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Abstract  -  The startup operation of distillation columns is one of the most complex steps performed in the 
industry. This complexity becomes even greater for thermally coupled extractive distillation systems. Thermally 
coupled configurations are commonly used in order to minimize the excessive amount of energy required to 
perform distillation. In view of this, this study aimed to develop a startup procedure for the thermally coupled 
extractive distillation system to obtain anhydrous ethanol by simulation using the computational package 
Aspen Plus Dynamics. From the startup procedure developed, the complex dynamic behavior of the system 
under study was analyzed (strong interaction between variables). Large variations in the stripping section of 
the extractive column were observed, resulting from the variation of the molar density of the liquid mixture 
in addition to the delay in the startup operation when the amount of ethanol in the recovery column increases.
Keywords: Startup; Thermally coupled extractive distillation; Dynamics.

INTRODUCTION

The operation of a continuous distillation column is 
periodically interrupted for maintenance procedures, 
which aim to ensure operational conditions so that 
equipment, facilities and services operate properly. 
After maintenance, the startup operation is initiated 
until the ongoing process achieves the desired steady 
state. 

Depending on the operator or on the characteristics 
of the process, the startup operation of a distillation 
column may take several hours or even days to reach 
steady state. The longer the time required for the 
operation of the column to reach the steady state, the 
greater the amount of off-spec product and the greater 
the energy consumption, which reduces the process 
yield and increases the costs of operation.

The startup operation of a chemical processes and, 
in particular, distillation columns is very complex due 
to simultaneous changes in multiple variables relevant 
to the process (Kruse et al., 1996). The complexity 
of the operation may be observed from the dynamic 
behavior of the distillation column during the startup 
operation (Ruiz et al., 1988). This complexity becomes 
greater for systems comprising two or more distillation 
columns, such as in the extractive distillation system 
under study, which consists of an extractive distillation 
column and a solvent recovery column.

Distillation is one of the most used separation 
processes in the chemical industry, although it has the 
disadvantage of requiring high energy consumption. In 
order to reduce the high energy consumption, several 
researchers have presented approaches for distillation. 
Some of the approaches presented in the literature are 
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about modifications in design, such as the thermally 
coupled distillation columns system. The thermally 
coupled system consists of two distillation columns 
interconnected by a stream in the vapor phase and 
another stream in the liquid phase. Each interconnection 
replaces a condenser or a reboiler from one of the 
columns. This configuration can result in a reduction 
in energy consumption of up to 30% compared to the 
conventional configuration (Gutiérrez-Guerra, 2008; 
Segovia-Hernández et al., 2009; Long e Lee, 2013).

The startup operation is a great important step in 
chemical plants. However, it was observed that just a 
few researches about this subject have been published. 
Most of the researches are about design, optimization 
and control of the distillation operation (Yasuoka et al., 
1987; Ruiz et al., 1988; Fieg et al., 1993; Barolo et al., 
1994; Sorensen e Skogestad, 1996; Kruse et al., 1996; 
Wang et al., 2003; Wendt et al., 2003; Elgue et al., 
2004). Additionally, no researches related to startup 
operation of thermally coupled extractive distillation 
systems have been reported in the literature. So, the 
main contribution of this work is the presentation of 
a startup procedure for a thermally coupled extractive 
distillation system. More specifically, the aim of this 
work was to develop a startup procedure, through 
simulation, for a thermally coupled extractive 
distillation system used to separate the azeotropic 
ethanol-water mixture with ethylene glycol as solvent. 
The simulator used was the commercial software 
Aspen Plus.

GENERAL METHODOLOGY

Steady-State Modeling
Initially, the model was built in Aspen Plus in 

steady state. The chemical components used in the 

simulation were ethanol, water, ethylene glycol and 
nitrogen. Although nitrogen was specified in this step, 
this component was only used in Aspen Plus Dynamics 
as an inert gas.

