X pi
min + | {Z (Uf.&,r'_f}'s)

1.0 -

Pinch point
stage J

0.0 +

0.0

o ¢

Mole fraction in liquid, =

1.0
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Actual Number of Stages

Gilliland Correlation

Erbar-Maddox Correlation
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The Kirkbride Correlation

* An approximation of the optimal feed-stage location can be
made with the Kirkbride empirical equation

N\ BY [xuks) ((2ikp)”
2 (M—.) = 02061 [(D) (xf-w,f) (’””ﬁd) J

* N, is the number of stages in the rectifying section (above feed stage)

* N is the number of stages in the stripping section (below feed stage)
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Distillation

n e Operation
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Objectives

e Considerations for distillation design

* Performance indicators
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Distillation Operatmg Parameters

* Usually the feed composition and flow rate are considered fixed.
* The product specifications are usually fixed.

* There are parameters that can be changed.




MAN CHFSTER

324
The University of Manchester

Operating Pressure

* The condenser temperature sets the operating pressure:

* If cooling water is to be used, the condensing temperature of the

overhead product should be typically I0°C above the summer

CO oling water temperature.

| X
* If air cooling is to be used, the condensing temperature of the ( /) X~
overhead product should be typically 20°C above the summer air \ Koot 1
temperature. [ }
Total Condenser Partial Condenser

Bubble point Dew point
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Type of Condenser

* Total condenser |
* Liquid product for intermediate or final \ X
product storage. o ‘/ /'
* The top product is to be fed to another } [
distillation at a higher pressure.

* Avoid expensive refrigeration

X
* Partial condenser \ )

* Reduce the condenser duty I
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Operating Pressure - Exceptions

* In the separation of gases and light hydrocarbons

* Pressure maybe too high to allow cooling water

* For distilling high molecular weight materials

e Max temperature maybe set by product decomposition

* In a sequence of columns

e Heat integration
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Operating Pressure

* Benzene-Toluene( LK)-Ethylbenzene(HK)-Styrene — Constant separation

2 6 16
i =5 = 14
3 .0 n5 B
1.25 - =~ 12
1 3 10 :
1 2 3 4 5 1 2 3 4 5 1 2 3 4 5
P/ bar P / bar P / bar
a decreases Rpmin inCreases N,in increases
250 - 34
200 LT Rebis |
&) 2010) Reboiler ;n 39
< 150 : =
~ 100 r(‘umicnscr E 30
50 < 28
"1 2 3 4 5 1 2 3 4 5
P / bar P/ bar

T increases A decreases
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Condenser/Reboiler Temperature

.
.

i

il

.

40 barg 10 barg 4barg Cooling 0°C -20°C —40°C
Steam water Refrigeration

Cost/$GJ!

High temperature Low temperature
heating is expensive cooling is expensive
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Choice of Reflux Ratio

e Rule of thumb -

e Use a reflux ratio of 1.1 to 1.3 times the minimum reflux ratio.

R min R"P‘

50 )
1]“’min |

/ Total
Energy

Cost

o N

'min

———— Capital

() 10 20) 30 40 H0) : :
R R
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Choice of Feed Condition

_ Heat required to vapourise 1 mole of feed

7= Molar latent heat of vapourisation of feed

* =1, (saturated liquid feed) is preferred

e This makes the column pressure easy to control by pumping the liquid
to the correct pressure.

* In columns with multiple feeds, it is not unusual to use feeds
with ¢ < 0 or ¢ > 1, which would be determined by the

practical needs.
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Choice of Feed Condition

* Heating or cooling the feed can reduce overall energy costs.

* The best feed condition can only be determined by considering
heat recovery opportunities with the overall process.




