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Abstract

A dynamic model has been developed to study the dynamic behavior of multi
component batch extractive distillation column. The set of equations
governing (material bvalance, heat balance, summation of mole and
equilibrium eguations) which represent the dynamic model are solved to give
the temperature and composition profile. Eigenvalue method was used to
integrate the stiff ordinary differential equations.

Matrix method was used to solve many equations simultaeously to redefine
the column parameters during program run. Newtons algorithm was used to
calculate the plate temperatur es on each tray.

The calculations and simulations in this paper were obtained by using
MATLAB environment, version 6. The result of the proposed modd are
compared with experimental result taken under the same operating
conditions. This model shows good agreement with experimental results and
explains featur es of the batch extractive distillation process.
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Mathematical Modeling of Multi Component
Batch Extractive Distillation

Symboal Definition Units
D : digtillate molar flowrate mol/hr
E entrainer feed flow rate mol/hr
h enthalpy of aliquid mixture kJkmol
H enthalpy of a vapor mixture kJkmol
K equilibrium coefficient -
L; molar flow rate of liquid leaving j tray mol/hr
M; : molar holdup of j tray mol
n : number of trays -
Nc number of components of a mixture -
Q reboiler heat duty Watt
R reflux ratio -
T temperature °C
t o time hr
Vi . vapor flow rateleaving atray or still mol/hr
Xij :liguid molefraction of i component in j th tray mol/mol
Vi . vapor mole fraction of i component in j th tray mol/mol

1.Introduction the azeotropic mixture to be

In Greek the term azeotrope
means nonboiling by any way (a
non, zeo-boil, tropos-way), and
denotes a mixture of two or more
components where the equilibrium
compositions of the vapor and liquid
are equal at a given pressure and
temperature ©.

In  thermodynamic view, an
azeotropic mixture behaves as non-
ideal  mixture, therefore,  the
distillation becomes impossible in
conventional column if the feed is
azeotropic mixture.

Extractive distillation method is
one of the must known methods used
to seperate Azeotropic mixtures. In a
batch extractive distillation column,
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separated is initially added to the
reboiler, and during distillation a
higher boiling point solvent fed to the
column and changes the rdative
volatility of the azeotropic mixture.
According to the new VLE the
component having the greater
volatility is taken as the first distillate
cut, and then the component having
second greater volatility is fed as the
second distillation cut, finally the
solvent can be separated as last
distillation cut or as the residua in
the reboiler
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2. Conventional Batch
Digtillation Dynamics

Basualdo and Gomes ® proposed
commercial software named HYSYS
with  MATLAB 5.1 program to
simulate dynamic behavior  of
multicomponent  batch  distillation.
This modd was valid by using
operational condition of the real
systems.

Klingberg @ in her thesis made a

detailed dynamic modeling,
simulation and optimization of a
batch distillation process.

Simulations were performed by using
gPROMS modeling tool, and proved
that the mode gives a very accurate
description of the process behavior.
Costa e a.” made dynamic
simulation on batch distillation. They
found that dynamic modeing of
batch distillation columns frequently
leads to a mixed system of
differential and algebraic equations.
The resulting system was solved by
using numerical integration method.

3. Batch Extractive Distillation
Dynamics

Yatim et al. ®®? simulated batch
extractive digtillation column used to
separate azeotropic mixture and then
they compared their simulation
results with experimental results.

Yatim e a. ® used water as
extractive agent to separate acetone-
methanol mixture, and  they
recovered approximatey 82% by
mole acetone. The distillate that was
obtained was approximatdy 96%
acetone.

Yatim et a. ) extended the work
of Yatim et al. ® for batch extractive
distillation using a batch rectifier by
investigating different  operational
policies for the reflux ratio and
entrainer  flow rate, then they
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compared the recoveries of these
policies.

Parton e a. ©® used ethylene
glycol as extractive agent to separate
methanol-propanol mixture in batch
extractive distillation column. They
computed the concentration profiles
and they proved that the control of
temperature profile is necessary for
each studied system to find
satisfactory operating conditions.

Milani © studied batch extractive
distillation  of  acetone-methanol
mixture by using water as entrainer.
In their study the water was charged
directly to the reboiler, also large
quantities of water was needed in
order to achieve high purity acetone
in the digtillate.