The thermodynamic model used in this work for 
the calculation of the liquid phase activity coefficient 
was NRTL. Figueiredo (2003) confirmed the good 
representativity of the data estimated by the NRTL 
model for the ethanol/water system by presenting 
the comparison of the xy and T-xy diagrams for the 
ethanol/water mixture at 1 atm of pressure considering 
the experimental data presented in the literature and the 
values estimated by the Aspen Plus simulator. Hadrich 
and Kechaou (2010) investigated the fitting of the 
liquid-vapor equilibrium of ethanol-water mixtures at 
atmospheric pressure from four thermodynamic models 
and concluded that the NRTL model is the best one for 
fitting equilibrium data. Considering that the studied 
system operation is carried out under atmospheric 
pressure, the vapor phase can be considered ideal. 
Therefore, the thermodynamic model determined for 
the vapor phase was the ideal gas law. 

The system under study (Figure 1) consisted of two 
distillation columns interconnected by two streams. 
One stream in the vapor phase (VAP) and another 
in the liquid phase (LIQ), which characterizes the 
thermal coupling between columns. The VAP stream 
leaves from stage 24 of column 1 and enters in stage 
5 of column 2. The LIQ stream returns to stage 25 of 
column 1 from stage 5 of column 2. 

The extractive distillation column (COL1) is used 
to separate the azeotropic mixture ethanol-water using 
ethylene glycol as solvent. The second column (COL2) 
is the solvent recovery column and its top product 
is water. The RadFrac routine from Aspen Plus was 

Figure 1. Thermally coupled columns flowsheet.
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used for both columns, which constituted a rigorous 
modeling based on equilibrium stages. Due to the 
connection between streams, the reboiler of the second 
column was removed. Streams were added in both 
condensers (VENT and VENT2) in order to carry out 
the inert nitrogen gas purge in Aspen Plus Dynamics. 
The physical properties specifications (Table 1) of the 
feed streams (FEED and SOLVENT) and operational 
conditions (Table 2) of the distillation columns were 
based on the research of Brito (2014).

After defining the dynamics settings of the model 
and rerunning the simulation, the model is ready to be 
exported to Aspen Dynamics. In some simulations, 
it is necessary to take into account the effect of the 
downstream pressure on the stream flowrates. To take 
this effect into account, it is necessary to create a 
Pressure Driven simulation. In this paper, the Pressure 
Driven approach was used. 

When exporting the model from Aspen Plus to 
Aspen Dynamics, all the controllers must be added 
and have their parameters adjusted, as can be seen in 
Figure 1. The pressure controller COL1_CondPC has 
the pressure of Stage 1 of COL1 as process variable 
and the cooling water flowrate in the condenser of 
COL1 as manipulated variable. The pressure controller 
COL2_CondPC has the pressure of Stage 1 of COL2 
as process variable and the cooling water flowrate in 
the condenser of COL2 as manipulated variable.

The controller COL1_DrumLC has the reflux 
vessel level of column 1 as process variable and the 
opening position of the valve VTOPS as manipulated 
variable. The controller COL1_SumpLC has the sump 
level of column 1 as process variable and the opening 
position of the valve VBOTTOM as manipulated 
variable. The controller COL2_DrumLC has the reflux 
vessel level of column 2 as process variable and the 
opening position of the valve VTOPS2 as manipulated 
variable.

The controller FC has the mass flow rate of Feed-
1 stream as process variable and the opening position 
of the VFEED valve as manipulated variable. The 
controller FSC has the mass flowrate of the stream 
SOLVENT1 as process variable and the opening 
position of the valve VSOLVENT as the manipulated 
variable. In the controller PV, the mass flow rate of 
VAP-1 stream is the process variable and the opening 
position of the valve VVAP as the manipulated 
variable.

The controller TC has the temperature of stage 24 
as process variable and the heating steam flowrate in 
reboiler as the manipulated variable. The controller 

Table 1. Input streams specifications.

Table 2. Operational conditions of columns 1 and 2.

Dynamic Modeling
Since the model must be exported to Aspen 

Dynamics, it is necessary to specify the dynamic 
settings of the condensers and reboiler, the geometric 
characteristics of the reflux vessels and base of the 
columns, as well as the hydraulic characteristics of the 
trays of the columns.

The condensers of columns 1 and 2 were specified 
with the heat transfer option, using the Logarithmic 
Mean Temperature Difference (LMTD) approach, 
where the temperature of the cooling medium, water, 
was specified as 20 °C. The difference between the 
process fluid temperature and cooling water outlet 
temperature was specified as 10 °C. The heat transfer 
option was chosen so that the variable coolant flowrate, 
at Aspen Dynamics, was available during the choice of 
manipulated variable for pressure control.