MANCHESTER

1824
The University of Manchester

Choice of Feed Stage Location

58
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* Increased duty 3 o \ y
d b é 52 Condcnt-crk. - s
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d1srupt1ons mn %56 7 8 0 10 11 12 13 14 15

Proﬁle / Feed\l/Tra,\. \

Mole fraction (liquid) Mole fraction (liquid) Mole fraction (liquid)
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Performance Indicators

e Some quantitative performance indicators are proposed for
screening distillation sequences.

e These are,

* Total vapour load

* Total energy demand
* Operating cost

* Capital cost

* Total annualised cost including capital, energy trade-offs, and the
consideration of heat integration
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j Simple Distillation
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Objectives

* Definition of a simple distillation column
* Introduction to distillation column sequencing

* Design heuristics for simple distillation columns
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Simple Distillation Columns

* A simple distillation column means that it has
¢ A single feed,
* Two products,
* The key components are adjacent in volatility, and

e The column has a reboiler and a condenser.

Decreasing
volatility

moO O w

i

A
B (light key)
(&)

(B)

C (heavy key)
D

E
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Sequencmg Slmple Distillation Columns

* Suppose there is a homogeneous mixture of A, B, and C

2.,
0

Direct Sequence
Lightest component separated

N w e
|

2.

A
B

AL

B

T4 T

» C

N w >
|
Q| W &>

Indirect Sequence
Heaviest component separated
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Sequencmg Slmple Distillation Columns

* The direct sequence often requires less energy than the indirect
one.

* Light component only vapourised once

* The indirect sequence can be quite energy efficient compared to
the direct one if the Iight component in the feed has a low
flowrate but the heavy component has a high flowrate.
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Direct Sequence

* Assuming a perfect
separation and
calculating based on the

vapour flow through the
reboiler using the
Underwood equation.
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Sequencing Simple Distillation Columns

* When the number of components in a mixture increases, the
number of sequences increases dramatically.

Number of components Number of possible sequences

2 1
3 2
4 3
5 14

10 4862
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Sequencing Simple Distillation Columns

__C/DE —DIE
B/CDE

/ "~ CD/E — C/D

A/BCDE — BC/DE — B/C — D/E

\ __BICD—C/D

BCD/E __
BC/D — B/C

Direct

C/DE — D/E
AB/CDE — A/B _
S CD/E — C/D
ABCDE
. A/BC — BIC
ABC/DE — D/E
T ABIC — A/B

__B/CD—C/D
A/BCD

/ T BC/D —B/C

ABCD/E — AB/CD — A/B — C/D

\ __ A/BC—BIC

ABC/D __
AB/C — A/B

Indirect
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Distillation Columns Sequencing Rules

* Certainly, not every sequence is to be feasible, there are practical
constraints to sequencing columns including,

o Some Components need o b€ remove eaﬂy:
* hazardous component,
* reactive and heat-sensitive components, and

® COrrosive components.
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Distillation Columns Sequencmg Rules

* Decomposition in the reboilers would contaminate products,

* Finished products should not be taken from bottoms of columns if

possible.

* Compounds which polymerise when distilled would require
chemicals added to inhibit polymerisation,

* These tend to be involatile and end up in the column bottoms, so it
would be necessary to take finished products overhead.
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Distillation Columns Sequencing Rules

e For those components that are difficult to condense, a total
condensation would normaﬂy be required under low-
temperature refrigeration and/or very high operating pressures.

e The Iight components are normally removed from the top of the first
column to minimise use of refrigeration and high pressures.




MANCHESTER

1824
The University of Manchester

Distillation Columns Sequencing Heuristics

* For systems that do not include these issues, or after these
materials have been removed, there are some heuristics
developed for sequencing columns,

* They are usetul as a guide line.
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Heuristic Rules

Do the most difficult

. Favour the direct sequence
separation Jast

Remove Iarge fraction

components first Separate each feed 50/50
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Distillation Columns Sequencing Heuristics

e Difficulties can arise when those heuristics are in conflict with
each other.

e Heuristics can be contradictory to each other but they do have
advantages.
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j Complex Distillation
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Objectives

* Introduction to complex distillation columns
* Design heuristics for complex distillation columns

* Thermally coupled utilities
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Complex Distillation Columns

o Complex distillation conﬁgurations can sometimes be referred
to as thermaﬂy coupled distillation columns

* Columns are linked by two-directional flows and one column
has no condenser, and/or no reboiler.
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Side-Stream Columns

