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Abstract  Batch extractive distillation (BED) is a special method used in the distillation process by adding a sol-
vent into the batch distillation column to alter the relative volatility of the components and improve the separation. 
A comprehensive design and simulation method is required due to the complexity of BED. In this study, a 
quasi-steady-state model for BED is proposed, the derivation and solution of the model are presented. This shortcut 
model can be used to simulate the composition and temperature of the reboiler, the top and other plates of the col-
umn in a batch extractive distillation operation. The calculated values are in good agreement with the experimental 
data. The results show that the quasi-steady-state model is a practical method because of some advantages such as 
high precision and fast calculation. 
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1  INTRODUCTION 

Batch extractive distillation (BED) is used in the 
separation of zoetrope and may be adaptive for proc-
essing the mixture with a wide range of composition 
by adding a solvent into a batch distillation column [1, 2]. 
With different solvent added, BED method is often 
applied successfully for separation of azeotrope, and 
may be a simpler operation compared with the con-
ventional continuous azeotrope distillation process [3].  
Berg first studied the feasibility of BED process [4], 
Yatim and Moszkowicz first presented a model for 
equilibrium-stage dynamic simulation of BED [5]. Lang 
et al. studied the nonequlibrium-stage dynamic simu-
lation of BED with a detail analysis on the experi-
mental data and simulated values [6, 7], and extended 
the study of Yatim and Moszkowicz by experimental 
investigation with different operation policies [8 11]. 
The processes of BED with a bottom equilibrium dis-
tillation still and a middle vessel were studied [12, 13]. 
As a result, BED method is adaptable to fine chemical 
separation, pharmaceutical industry, solvent recycling 
and natural product extraction.  

Batch extractive distillation integrates the advan-
tages of batch distillation and extractive distillation, 
and may be applied to the production with low yield 
and high variety. Further more, flexible operation and 
low energy cost may be achieved by the BED method. 
Although BED method presents a great potential in 
applications, a comprehensive design and calculation 
method for BED has rarely been established, probably 
due to the complexity of the BED operation process 
[14 16]. Dynamic simulation is a better method for 
BED, but the models used for the batch distillation are 
usually FUG model and ISC model [17, 18] or SOP and 
GA numerical algorithms [19], which are based on the 
assumptions of constant molar flux and infinite theo-

retical trays, respectively. These assumptions may be 
inappropriate for batch extractive distillation. On one 
hand, the constant molar flux may be not satisfied 
with the addition of a large amount of solvent at high 
boiling point, altering the fluxes of both liquid and gas 
phase in the tower. On the other hand, the assumption 
of infinite theoretical trays may make it impossible to 
determine the distillation section in the BED process.  

Therefore, an effective method of calculation and 
simulation for batch extractive distillation process is 
still being sought [20, 21] and it is the objective of  
this work. 

2  QUASI-STEADY-STATE METHOD OF BATCH 
EXTRACTIVE DISTILLATION 

Based on the quasi-steady-state model for a batch 
distillation [22], we present a quasi-steady-state method 
to simulate a batch extractive distillation. This method 
is extended to the design, optimization, and control of 
batch extractive distillation. 

2.1  Derivation of quasi-steady-state simulation 
method

In the assumption of quasi-steady-state, a batch 
extractive distillation is regarded as a continuous dis-
tillation process with continuous change of feeding 
composition. It means that extractive distillation 
process is continuous in all time steps and the time 
step is infinitely small so that the liquid composition 
does not change in one time step on every tray. 

We assume that the holdup on every tray, except 
for condenser and rectifying still, does not change, so 
the total mass balance on any tray is 
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The mass balance of the component on any tray is  

1 1 1 1

d

d
j j

j j j j j j j j

U x
V y L x V y L x

t
   (2) 

With the quasi-steady-state assumption, the 
process in each time step is at steady state, so that  
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With the following assumption  
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Eqs. (2), (5) and (6) can be written to present the rela-
tionship of mass balance more clearly,  
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With the following assumptions: 1 1j jFx t f t , 

0 0j jFx t f t ,     1 1 1j j jV y v ,      j j jV y v ,  

1 1 1j j jL x l  and j j jL x l , Eq. (7) becomes 
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Therefore, except for condenser, reboiler and 
feeding tray, all the trays have the relationship as follows: 

Figure 1  Material flow of a plate in one time step 

From the derivation above, in each time step, the 
total molar amount of the holdup on every tray keeps 
constant. The holdup composition at the initial point 
in one time step is equal to that at the last point in the 
previous time step. According to the quasi-steady-state 
assumption, the feeding composition of every tray is 
the same with the composition at the last point in the 
previous time step. The holdup composition at the last 
point in present time step, also the discharge composi-
tion, is equal to the holdup composition of the tray. 
The difference of the tray with solvent added and the 
other tray is that the former has feeding solvent. 