The reboiler of column 1 was specified with the 
option “condensation of the heating medium”, namely 
water vapor. This heat transfer option was chosen in 
order to make available the heating medium flowrate 
as a manipulated variable to control the temperature of 
the column in Aspen Dynamics.

The geometric characteristics of the columns are 
shown in Table 3 and the tray hydraulics parameters 
are shown in Table 4.

Table 3. Geometric characteristics of columns 1 e 2.

Table 4. Tray hydraulics parameters of columns 1 e 2.
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COL2_SumpLC has the sump level of column 2 as 
process variable and the opening position of the valve 
VLIQ as the manipulated variable. The controller 
setting parameters are shown in Table 5. 

On Aspen Plus Dynamics, the column is started in 
a cold and empty condition. There is a pre-built script 
called “Empty” that is used in Aspen Plus Dynamics 
to reset the column to this empty and cold state. In 
fact, the column is not emptied, which would cause 
a vacuum inside the column. Thus, when runnig the 
script Empty, the column is filled with the inert gas 
nitrogen at 20 °C and pressure of 1 bar. Therefore, the 
nitrogen must be specified along with other chemical 
components in the simulation model prior to being 
exported from Aspen Plus.

Before running the script “Empty”, the VVENT 
and VVENT2 purge valves must be fully closed. 
After running the script “Empty”, all controllers are 
placed in manual mode and the output signals of the 
controllers are adjusted to their minimum values.

After adjusting the controllers in manual mode, the 
execution mode “inicialization” can be executed. After 
performing these steps, a “Task” must be added to the 
model. The “Task” is a sequence of actions specified 
by the user, which are made by the simulator at a 
given time, that is, the “Task” contains all steps for the 
starting procedure. The “Task” should be developed 
using the programming language of Aspen Plus 
Dynamics. Finally, the execution mode is changed to 
“dynamic” and the simulation is performed.

programming language of Aspen Dynamics and watch 
the effect of the actions on the dynamic behavior of the 
key variables of the system. From the observations, 
the sequence of actions is amended to attain the right 
dynamic behavior for the startup operation.

From various simulations of startup procedures, 
observations and adjustments in the sequence of 
actions, a starting procedure called PP1 was developed 
that is suited to a thermally coupled extractive 
distillation system, in a study that reflected in a lower 
total startup time.

The startup procedure PP1 developed can be 
represented, in summary, by the following sequence 
of actions:

At time t = 0 hr, COL1 is empty and cold and the 
azeotropic mixture ethanol-water and the solvent 
ethylene are introduced gradually. It should be 
emphasized that, during the procedure, the feed 
flowrates of the ethanol-water mixture and ethylene 
glycol are increased gradually until reaching their 
steady state values.

•	 At time t = 0.87 hr, the liquid reaches the bottom 
of column COL1 and it begins to increase.

•	 At time t = 2.03 hr,	the liquid level at the 
bottom of COL1 reaches the value of 0.34 m 
and the pressure control of COL1 is placed in 
automatic mode with the setpoint adjusted at 1 
bar.

•	 At time t = 2.13 hr, the heating steam begins 
to be introduced into the reboiler, so that the 
liquid in the bottom begins to vaporize and the 
steam generated in COL1 begins to ascend. It 
should be emphasized that, during the startup 
procedure, the flowrate of the heating steam is 
gradually increased until it reaches the steady 
state value.

•	 At time t = 2.14 hr, nitrogen purge valve of 
COL1 is completely opened.

•	 At time t = 2.63 hr,	nitrogen purge valve of 
COL1 begins to be gradually closed.

•	 At time t = 2.8 hr, the level in the reflux vessel 
reaches the value of 0.5 m and the reflux is 
started in COL1.

•	 At time t = 7.54 hr, the mass fraction of water 
in stage 24 from COL1, determining when the 
feed stream of COL2 is connected, reaches the 
value 0.8 and feeding of COL2 is initiated.

•	 At time t = 7.69 hr, pressure control of COL2 
is placed in automatic mode with the set point 
adjusted to 0.6 bar.

•	 At time t = 7.74 hr, nitrogen purge valve of 
COL2 is fully opened.

•	 At time t = 8.06 hr, nitrogen purge valve of 
COL2 is closed.