Hilmen and Skogestad ® obtained
an expensive result on batch
extractive didtillation column by
using ethanol-water-ethylene glycol
system. They observed, that in
conventional batch extractive
digtillation  column, the semi-
continuous operation has two main
disadvantages due to accumulation of
the extractive agent: (1) filling of the
reboiler, and (2) degradation of the
composition profile in the column.
The first may cause operational
problems and the latter decreases the
efficiency of the separation.

Gomez and Basualdo “? used a
methodology for the identification of
nonlinear models of multicomponent

batch digtillation columns. The
proposed method consist  in
generating  enough  data  for
identification, by peforming a

simulation of a rigorous mode
(based on first principles) of the
column implemented in the HYSYS
environment. This modd was
validated by using the operational
conditions of thereal system.

Zaidoon P in his PhD thesis
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makes detailed modd to simulate the
batch extractive digtillation column
and then he compared the modd
result for various parameters with
experimental results. He found that
there is a good agremment between
them. Finally he used the proposed
modd to find the optimum
conditions to operate the column.

4. Experiment Description

The experiments were carried out
using laboratory scale  batch
digtillation column as shown in
picture of Figure (1).

The didtillation column was
manufactured of QVF glass and
fitted with ten bubble cup trays.

The uppe pat of the main
column  contains  double  coil
condenser with reflux ratio control
valve (magnetic valve). The main
column consists of two parts. Each
part contains 5 bubble cup trays with
30 cm® holdup for each tray. At the
lower part of the column there was
an 18 liters spherical glass vessd,
with three openings. The vessd was
placed in the reboiler and Glycerin
was used as heating oil in the
reboiler.

Each two parts of this plant were
connected using a flange with teflon
gasket. To reduce the heat losses to
minimum value, the column parts
were insulated with a mineral wooal.
The column has several small
openings which allow us to measure
the temperatures inside of the column
aswdl| as taking samples.

The solvent feed tank is supported
in upper part of the plant. The solvent
feed temperature is setup before
experiment runs and kept constant.
The solvent feed flow rate is
measured and controlled by using a
flow meter .

The system used in this study is
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the ethanol-water mixture, and
ethylene glycol is added to the
mixture as an extractive solvent.

The initial feed compositions are
calculated depending on the residue
curve map of the system. A 15 liter
of ethanol-water mixture was
prepared and charged to the vessel.
The heating was started and the
temperature was increases until the
liquid in vessel and on trays start to
boil. At the first period there was no
feed solvent but all condensate were
returned to the column (total reflux).

In production period the
extractive solvent (Ethylene Glycol)
was fed continuoudly at desired rate
and temperature at the upper part of
the column (stage 8), and pure
ethanol started to produce as first
distillate cut. The extractive solvent
was fed as pure liquid with a
temperature equal to the boiling point
of the more volatile component (100
C). The reflux ratio was constant
during this period. After the ethanol
started to deplete, the solvent valve
was closed and the second distillate
cut become to produce as pure water.
And finally the distillate was be only
the non-pure water and the heavy
solvent remained in the reboiler.

The temperature of the column
was read continuously by using six
T-type sensors placed in various
section of the plant. The temperatures
were continuously recorded by a PC
which got its information from
temperature interface unit. During
the experiment run, liquid samples
were taken from the bottom vessd
and the distillate every (10 minutes).
The liquid samples taken from
experiments were analyzed using
gasliquid chromatography  (type
Varian 6000, Vista) connected to an
electronic integration unit.
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5. Dynamic Model

5.1 Model Assumptions

The proposed modd includes the
following assumptions.

1. Constant tray efficiency.

2. Neglect of vapor holdup.

3. Perfect mixing on al trays and
in al vessds (condenser and
reboiler).

4. Total condensation.

5. Ideal vapor phase for all
components in mixture.

5.2 Model Equations

In this column, there is vapor
liquid equilibrium in the reboiler and
condenser, therefore each of reboiler
and condenser can be assumed as a
theoretical stage. Hence by starting
from the lower point, the reboiler
was numbered as stage one and the
first real tray of column was
numbered stage 2, then we counted
from the bottom to the top. The last
tray of the column was thus stage
number 11, also the condenser was
named stage 12.

Making the total —material,
component and energy balances on
the various sections of the batch
extractive digtillation column, and by
further ~ simplifications of the
differential equations lead to the
system of eguations in Appendix (1).