Similarly, we can derive the equation in tower 
bottom through the quasi-steady-state model:  
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In conclusion, based on the quasi-steady-state 
assumption, we provide a simulation method applying 
to the process of batch extractive distillation. As 
shown in Fig. 2, it is assumed that N distillation col-
umns are connected in sequence, charging at the bot-
tom and removing from the top. The products remov-
ing from the bottom of the previous column is charged 

Figure 2  Quasi-steady-state model scheme for batch extractive distillation 
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to the bottom of next column as the feed, while the 
products removing from each tray of the previous 
column is charged to each tray of the next column as 
the feed. Since these columns are connected in se-
quence, the desired composition of bottom products 
can be obtained after the operation of N distillation 
columns (ignoring the cooling). In Fig. 2, each distil-
lation column can be regarded as a continuous column 
and a process of extractive distillation within the spe-
cific time step. If the time step is reasonable, the dy-
namic process of a batch extractive distillation can be 
presented by a series of continuous distillation col-
umns at steady state. Consequently, the dynamic solu-
tions of the batch extractive distillation, i.e. the 
steady-state solutions of N columns in series, can be 
obtained. For solving the steady-state solutions, some 
mature methods have been developed.  

2.2  Solution of quasi-steady-state simulation method 

Two approaches may be used to find the 
quasi-steady-state results for a standard batch distilla-
tion tower. One is the shortcut approach, and the other 
is the standard differentiation approach. For a batch 
extractive distillation tower, only the later can be used, 
mainly due to the continuous addition of solvent to the 
distillation tower and the large liquid volume inside the 
tower. The detailed calculation procedure is as follows. 

(1) Give the information, such as the number of 
theoretical plates in the tower, composition of materi-
als, solvent flow rate, position to add the solvent, re-
flux ratio and heat capacity.  

(2) Set the reflux ratio to be  to get a set of data 
including the temperature, composition and pressure 
at different plates and the composition of liquid and 
gas phases, which will be used as the initial value for 
differentiation calculation.  

(3) Obtain the composition of each phase with 
differentiation calculation. 

(a) Thermodynamic calculation for gas composi-
tion and temperature on each plate.  

(b) Material balance to get the liquid flow rate on 
each plate.  

(c) Use of Newton-Raphson method to obtain the 
liquid composition on each plate.  

(d) Calculation for the enthalpy of liquid phase 
and gas phase on each plate.  

(e) Elimination of the liquid phase flow rate on the 
jth plate with mass balance and heat balance equations, 
and use of gas phase flow rate on the jth plate as iterative 
value to calculate Eq. (1) repeatedly until convergence. 

(4) Calculate once more after a time interval t, 
in which the input flow rate of next tower equals the 
sum of the liquid inside the previous tower divided by 
time interval t. 

(5) Return to step (3).  
(6) Stop calculation when the required conditions 

are satisfied. 
For a batch extractive distillation tower, the dif-

ferentiation approach is a fairly stable. The accuracy 

of the result depends on the length of the time interval. 

3  EXPERIMENTAL VERIFICATION 

3.1  Apparatus and experiment 

In this study, the applicability of the 
quasi-steady-state model is tested. The ethanol-water 
mixture is separated by using glycol as the solvent. 
The sketch of the experimental setup is shown in Fig. 3 
and the parameters of apparatus and experiment are 
shown in Table 1. 

Figure 3  Flowsheet of batch extractive distillation 
1 heating-furnace; 2 reboiler; 3 thermometer; 4
rectification column; 5 manometer; 6 condenser; 7 reflux 
ratio controller; 8 catcher; 9 flowmeter; 10 elevated tank; 
11 valve; 12 product collector; 13 fraction collector; 14
sampler; 15 pump; 16 thermostatic; 17 solvent tank 

Table 1  Parameters of apparatus and experiment 

Item Parameter 
column diameter 30 mm 

packings Dixon ring 3 mm 3 mm
rectification section 0.25 m 

extractive distillation section 1 m 
operation pressure 101.325 kPa 

feed 9.58 mol 
feed composition (ethanol) 0.88, mole fraction 

solvent glycol 
number of theoretical plates 28 

temperature of solvent 70 C 
heat duty of reboiler 500 W 

differential time quantum 0.02 h 
operation time of the 1st step 0.3 h 
operation time of the 2nd step 0.3 h 

termination condition of the 3rd step xD<0.05 
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The experimental procedure is as follows.  
Step 1: operating under total reflux without sol-

vent feeding (R , F 0); 
Step 2: operating under total reflux with solvent 

feeding (R , F>0); 
Step 3: operating under finite reflux ratio with 

solvent feeding (0<R< , F>0); 
Step 4: operating under finite reflux ratio without 

solvent feeding and solvent recovery (0<R< , F 0). 