•	 At time t = 11.76 hr, the flowrate controlers of 
the ethanol-water mixture and ethylene glycol 
are adjusted to their steady state values.

Table 5. Controllers settings parameters.

STARTUP PROCEDURE DEVELOPED

In this paper, the procedures developed were based 
on a sequence of basic actions proposed by Ruiz et 
al. (1988). The sequence of actions corresponds 
mainly to the opening and closing of valves during 
all of the startup operation. Different from  Ruiz et al. 
(1988), who proposed a startup procedure for only one 
distillation column, in this work a startup procedure 
was proposed for a system composed of two thermally 
coupled distillation columns. 

To develop a startup procedure, it is necessary to 
specify a sequence of basic actions in the Task, with the 
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•	 At time t = 12.01 hr, the temperature control of 
COL1 is placed in automatic mode with the set 
point adjusted to 170.49 ° C.

•	 At time t = 13.01 hr, the reflux vessel level of 
COL2 reaches the value of 0.5 m and the reflux 
is started.

•	 At time t = 14.54 hr, the base level of COL2 
reaches the value of 0.8 m and the valve VLIQ 
starts to open gradually and the base product 
from COL2 returns to COL1.

•	 At time t = 22.63 hr, Steady state specifications 
are achieved.

As in Weng and Leo (2014), the end of the startup 
operation is determined when the mass fractions of the 
products satisfy Equation 1. Where, Xp,i is the mass 
fraction of component i in the product stream p, Xp,iss is 
the mass fraction of component i in the product stream 
p at steady state.

distillation columns system under study since it is the 
last to reach steady state.

During the development of the procedure PP1, it 
was observed that the second column demanded more 
time to complete the startup. In order to reduce this 
startup time, the first column was started only after a 
certain time, 7.54 hours, and then the startup operation 
of the second column was initiated. This strategy 
was adopted so that the feed conditions of the second 
column were closer to the steady state conditions, thus 
reducing the startup time of the second column and 
therefore of the system. To demonstrate this strategy, the 
same startup procedure PP1 was applied by changing 
only the initial startup time of the second column, that 
is, the startup of the second column was initiated at t 
= 2.73 h, before the feeding conditions were close to 
the steady state conditions. This procedure was named 
PP2. 

The startup procedure PP2 comprises the following 
sequence of actions:

At time t = 0 hr, COL1 is empty and cold and the 
azeotropic mixture ethanol-water and the solvent 
ethylene glycol are introduced gradually. It should 
be emphasized that, during the procedure, the feed 
flowrates of the ethanol-water mixture and ethylene 
glycol are increased gradually until reaching their 
steady state values.

At time t = 0.87 hr, the liquid reaches the bottom of 
column COL1 and it begins to increase.

At time t = 2.03 hr, the liquid level at the bottom 
of COL1 reaches the value of 0.34 m and the pressure 
control of COL1 is placed in automatic mode with the 
setpoint adjusted to 1 bar.

At time t = 2.13 hr, the heating steam begins to be 
introduced into the reboiler, so that the liquid in the 
bottom begins to vaporize and the steam generated 
in COL1 begins to ascend. It should be emphasized 
that, during the startup procedure, the flowrate of the 
heating steam is gradually increased until it reaches 
the steady state value.

•	 At time t = 2.14 hr, nitrogen purge valve of 
COL1 is completely opened.

•	 At time t = 2.63 hr, nitrogen purge valve of 
COL1 begins to be gradually closed.

•	 At time t = 2.73 hr, the feeding of COL2 is 
initiated.

•	 At time t = 2.8 hr, the level in the reflux vessel 
reaches the value of 0.5 m and the reflux is 
started in COL1.

•	 At time t = 2.89 hr, pressure control of COL2 
is placed in automatic mode with the set point 
adjusted to 0.6 bar.

•	 At time t = 2.96 hr, nitrogen purge valve of 
COL2 is fully opened.

•	 At time t = 4.24 hr, nitrogen purge valve of 
COL2 is closed.

X Xp i p iss, , .− ≤ 0 001

Therefore, Equation 1 was applied to the distillate 
stream of COL1, whose component i is ethanol, to the 
base stream of COL1, whose component i is ethylene 
glycol and to the distillate stream of COL2, whose 
component i is water. The values of Xp,iss were obtained 
from the steady state simulation. Figure 2 represents 
the graph of Equation 1 applied to the product streams 
of COL1 and COL2, for the procedure PP1.