0w P

A

7,

(Vapour sidestream)

N @ >

A

0,

(Liquid s{dgstream)
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Heuristics for Side-Streams

& @ ~N
. b A f A
A
A B
B, ] (Vapour sidestream) B — (LAqua. sdestrenn)
C )
C
jj $ C |
~ o
Feed Composition B >50% B >50%
P C <5% A< 5%
Relative volatility Oge > Oag Oag >> Oge
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Side- Strlpper Arrangement

Indirect Sequence
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Side-Stripper Energy Saving

B '

Energy Saving / %

c’

https: // WWW.training.itservices.manchester.ac.uk / public /

gced/ separations.html?separations /multi dist/index.html



https://www.training.itservices.manchester.ac.uk/public/gced/separations.html?separations/multi_dist/index.html
https://www.training.itservices.manchester.ac.uk/public/gced/separations.html?separations/multi_dist/index.html
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Side-Rectifier Arrangement

A A
B B
c » .

‘ C

Direct Sequence
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Heuristics for Side-Columns

Side-Stripper Side-Rectifier

1 2

| |
TLL. YL

A @ >
|

QW
I

B <30% B <30%
C>A A>C

Feed Composition
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Pre-Fractionation Arrangements

O =% >

Thermally-coupled pre-
fractionator (Petlyuk) column

Dividing wall column
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Composition Profiles — Standard Configuration

Top
D,
A A =
B =B P
¢ C I
= | Optimum removal
B F, i £
= ; point for B
B 5| /
B € ' A
C i [ Re-mixing
i\ g in column |
\H Bottom 2 >
» C 0 Mole fraction of B 1
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Composition Profiles — Pre-fractionation

N w >
y

2b

|
Jbottom |
|

Mole fraction of B
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Pre-fractionation Energy Saving

B .
\\

Energy Saving / %

-
C p

https: // WWW.training.itservices.manchester.ac.uk / public /

gced/ separations.html?separations /multi dist/index.html

30


https://www.training.itservices.manchester.ac.uk/public/gced/separations.html?separations/multi_dist/index.html
https://www.training.itservices.manchester.ac.uk/public/gced/separations.html?separations/multi_dist/index.html
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Heuristics for Pre-fractionators

1
%%
| ’_ T

A I

B B

[ &

B

Feed Composition B is a large fraction
Relative volatility Oag ~ Ogc
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Thermally Coupled Utilities

—i 1 2 — 1 2

Reboilers Reboiler
. 5 : of T —
o3 I ] | i 1
3| | | 2 | 5| ! 2
s 1 | g1 L
) | | ] 5] | | L 1
= | Condensers B ! | Condensers

Enthalpy , Enthalpy
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Implementing Thermal Coupling

* Thermal coupling arrangements have great capabilities to
reduce energy consumption compared to that from the
conventional arrangements.

e Can be up to 30% reduction in energy

* Thus, it is necessary in the design distillation sequences, to take
this into account.
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j Short-Cut Design

T f for Complex
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Objectives

* Decomposition of complex distillation columns

e Modifications to short-cut design for complex columns
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Design of Complex Columns

* When it comes to mass and energy balance analysis, it is
practically useful to decompose complex columns into simple

columns so that the calculations can be carried out relatively
easily.

<.
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Side-Stripper Decomposition

QW P

.

b

.....

N2,
3

Vapour—”)--... ?qumd
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Side-Rectifier Decomposition

heLh2, L e 1

A
B — 3 A 1 A £ )
C 2 J B — qumd_{?’::_....—).Vapour
C 21 b 4
4
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Pre-Fractionator Decomposition

. Decomposition into 3 columns . :
Side-stripper A

W | 2 decomposition | 3
N\ Vapou AN
A (L .. </ -

N w>
l

(@ Wl
1
A\
o)

NSA B Liquid * ..... ;f _—
‘—J&— C " Side-rectifier |4
decomposition
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Extension to Underwood Equations

* The Underwood equations only work for simple distillation
columns

* So how do we use it for complex distillation columns?
P

* We have shown thermally coupled distillation columns can be

represented as simple distillation columns and side-stream distillation
columns.