With the aid of the finite
difference representation, it is useful
to evaluate the values of liquid and

vapor enthalpy derivatives %and
dH

depending on the values of

hand Hat previous time steps, by
using the following two equations.

dh  h()- hit+AY

.. (12
dt At (12)
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dH H(t)- H(E+AY
dt At

These two eguations give very
good results because the contribution
to the energy balance from the
change in enthalpy with time is very
small. Table (1) contains a
polynomial which can be used to
evaluate the vapor and liquid
enthalpy as a function of
temperature.

Also the previous values of molar
holdup M which were calculated
depending on a given volumetric
holdup, could be used to evaluate the
value of the total mass derivative
dMm

.. (13)

o according to the following
equation.
d—M » M() - M(t+AD .. (19

At

5.3 Dynamic Simulation

This section contains the dynamic
simulation of the batch extractive
digtillation. In simulation, the initial
compositions along the column and
in the still are asuumed equal to that
of the original feed mixture. The
Ethanol-Water-Ethylene Glycol
system was used in simulation of
batch extractive digtillation. The
above modd gives a system of
ordinary differential equations and
algebraic eguations, the algebraic
equations include physical properties
and vapor liquid  equilibrium
equations, where the differential
equations include total material, heat
and component balance equations.

The boiling temperatures along
the column was eveuated by total
and erer method (Newton’s
method).

For non-ideal mixture used in this
study, additional variable which is
the liquid phase activity coefficient
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(yi) appears to represent the degree of
deviation from ideality.
vi°R

K, = .. (15)
Wilson method was used to

predict the liquid phase activity

coefficient. Table(2) contains the

system of equations and the rquired
parameters used in this modd.

The vapor pressure of each
component in this study is calculated
by using Antoine equation. Table (3)
contains parameters of  Antoine
equation for all components used in
this study.

Figure (2) shows the flowchart of
the computer simulation for batch
azeotropic distillation. This algorithm
can be applied to caculate the
temperature, liquid flowrate, vapor
flowrate and the compoasition profiles
for a column containing a known
number of stages.

Initially, the vapor and liquid
flowrates are equal to the still vapor
flowarte. The input parameters
needed in simulation program were:
reflux ratio, humber of plates, heat
duty in reboiler, initial charge in
reboiler, hold-up on plates, hold-up
in  condenser, and the initial
concentration on plates and in
reboiler.

First of all, by using Newton’s
method with the ad of the
summation equations, the
equilibrium equations are solved to
predict the equilibrium constants
K;;, and the temperatures Tin the

condenser, plates and reboiler. The
values of equilibrium constants K ;

are necessary in integration of the
component material balance
equations.

The component material balance
equations represented in  equations
(2, 5 and 8) were arranged as
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differential Jacobian matrix and then

solved to calculate the new
compositions X ; fOr the
components in the mixture. The
vapor compositions  y,,;; are
calculated from the  liquid
composition and equilibrium

constant. This new temperature and
compositions were used to compute
liquid and vapor specific enthalpies.

The differential matrix contains
terms of internal vapor and liquid
flowrates, which must be updated
during the simulation (every time
period). To determine the values of
the vapor and liquid flowrate in the
column, the set of total material
balance Egns. (1, 4 and 7) and energy
balance Egns. (3 and 6) were
combined with the finite difference
Egns. (12, 13 and 14) and then
arranged as 23" 23 matrix, and then
solved by using Gauss dimination
method.

At this point the time counter is
incremented by one and the above
sequences of calculation are repeated
based on the new values of modd
variables.

The term of solvent feed flow rate
remains zero in the startup period.
Then when production period is
started a step change in reflux ratio
and solvent flow rate imposed. The
reflux ratio changed from infinity to
a desired reflux and the solvent flow
rate was changed from zero to a
desired flow rate.

The sequence of calculations for
the production period is exactly the
same as that given for the start-up
period. Production period may be
continued for any specified period of
time or until a desired still pot liquid

composition achieved. The
simulation provide complete
concentration  and  temperature
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profiles throughout the column, as
wel as dtill, plates and condenser
molar holdups as a function of time.
The step time (At) was taken as
(10 sec) because it gives an accurate
prediction. Every time interval (At),
the change in composition and
temperature on each tray cause a
change in liquid phase activity
coefficient and hence a change in
equilibrium constant, K value.

between
Simulation

6. Comparison
Experimental  and
Results

Figures (3, 4) represent a
comparison between the
experimental and simulation results
for the distillate and still composition
profiles respectively. The
experimental  composition  profiles
are represented by dotted lines while
the simulated results represented by
solid lines.