From Figure 2, it can be observed that, although 
the top product stream TOPS-1 from COL1 reaches 
a condition lower than 0.001 at the time t = 3.45 hr, 
COL1 only reaches the steady state at time t = 12.76 
h, that is, when Equation 1 reaches the condition lower 
than 0.001 in the base product stream BOTTOM-1. 
Likewise, COL2 only reaches steady state at the 
time t = 22.63 hr. Therefore, COL2 determines the 
total startup time of the thermally coupled extractive 

Figure 2. Determination of Total Startup Time for 
PP1.

(1)
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•	 At time t = 8.27 hr, the reflux vessel level of 
COL2 reaches the value of 0.5 m and the reflux 
is started.

•	 At time t = 11.08 hr, the base level of COL2 
reaches the value of 0.8 m and the valve VLIQ 
starts to open gradually and the base product 
from COL2 returns to COL1.

•	 At time t = 11.76 hr, the flowrate controlers of 
the ethanol-water mixture and ethylene glycol 
are adjusted to their steady state values.

•	 At time t = 12.01 hr, the temperature control of 
COL1 is placed in automatic mode with the set 
point adjusted to 170.49 ° C.

•	 At time t = 38.87 hr, Steady state specifications 
are achieved.

Figure 3 shows the total time of the startup 
procedure PP2. From Figure 3, it can be observed 
that, when the startup operation of the second column 
is conducted before the steam feed conditions reach 
steady state, as in procedure PP2, the startup time of 
the second column rises to 40.98 h. Therefore, it is 
proved that the second column should be fed when 
the steam feed conditions are close to the steady state 
conditions. So, in order to reduce the startup time of 
column 2 and consequently the total startup time of 
the system, it is necessary that the conditions of the 
vapor that leaves from column 1 and is fed to column 
2 through the VAP-1 chain stay as close as possible of 
the steady state conditions.  

Figure 3. Determination of the Total Startup Time for 
PP2.

DYNAMIC BEHAVIOR

Dynamic behavior of column 1 (COL1)
Figure 4 shows the dynamic behavior of temperature 

(Figure 4a) and pressure (Figure 4b) at several stages 
of the rectification section (stages 2, 6, 10, 14) and 
several stages of the stripping section (stages 18, 22 
and 26) of the extractive column during the startup 
operation. It was observed that, at the beginning of the 

Figure 4. Dynamic behavior of (a) temperature and 
(b) Pressure of several stages in COL1.

startup operation, the stages located in the stripping 
section undergo a sharp drop in temperature, and 
then the temperature increases until reaching the 
feed temperature of the azeotropic mixture, 40 °C. 
In the following moments, the temperatures of the 
stages increase with the increase of the reboiler steam 
flowrate and undergo a slight drop due to reflux. The 
temperatures of the stages located in the stripping 
section are more vulnerable to larger disturbances than 
the stages located in the rectification section. 

According to Kister (1990), when the distillation 
column is pressurized with an inert gas and the liquid 
feed is introduced into the column, a temperature drop 
occurs throughout the stages of the column until the 
boiling liquid reaches the equilibrium conditions with 
the condensing steam. When the column contains an 
inert gas, the equilibrium is achieved when the partial 
pressure of the evaporated liquid increases enough 
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in the vapor space. Until that moment, the flash 
temperature is much lower than the bubble point, at 
the column pressure, at the feeding. This behavior was 
observed in the simulated system as shown in Figure 
4 (a). 

In Figure 4(b) it is observed that, at the beginning 
of the startup operation, the pressure of the stages 
falls slightly and then increases due to the feed of 
the azeotropic mixture and solvent. When the purge 
valve VVENT is opened, the pressure of the stages 
undergoes an abrupt decrease until the moment that 
the heating steam begins to be fed to the reboiler and 
the vapor generated inside COL1 begins to ascend 
throughout the stages. From that moment, the pressure 
of the stages and the pressure drop between stages 
begin to increase until they reach the steady state 
values, forming the observed pressure profile.

Figure 5 shows the dynamic behavior of the liquid 
flow in the orifices of several trays from COL1. It is 
observed that, during the first moments of the startup 
operation, liquid drips through the orifices of the trays 
and when, the liquid level on the tray becomes high 
enough, the liquid also begins to flow through the 
downcomers.