3.2  Results and discussion 

Figure 4 shows the molar fraction of ethanol (xD 
and xW) at different operation time obtained by the 
quasi-steady-state simulation method. After step 1 
(t 0), the ethanol content in the product reaches the 
azeotropic point (xD 0.89363). During step 2 
(0<t<0.3 h), because of the extraction effect of ethyl-
ene glycol, the water content in the product reduces 
dramatically with time. After step 2, the purity of the 
product (xD) has already met the requirement. During 
step 3 (0.3 h<t<4.64 h), the ethanol product has a very 
high purity (xD 0.9975). When the content in the 
bottom product reaches the target value, this step will 
stop. Fig. 4 shows that the average relative deviations 
of xD and xW from the quasi-steady-state method are 
0.39% and 4.19%, respectively. Thus the simulation 
method may be applied in industrial practice.  

The effects of S on the purity of distillate are 
shown in Fig. 5. The average purity of distillate ( Dx ) 
becomes greater with increasing S at certain reflux 
ratio (R 3), since the volatility of the azeotropic 

mixture is greatly altered to make the separation easier. 
The change of Dx  is very small when S is greater than 
29.82 mol·h 1. Thus it is not necessary to choose a 
higher S in the process of BED. 

As shown in Fig. 6, Dx  has a maximum value 
with the increase of reflux ratio at certain solvent flow 
rate (S 29.82 mol·h 1), since Dx  is influenced by S 
and R in the column of BED. When R is increased to a 
certain value (R 2.5), the solvent ratio in the column 
begins to reduce resulting a low separation efficiency. 
These results demonstrate that S and R are two impor-
tant operational parameters for BED and their values 
should be selected by optimizing the separation effi-
ciency and energy consumption of the BED process. 

Figure 6  The effect of reflux ratio on xD (S 29.82 mol·h 1)
experimental value; calculated value 

Figures 5 and 6 show that the calculated values 
by the quasi-steady-state simulation matches the ex-
perimental data quite well, confirming the effective-
ness of this method in the calculation. 

Figure 7 shows the temperature change (plate 1, 
6, 10, 19 and reboiler) with time. The reboiler tem-
perature is much lower than that of plate 19 within a 
quite long period (1.28 h<t<1.78 h). Since plate 19 has 
smaller liquid holdup comparing with the reboiler, the 
concentration of glycol in plate 19 is higher than that 
in the reboiler in the period and the temperature of 
plate 19 is higher. At the beginning of step 2 and step 
3, the temperature of plate 6 is higher than that of 
plate 10 and the temperature of the plate 10 is higher 
than that of plate 19. It is contributed to the positions 
of these plates relative to the place adding the solvent. 
Lang and Yatim have also shown a similar tempera-
ture trend in their work [11]. In Fig. 7, the experimen-
tal and simulation results on the temperature of the top 
and reboiler agree well. The average relative deviation 
of calculated top temperature and bottom temperature 
and experimental data is below 1.5%, though the 
simulation is based on a few assumptions, such as 
constant molar hold up in the column, omission of 
liquid dynamics, and without heat losses over the 
column. In the experiment, the temperatures of the top 
and reboiler are stable in the first step with total reflux. 
The temperature of the top is the ethanol-water 
azeotropic temperature. When the solvent is charged 
into the column, water is carried to the bottom by 
glycol. The reboiler temperature increases sharply 
with the accumulation of glycol in the reboiler. The 

Figure 4  Evolution of alcohol mole fraction with time
xD (experimental value);  xD (calculated value); 
xW (experimental value);  xW (calculated value) 

Figure 5  The effect of solvent flowrate on Dx (R 3)
experimental value; calculated value 
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top vapor-phase temperature is around 78.3 C, which 
is close to the boiling point of ethanol. 

4  CONCLUSIONS 

In this work, a quasi-steady-state simulation 
method for batch extractive distillation was established 
and extractive distillation in a batch distillation col-
umn was studied experimentally. The results show that 
the flow rate of solvent and the reflux ratio are the 
important factors that affect the product quality. In 
some particular period, the temperature of upper plates 
is higher than that of lower plates. The simulation re-
sults agree well with the experiment data, so this proc-
ess simulation is effective in design and synthesis for 
batch extractive distillation. 

NOMENCLATURE 

B flow rate of bottom product, mol·h 1 
D flow rate of overhead product, mol·h 1 
H enthalpy, kJ·mol 1 
i component i 
j serial number of the tray 
K equilibrium ratio for vapor-liquid equilibrium 
L flow rate of liquid, mol·h 1 
m number of theoretical plates 
N serial number of column 
n feed tray of solvent 
P total pressure, kPa 
Qc heat removed from condenser, kJ·h 1 
Qr heat added to reboiler, kJ·h 1 
R reflux ratio 
S flow rate of solvent, mol·h 1 
T temperature, C 
t operation time, h 

t time interval, h 
U holdup, mol 
V flow rate of vapor, mol·h 1 
W flow rate of bottom product, mol·h 1 
x mole fraction in liquid 
xD mole fraction in overhead product 

Dx  average mole fraction of distillate 
xW mole fraction in bottom product 
y mole fraction in vapor 
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Figure 7  Evolution of temperature of column plates with 
operation time 
calculated results:  plate 1;  plate 6;  plate 10 ; 

 plate 19;  reboiler 
experimental data: the top; reboiler 
 