* Therefore we only need an extension to account for side-stream
distillation columns.
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Extension to Underwood Equations

aw>
3":-'.
!
=
8
|
I
2




MANCHESTER

1824
The University of Manchester

Extension to Underwood Equations

* Vapour Side-Stream

N w2
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Azeotropes
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Objectives

e Reminder of VLE with azeotropes
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Reminder — Vapour-Liquid Equilibria

* At equilibrium between vapour and liquid phases,
¢ yiP = vz}
* At moderate pressures, $— |, Raoult’s law for non-ideal

systems,
yiP =y}

* These non-ideal systems commonly manifest themselves in the
formation of azeotropes.

* Many close boiling, non-ideal mixtures form azeotropes,
particularly those of different chemical types
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Azeotropes

* At an azeotrope the vapour and liquid compositions are
identical

 Thus, all K values are 1

* Dewpoint and bubble point temperatures are equal
* 0pg = 1 — no separation can take place (via distillation)

yiP = ‘T.—;IaP;

* with X; =V, at non-trivial solutions of X; = 0 and X; = 1.
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Types of Azeotropes

* Maximum boiling (y < 1)
* e.g. acetone-chloroform yiP=yx p?
$oP =y Pi
P =y P%+ yy (I -—xJPE

125 — 1 l 100
00 p /4 08} £ = 90| Vapour -
& - N\ P 1 06} 7 4 U 80t -
~ = /// e
x50 F - 04F  / 1 & 70 -
25 | 24 02f - 60ff:::2732z§52§>§<
0 | | | | 0 A | | | 50 | | | |
0 02040608 1 0 02040608 1 0 02040608 1

I I Z1
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Types of Azeotropes

* Minimum boiling (y > 1)

* e.g. isopropyl ether-isopropyl alcohol gIP =y prJ

wP= 3’15‘-’1’92
P = y,x,P?ﬂl- ya (1 -—xJPE

125 | j,—_, li = -1 ]. | ] | / ].00 | | 1

100~ D1 = 0.8 1 5 /- 90 |- Vapour .
g 751/ 1 06} e B SR .
~ ; = ,/'/ =~
a, 90 P2 = 0.4 o 1 & 70

25 - 02 / - 60 - Liquid -

0 | l l | 0 / l L L | 50 l | | |
0 02040608 1 0 02040608 1 0 02040608 1

Iy I1 I1
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Types of Azeotropes

* These are homogeneous azeotropes

* I vapour phase and I liquid phase in equilibrium

e Fora minimum—boiling azeotrope with large deviation from
Raoult’s law (y >> 1), phase splitting may occur and a
minimum—boiling heterogeneous azeotrope forms

* I vapour phase and 2 liquid phases in equilibrium
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Types of Azeotropes

Homogeneous : - o
azeotrope bt
https: // WWW.training.itservices.manc
hester.ac.uk /public/gced/separations.
. html?separations/VLE/index.html
Heterogeneous : —
azeotrope g



https://www.training.itservices.manchester.ac.uk/public/gced/separations.html?separations/VLE/index.html
https://www.training.itservices.manchester.ac.uk/public/gced/separations.html?separations/VLE/index.html
https://www.training.itservices.manchester.ac.uk/public/gced/separations.html?separations/VLE/index.html
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Types of Azeotropes

o Heterogeneous azeotropes must be minimum—boﬂing

¢ y>>1to geg 2 qu;id phases 9, P = x Pf
e.g. water-n-butano BP=yam Pg

150 ——— : 1 , 130 —

N / | |
125 ] 0.8} 4 gL opow
g 10y 0.6 O 110
Y s 4
. | 7 o0af | & 100
25 \ 0.2 90 Liqui
0 | | | _ 0 | | | _l 80 | | | ]
0 02040608 1 0 02040608 1 0 02040608 1

T I I )
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Feasible

Distillation
Regions
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Objectives

* Introduction to ternary diagrams for distillation
* Introduction to residue curves

* Using residue curves for distillation design
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Ternary Mixtures

* In the distillation of a ternary mixture, possible equilibrium
compositions do not lie uniquely on a single, isobaric
equilibrium curve because the Gibbs phase rule gives an
additional degree of freedom.