The trays begin to be completely sealed when 
steam starts to be generated in the reboiler and the 
steam begins to ascend throughout COL1, i.e., at the 
time t = 2.22 hr. When the tray is sealed, the liquid 
only flows through the downcomers and the vapor 
ascends throughout COL1 only through the orifices of 
the trays. In stages 2 and 3, which are located above 
the solvent feed stage 4, there is no liquid flow through 
the orifices of the trays since they only receive liquid 
from reflux and the trays are sealed before the reflux 
is started.

Figure 6(a) shows the dynamic behavior of the 
ascending vapor flow in COL1 during the startup 
operation. Figure 6(b) shows the dynamic behavior of 

Figure 5. Dynamic behavior of the liquid flow in the 
orifices of several stages in COL1.

Figure 6. Dynamic behavior of (a) Steam Flow and (b) 
Liquid Flow of several stages in COL1.

the descending liquid flow in COL1 during the startup 
operation. In Figure 6(b), it is well established that 
the liquid flow in stages 2 and 3, located above stage 
4, where the solvent is fed, is lower than in the other 
stages, as these stages are fed only by the reflux of 
COL1.

Among the stages 4 and 15, the liquid flow profile 
already has higher values because they receive liquid 
from the reflux and solvent feed stream. Between the 
stages 16 and 28, the liquid flow profile has the highest 
values for receiving the liquid from the reflux, from the 
solvent feed stream and from the azeotropic mixture 
feed stream. In Figure 6, it can be seen that the vapor 
flow profile and the liquid flow profile are influenced 
by the pressure profile throughout the stages of the 
column.

Figure 7(a) shows the dynamic behavior of the 
liquid holdup throughout the stages of the column 
and Figure 7(b) shows the dynamic behavior of the 
molar density of the liquid throughout the stages of 
the column during the startup operation. In Figure 7, 
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Figure 7. Dynamic behavior of (a) Liquid Holdup and 
(b) Liquid Molar Density of several stages in COL1.

it can be observed that the liquid holdup throughout 
the stages of the column is directly influenced by the 
liquid molar density in each stage. 

Figure 8 shows the dynamic behavior of the mole 
fractions of the components in stages 2 located in 
COL1 rectification section. 

At the beginning of the startup operation, a pressure 
drop occurs in the stages located in the stripping 
section, as seen in Figure 4(b). The pressure drop 
causes an increase in vapor flow throughout the stages 
located in the rectification section, as seen in Figure 
6(a), and therefore the carrying of ethylene glycol to 
stages 2 and 3 of COL1. Thus, the liquid fraction of 
ethylene glycol in the second stage increases, as can 
be seen in Figure 8(a). When ethanol is vaporized 
and the vapor rich in ethanol reaches stages 2 and 3, 
a small portion of this vapor is condensed, and then 
the mole fraction of ethylene glycol in the liquid phase 
decreases as the mole fraction of ethanol in the liquid 
phase increases. Right after that, the reflux is started 

Figure 8. Dynamic behavior of the (a) liquid mole 
fraction and (b) vapor mole fraction in stage 2 in the 
rectification section of COL1.

and the stages 2 and 3 are filled with liquid ethanol and 
thus the molar fraction of the liquid phase reaches the 
maximum value for ethanol.

Figure 9 shows the dynamic behavior of the mole 
fractions of the components in stage 6 located in the 
COL1 rectification section. 

Figure 10 shows the dynamic behavior of the mole 
fractions of the components in stage 10 located in the 
COL1 rectification section.

Figure 11 shows the dynamic behavior of the 
mole fractions of the components in stage 18 located 
in the stripping section of COL1. Figure 12 shows 
the dynamic behavior of the mole fractions of the 
components in stage 22 located in the stripping section 
of COL1. Figure 13 shows the dynamic behavior of the 
mole fractions of the components in stage 26 located 
in the stripping section of COL1.

It is observed that the profiles of the variables in the 
stages located in the stripping section of the column 
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Figure 9. Dynamic behavior of the (a) liquid mole fraction and (b) vapor mole fraction in stage 6 in the rectification 
section of COL1.

Figure 10. Dynamic behavior of the (a) liquid mole fraction and (b) vapor mole fraction in stage 10 in the rectification 
section of COL1.