At the start of the production
period, the distillate was enriched in
the most volatile component
(ethanal). As the amount of ethanaol
present is the still depleted, the
intermediate component (water) is
distilled as a pure component at the
top and then the more volatile
component  (ethylene glycal) is
distilled. The distillate compositions
approach either pure ethanol, water,
or ethylene glycol. Since the ethanol
was continuously removed, the
composition of the ethylene glycol
increased monotonically in the till
and tends towards 100% purity. The
composition of ethanol decreased
because it removed as top product
and the composition of water
increased up to the moment when it
started to removed and then
decreased to zero.

These two figures show that, there
is a significant deviation between
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simulated and experimental results,
especialy in the distillate
compositions, but the same behavior
was recognized in both experimental
and simulated results. This lag
between the results was due to the
accumulated time delay in column
behavior.

The mean absolute deviation
between experimental and simulated
results for the composition profiles in
the distillate and in the still was
calculated and tabulated as in Table
(4). In this table the mean absolute
deviation of the distillate
compositions is higher than that of
the bottom compositions, and this is
because the distillate composition
changes from minimum values to
maximum values and reverse in
relatively small time period.

The water composition profile
shows mean absolute deviation
higher than that for ethanol and
ethylene glycol in distillate. On the
other hand the ethylene glycol shows
mean absolute deviation higher than
the other two components in the still.

As shown in this section, it is
clear that there is a reasonable
agreement between the experimental
and simulated results.

7. Modd Results

Figures (5, 6 and 7) represent the
mode results for ethanol, water and
ethylene glycol composition profiles
in  several locations along the
column.

Figure (5) shows the change in
the ethanol composition with time in
condenser, tray 10, tray 5, tray 1 and

the reboiler. In this figure the
compositions  starte  at  feed
composition and during startup
period they increase until they

reached a constant value.
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In production period, it is
recognized that the  ethanol
composition above solvent feed tray
(tray 8) starts to increase until it
reached approximately 100%
ethanol. While bedow the solvent
feed tray the ethanol composition
decreases in the same time, this
reveals that the vapor composition
was rich in ethanol while the liquid
composition was rich in water and
ethylene glycol.

Figure (7) shows the change of
ethylene glycol composition with
time along the column. In the startup
period all the compositions along the
column were zero before starting of
solvent feed .

In production period the solvent
feed was started, and the ethylene
glycol compoasition increased linearly
in the still. The composition on plates
bdow the solvent feed tray was
approximately constant until  the
solvent flow was stopped, then the
composition decreased to zero. And
then after a period of time it
increased to be approximately 100%
due to depletion of ethanol and water
in the column.

The ethylene glycol composition
on trays above the solvent feed tray
remains zero in solvent feed period
because the rdative volatility
between ethanol and ethylene glycol
and between water and ethylene
glycol was large, finally it raises to
be approximatdy 100% due to
depletion of ethanol and water in the
column.

Figures (8 and 9) represent the
modd results for liquid and vapor
flowrate profiles in three places
along the column. It can be seen that
the overhead vapor flowrate reached
a maximum and then begins to
decrease. This two figures reveal
how the vapor and liquid flowrates
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vary with time during the production
period. The liquid flowrates were
constant at the startup period and at
the end of the production period, this
is because the compositions were
approximately constant in these two
period of time. So for the same
reason the vapor flowrates was
constant at the startup period and at
the end of the production period.

Figure (10) shows the molar
holdup at different points in the
column with respect to time. This
figure shows that the holdup was
constant in the startup period and
then in the production period the still
holdup was increased in a linear
manner until the solvent flowrate
stopped then the dill  holdup
decreased linearly due to production
of etylene glycol in distillate.
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Appendix (1) Column model equations