N:freedom - components — Nphmses 1 2

* The other compositions are determined only if the temperature,
pressure, and composition of one component in one phase are

fixed.
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Ternary Phase Equilibrium

* The composition of a ternary mixture can be represented O
triangular diagram

;"gr:vgfn
“‘l,'/ "\\ =
. . ey - 0.2
* Vapour-liquid phase equilibria at a fi ./ \ 08
P quia p q 04 7
- ,’iﬂ.l 0.1\ o7

* Jines of constante ofr composition

: \'\ 04
04-N |
- v 03
0.5-\
- % 02
0.7-3\
- v 0.1
09

Oxyeen : r > = >0
=0 01 02 03 04 05 06 07 08 09 |Argon
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Ternary Phase Diagrams

* It is more useful, when developing a feasible-separation process
for a ternary mixture, to plot only equilibrium-liquid-phase
compositions on the triangular diagram.
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Ternary Systems

0.6 _
/- Region |

=
o)

Region 2

QH

o 02 04 06 08 1B o 02 04 06 08 1B 0 02 04 06 08 1B
/eotropic system Single
azeotropic system

Two azeotropic system
with distillation boundary
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Distillation Options

0A

1

A B
. A+B+C
Direct Sequence — 1 2
B+C &
A low boiler
A+B A B intermediate boiler
i C high boiler
) A+B+C
Indirect Sequence  ——~{ 1 2
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Distillation Options

* Not possible to get pure B in the first column as it is the
intermediate boiler

B A
2 A low boiler
B intermediate boiler
* C high boiler
A+C 5

* So how can we know this?
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Distillation Options

* Can't cross the distillation boundary

e Can't get all three pure components with a simple distillation

sequence 0A
A+B A
Acx Bl B A .low bodgr |
—_—] 1 2 B intermediate boiler
T C high boiler
s A+B

* So how can we know this?



MANCHESTER

1824
The University of Manchester

Residue-Curve Maps

* A residue curve describes the change of the composition of the
1iquid phase of a chemical mixture during continuous
evaporation at the condition of Vapour—liquid equilibrium.

* Consider the simple batch distillation (no trays, packing, or
reflux).

Heating Coils

Overhead
— —V,V,

Distillation
Column

- Vapour flow up the
} | Distillation Column

Reboiler W, X
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Residue-Curve Maps

* Component mass balance: T =V}
Overhead V, yl

* Expanding, Lﬂf_“_” Lo Vg

dt dt

dx: _ dwW v

dt - ax Y

d W i
e Total mass balance: :E—=—V
Reboiler W, X
* Thus dxi 1 dW
’ d t (gl‘ IL‘) W d + HeatingCoils
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Residue-Curve Maps

: | d W
"F’(&Ia—l‘.:)WTi?

* We can combine W and t into as single variable that can be
considered as a dimensionless time, &(t)

dlg

d_gf‘: -’5{-—8.{); L=IJ2

Yi = K..;I{;) L=IJ2J3

* Each different feed point will produce a different curve
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Residue-Curve Maps

* If we repeat for many feed positions, we can build up the map,

iso-Propanol

e Arrows point in direction of increasing

¢ (increasing T)

* This will take a long time ...
* But programs like ASPEN can make

these for you.
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Feasible Product- Composmons

e The feasible-distillation regions for azeotrope—forming ternary
mixtures are not obvious iso-Propanol

e Residue curve maps can be used to make preliminary estimates
of regions of feasible—product compositions

* These regions are determined by using a column material-
balance line
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Feasible Product- Composmons

e If a straight line 1s drawn that connects the distillate and
bottoms compositions, that line must pass through the feed
composition at some intermediate point to satisfy 2 material

balance

iso-Propanol

* The distillate and bottoms points (the end of the line) must
also lie on the same residue curve to satisfy the column stage
equilibriums
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Feasible Product-Compositions
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Feasible Product-Compositions
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Feasible Product-Compositions