Figure 11. Dynamic behavior of the (a) liquid mole fraction and (b) vapor mole fraction in stage 18 in the stripping 
section of COL1.
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exhibit, in their dynamic behavior, disorders larger 
than those shown in the rectification section of the 
column.

By comparing Figure 7(b) with Figures 11(a), 12(a) 
and 13(a), it can be observed that the molar density 
variation profile of the liquid mixture in the stages 
of the column shows a behavior similar to the profile 
of the variation of the mole fraction of water in each 
stage, since the molar density of water is greater than 
that of ethanol and ethylene glycol. Consequently, 
the variation profile of the liquid holdup in the stages 
presents a behavior similar to the molar density, since 
it is directly influenced by this variable.

Therefore, abrupt variations of some of the 
variables of the stages located in the stripping  section 
of the extractive column are due to the variation in 
the mole fraction of water in the liquid mixture. This 
behavior is not observed in the stages located in the 

Figure 13. Dynamic behavior of the (a) liquid mole fraction and (b) vapor mole fraction in stage 26 in the stripping 
section of COL1.

Figure 12. Dynamic behavior of the (a) liquid mole fraction and (b) vapor mole fraction in stage 22 in the stripping 
section of COL1.

rectification section, since water is practically absent in 
this section, as can be seen in Figure 14, which shows 
the mole fraction of the components in the liquid phase 
over the stages of the column in the steady state. From 
the results, it is observed that there is a large coupling 
between system variables.

Figure 15(a) shows the mole fraction of the 
components in the TOPS-1 product stream and Figure 
15(b) shows the mole fraction of the components in 
the BOTTOM-1 product stream of the column 1. 

Dynamic behavior of column 2 (COL2)
Figure 16(a) shows the dynamic behavior of the 

temperature of the stages in the recovery column 
(COL2) during the startup operation. Figure 16(b) 
shows the dynamic behavior of the pressure of the 
stages in the recovery column (COL2) during the 
startup operation.
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It can be observed in Figure 16(a) that the 
temperature of the stages in COL2, at the beginning of 
the startup operation of COL2, is directly influenced 
by the temperature variation of stage 24 in COL2, 
where the feed stream of COL2 is connected to COL1, 
as can be seen in Figure 17.

When the reflux is started in COL2, the temperature 
of the stages in COL2 undergoes a sudden drop, so 
that each stage is replaced by a different value of 
temperature, forming a temperature profile in COL2. 
Unlike COL1, COL2 does not exhibit a temperature 
drop at the beginning of the startup operation. This can 
be explained by the fact that COL2 is fed only with 
vapor and thus the vapor pressure in the stages of the 
column reaches the equilibrium values in the first few 
moments of the startup operation. 

It is observed in Figure 16(b) that, at the beginning 
of the startup operation of COL2, the pressure of the 

Figure 14. Mole fraction of the components in the 
liquid phase throughout the stages of the column in the 
steady state.

Figure 16. Dynamic behavior of (a) Temperature and (b) Pressure of the stages in COL2.

Figure 15. Mole fraction of the components in the (a) TOPS-1 and (b) BOTTOM-1 product streams of COL1. 
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corresponds to the flow of the stream LIQ that returns 
to COL1.

Figure 19 shows the dynamic behavior of the liquid 
holdup in the stages of the column. It is observed that 
the liquid holdup in stage 5 of COL2 is much higher 
than in the other stages, since stage 5 corresponds to 
the base of COL2.

Figure 20 and 21 shows the dynamic behavior 
of the mole fraction in stages 2 and 5 of COL2, 
respectively. It is observed that, at the beginning of the 
startup operation of COL2, part of the vapor feeding 
COL2 condenses, as observed in Figures 20(a) and 
21(a). Unlike in COL1, abrupt variations in the mole 
fraction of water were not observed in COL2 and, 
consequently, in the other variables of COL2.

Figure 20(b) shows that the presence of ethanol 
in COL2 delays the startup operation and that the 
specification of the overhead stream of COL2 is 
achieved only when all the ethanol is eliminated 
from the column. Since ethanol is the most volatile 

Figure 17. Temperature Profile of stage 24 in COL1.