Reboiler
Tray 3
Tray 2
Tray 1
L, 4
. A4 V]_
a. Total Material Balance. .
M, Reboiler M,
=L,-V,..(1
=l Ve ()
b. Component Material Balance
dXyi _ (Vy- Ly) L, Vy
= XXq: F——XK5: - —— : R ¢
dt M1 1, Ml 2,i Ml Xyl,l ( )
c. Heat Balance
ﬂ:(Vl'Lz)xhl_Fixhz_ﬁ)Hl.FEx .. (3
dt M, M, M, M,
General Tray n
Ln+l Vn
Trayn l I
. Ln Vn-l
a. Total MaterialBalance
dm
dtn :Ln+1+Vn-1'Ln'Vn L (4)
b. Component Material Balance
ani (Vn 3 Ln 1° Vn-l) Ln 1 Vn-l Vn
== x X F g XY gt XY .. (5
dt Mn n,i Mn n+l,i Mn xyn 1,i Mn Xyn,l ( )
c. Heat Balance
% - (Vn - Ln+1' Vn-l) >hn + Ln+1 mn+1+ Vn-l >4_|n-1' i”_'n L. (6)
dt Mn Mn Mn Mn
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Solvent Feed Tray
The extractive solvent was fed as a pure liquid.

c. Heat Balance

Solvent, E
LlO
A
Tray 9 —
l A
a. Total Material Balance L, Ve
d';/lg =L, +Vg+E- Lg- Vg (7
b. Component Material Balance
X, -
Hoi _ Ve 8i " ﬁ"ygi (L *Vs *E Vg)"xgi "'m"xloi +£>°(Ei (8)
d Mg ' Mg Mg Mg Y Mg T

Tray n-2| |

a. Total Material Balance on Condenser

=V,-Ly,-D
dt 11 12
b. Component Material Balance
dXD,i _ Vi Vi
— = Yui- 5 Xbi
d M, Mp

hg (Vg-Ly-Vg-E L v v
dhg _ (Vg-Li- Vs )mg"'i’hlo"'_B’Hs'_g)‘H9+£th .. (9
dt Mg Mg MQ 9 Mg
Reflux Drum
VAPRYAD Condenser
| y Reflux drum
Reflux M
D
Trayn |1 Xp Distillate
Tray n-Jf—o—J Vst Yot

.. (10)

.. (1)
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Table (1) Vapor and Liquid Enthalpy Calculation

h=hy+¢,(T - To) +¢,(T? - T¢)/2+¢5(T* - T5)/3+¢,(T* - T5)/4
h inJ/gmol T, =298 K

Liquid Enthalpy

Component h, c c, c,’ 10° c,’ 10°
Ethanol 0 -67.4908 1.8438 -7.3027 10.5296

Water 0 50.8300 0.2130 -0.6312 0.6486
Ethylene Glycol 0 -31.800 0.5174 -1.3419 13426
Vapor Enthal py

Component h, C, c, c,” 10* | ¢, 10°
Ethanol 437139 1.0006 26.0838 -1.5935 3.9649
Water 44529.3 33.9130 -0.3014 0.1520 -0.4857
Ethylene Glycol 52544.0 35.697 0.2483 - 1497 3.010

Table(2) Binary L ocation Parametersan Molar Volumes of Wilson Equation

Ethanol(1)- Water (2)- Ethylene glycol(3)

A11:7\,11' 7\,11: 0 A12:7\,21' 7\,11: 393.1971 A13:7\,31' 7\,12:-129.2043

A21:7\,12' 7\,22: 926.263 A22:7\,22' 7\,22: 0 A23:7\,32' 7\,22: 1266.0109

A31:7\,13- 7\,33: 1539.4142 A32:7\,23' 7\,33: -1265.7398 A33:7\,33' 7\,33: 0

é u
e u
Ne Ne %
o XLy g
o} —1-InaxJL”-aé%c i
j=1 K=1A
ga. iju
By= ¢
L
\4 e (I ij I ii)u
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Table (3) Constants of Antoine Equation for Ethanol-Water -Ethylene Glycol

System
Component A B C
Ethanol 18.5242 3578.91 -50.5
Water 18.3036 3816.44 -46.13
Ethylene Glycol 20.2501 6022.18 -28.25
Antoine Equation
B
logP° = A-
o9 T+C

WhereP° : Vapor Pressurein mmHg
T : Tmperaturein °C

Table (4) Mean absolute deviation between experimental and simulated
composition profilesin distillate and still for batch Extractive distillation.

Mean absol ute deviation Mean absol ute deviation
Component for digtillate composition for still composition
(Figure 3) (Figure 4)
Ethanol 0.0450 0.0172
Water 0.1223 0.0203
Ethylene Glycoal 0.0725 0.0375
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Fig. (2) Flow Chart of Simulation Program for Batch Extractive Distillation
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Fig. (9) Model Resultsfor Vapor Flow Rate Profilein Column
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