* We can repeat this for
all possible
combinations to find
the range of feasible

separations for a given

feed
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Feasible Product-Compositions

* The green areas are the only feasible product regions for that

feed.

e Often called “bow-tie” regions
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Feasible Product-Compositions

125.8°C

116.1°C

1362°C 127.1°C -~ 135.1°C
Ethylbenzene 2-Ethoxy-
ethanol
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Short-Cut Design

for Azeotropes

|
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Objectives

e Modifications to short-cut design for azeotropes
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Short-cut Equations for Azeotropic Systems

e Short-cut calculations can be performed for non-ideal systems.

* However, key assumptions for short-cut is an approximately
constant relative volatility

e When a system has an azeotrope It 1s clear that the relative
Volatﬂity s not constant
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Short-cut Equatlons for Azeotroplc Systems

* At x; = 0.05 o = 2.55

+ Atx; = 0.95 o= 0.47 1 : .
08| | |
* Taking an average relative volatility from the feed, : I 1.
distillate, and bottom product composition gives a value _ 0.6 i : i
;\l 1 | |
of o = 1.82 0.4/ /.-i |
: /f : |
02| | 5
0 X ix_f' Xy

0 02 04 06 08 1

X1
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Short-cut Equations for Azeotropic Systems

* The short-cut method can still be used for systems

of this type by transforming the region of interest, 1 |
=2 oy =2 08 ! | |
(L (L : i :
e For this system @ = 0.8 0.6 E i i
S : f :
, yi(l—x) 04 | | |
a == : I | |
z; (1 — ;) | | |
02 | |
* The average relatively volatility of the transformed system is e L o
oL re i Xd |
then o' = 2.54 0 02 04 | 06 08 1

X
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Short-cut Equations for Azeotropic Systems

* This method has been extended to more components, by
using a matrix transformation

X = M X/

e M is the singular point matrix of the 3 corners of the region

X

* However, the more non-ideal components the more
inaccurate the method will become as the relative volatilities
will vary across the column
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i Distillation

T g Sequences for
g A Azeotropes
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Objectives

e Distillation sequences for separating azeotropic systems

* Pressure-swing distillation

Extractive distillation

* Homogeneous Azeotropic Distillation

Heterogeneous Azeotropic Distillation

Reactive Distillation
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Distillation with Azeotropes

0.8 -

Yethanol

04

0.2 -

0
“pure” water (

0.6 -

0.2

0.4

Xethanol

0.6

0.8

not pure ethanol

1
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Azeotropes

e Jt is sometimes possible to change the pressure sufﬁciently to
“break” the azeotrope, e.g.

. Ethyl alcohol and water form a homogeneous minimum-boﬂing

azeotrope of 95.6 wt% alcohol at 78.15 °C and 101.3 kPa.

* At vacuums of less than 9.3 kPa, no azeotrope is formed.

* Or at least “shift” the azeotrope
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Pressure Swmg Distillation

e A binary azeotrope that changes composition by > 5 mol%
over a moderate range of pressure

e Two ordinary distillation columns operating in series at
different pressures.

* A pump / compressor is needed to increase the pressure

e No additional component is needed
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Pressure Swmg Distillation

° eg, Minimum—boﬂing azeotrope

Zy

Pressure P,
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Azeotropes

o Though this is sometimes not possible

* So we can add a third component
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Extractive Distillation

e The components in the feed must have different solvent
affinities so that the solvent causes an increase in @, of the key
components.

* The solvent should not form an azeotrope with any
components in the feed.

* Usually, a molar ratio of solvent to feed on the order of I is
required.

* The bottoms are processed to recover the solvent for recycle and

complete the feed separation.
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Extractive Distillation

* Minimum-boiling azeotrope system, a solvent with a lower
volatility than the key components of the feed, is added just
below the top of the column

e the solvent is present in the down-flowing liquid, and
% g 11q

* little solvent is stripped and lost to the overhead vapour.

* Maximum boiling azeotrope system, the solvent enters the
column with the feed.
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Extractive Distillation - “Dissolved?” Solvent

* For example, adding ethylene glycol to ethanol and water

* The ethylene glycol never vapourises

1.0

0.9 4

S
o
1

Anhydrous ethanol Water

= 0.3
g i
mo

0.1-

Ethylene glycol recycle 0.0

i
~3
Pl

S
(=)
L

Ethanol-water/T\

mixture

S
h
L

1 vapor mole fraction
S
=N
L

Solvent recovery column

_<Ex1mcli\-e distillation column

' v L R M [ s PSS i [P i FE Ly (e Gy P
00 01 02 03 04 05 06 07 08 09
Ethanol liquid mole fraction

1.0
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Extractive Distillation - “Alternate Path?”

* The solvent takes part in the VLE




MANCHESTER

1824
The University of Manchester

Homogeneous Azeotropic Distillation

* An azeotrope can be separated by extractive distillation, using a
solvent that is higher boﬂing than the feed components and
does not form any azeotropes.

* Alternatively, the separation can be made by homogeneous
azeotropic distillation, using an entrainer not subject to such
restrictions.

* Instead of recycling the pure entrainer, an azeotrope of the
entrainer and one of the other components is recycled.
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Homogeneous Azeotropic Distillation

 —®)

A-E azeotrope
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Heterogeneous Azeotropic Distillation

e For homogeneous azeotropic distillation the patterns of the
distillation boundaries are important for the separation

e Often at least one maximum—boiling azeotrope is needed

* However, such azeotropes are far less common than minimum-boiling
azeotropes.

* Thus, sequences based on homogeneous azeotropic distillation
are rare and a better alternative is needed.
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Heterogeneous Azeotropic Distillation

* An entrainer that forms a binary and/or ternary heterogeneous
azeotrope 1s used.

* The overhead vapour from the column is set so it is close to the
composition of the heterogeneous azeotrope.

* When condensed, two liquid phases form in a decanter which
are then often separated by gravity separation.
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Heterogeneous Azeotropic Distillation

* As these two quuid phases usuaﬂy lie in different distillation
regions of the residue-curve map, the restriction that dooms
homogeneous azeotropic distillation is overcome.

* Thus, in heterogeneous azeotropic distillation, the components
to be separated need not lie in the same distillation region.
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Heterogeneous Azeotropic Distillation

oA

x 100

J Entrainer make-up
-

Ds

Dy=F,
Azeotropic @ Preconcentrator/ ) -—
column entrainer recovery
column
B,
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Heterogeneous Azeotropic Distillation

J Entrainer make-up
—~

Azeotro Preconcentrator.

' ) '
% |
- ‘f‘ =
n i ® "*
column entrainer recovery
column




MANCHESTER

1824
The University of Manchester

Heterogeneous Azeotropic Distillation

Decanter

D

https: // Www.training.itservices.rnanchester.ac.uk / public /

gced/ separations.html?separations /Het azeo/index.html



https://www.training.itservices.manchester.ac.uk/public/gced/separations.html?separations/Het_azeo/index.html
https://www.training.itservices.manchester.ac.uk/public/gced/separations.html?separations/Het_azeo/index.html
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Reactive Distillation

e Reactive distillation denotes simultaneous chemical reaction and
distillation.

* The reaction usually takes place in the liquid phase or at the
surface of a solid catalyst in contact with the liquid.

e The separation of a dose—boﬂing Or azeotropic mixture of
components A and B can be enhanced if a chemicaﬂy reacting
entrainer E is introduced into the column.
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Reactive Distillation

* It A is the lower-boiling component,
* E be higher boiling than B

* react reversibly with B to produce reaction product C

* Component A is removed as distillate, components B,
C, and E, are removed as bottoms.

* Components B and E are recovered from C in a
separate distillation, where the reaction is reversed.

a
A [.01
B [
E 0.8
C 0.5

B+E=C

AB—*

T » |,C
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