Figure 18. Dynamic behavior of (a) Vapor flowrate and (b) Liquid flowrate of the stages in COL2.

stages increases and, right after, undergoes a sharp 
decrease due to the opening of the nitrogen purge 
valve. When the purge valve is closed, the pressure 
of the stages in the column increases until they reach 
their respective steady state values. The pressure drop 
between the stages increases as the liquid begins to fill 
the trays in COL2.

Figure 18(a) shows the dynamic behavior of the 
vapor flow ascending in COL2 during the startup 
operation. Figure 18(b) shows the dynamic behavior 
of the liquid flow descending in COL2 during the 
startup operation. 

It can be seen that the vapor flow in COL2 shows 
an upward trend until the time that the reflux is started 
in COL2 and the liquid flow in the stages of COL2 
begins to increase. At this moment, the vapor flow 
undergoes a slight decline and then increases again, 
until it reaches the steady state value. The liquid flow 
in the stages of COL2 decreases due to the reduction 
and adjustment of the reflux flowrate in COL2 to the 
steady state value. The liquid flow in stage 5 of COL2 

Figure 19. Dynamic behavior of the liquid holdup of 
the stages in COL2.
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Figure 20. Dynamic behavior of the (a) liquid mole fraction and (b) vapor mole fraction in stage 2 of COL2.

Figure 21. Dynamic behavior of the (a) liquid mole fraction and (b) vapor mole fraction in stage 5 of COL2.

ethanol are observed in stage 2, in the condenser and 
in the reflux vessel of COL2. 

This detail explains the fact that the PP2 procedure 
had a longer startup time. In other words, in the 
procedure PP2 the feed from column 2 was started 
before the vapor present in column 1 had come close 
to the steady state conditions.  Therefore, a good 
amount of ethanol followed onto column 2, which 
made it difficult to finalize the startup procedure of 
this column. 

Figure 22 shows the mole fraction of the components 
in the TOPS2-1 product stream of column 2. 

CONCLUSIONS

From the modeling and simulation of a thermally 
coupled extractive distillation system to obtain 
anhydrous ethanol, it was possible to develop an 
appropriate startup procedure for the system and 

Figure 22. Mole fraction of the components in the 
TOPS2-1 product stream of COL2. 

component, when entering into COL2, it ascends 
rapidly and the highest values of the mole fraction of 



A. L. U. Vasconcelos et al.

Brazilian Journal of Chemical Engineering

484

analyze the complex dynamic behavior of the main 
variables. The complexity of the startup operation 
becomes greater when the system is composed of two 
distillation columns interconnected by two streams, 
one in the vapor phase and another one in the liquid 
phase, as in the case of the studied system. From 
the analysis of the dynamic behavior of the system, 
greater variations were observed in the variables of the 
stages located in the stripping section of the extractive 
column. These variations are due to the variation 
of the liquid mixture molar density, resulting from 
fluctuations in the mole fraction of water in the liquid 
mixture, because the molar density of water is greater 
than the molar densities of ethanol and ethylene 
glycol. In this work, two startup procedures named 
PP1 and PP2 were presented. In the PP1 procedure, the 
startup of the solvent recovery column was initiated 
only when the conditions of the vapor, present in stage 
24 of the extractive column, were close to the steady-
state conditions. According to the criterion used to 
determine the startup time, in the procedure PP1, 
the top and bottom streams of the extractive column 
reached the specifications in 3.45 and 12.76 hours 
of startup respectively, while the recovery column 
reached the specifications of the steady state in 22.63 
hours of startup. In the PP2 procedure, the solvent 
recovery column startup was initiated before the 
steam conditions, present in stage 24 of the extractive 
column, were close to the steady state conditions. 
Then, the top and the bottom streams of the extractive 
column reached the specifications in 3.45 hours and 
12.76 hours, respectively, while the recovery column 
reached the steady state specifications at 40.98 hours 
of startup. Therefore, the PP1 startup procedure is 
more appropriate for the studied system, since it is 
concluded in a shorter time.  According to the study, the 
solvent recovery column determines the total startup 
time of the system. In addition, it can be concluded 
that the beginning of the recovery column startup 
operation should only be carried out when the feed 
vapor conditions, present in stage 24 of the extractive 
column, are close to the steady state conditions; 
otherwise the startup time of the recovery column and 
consequently the time of the system will increase. A 
determining factor that increases the recovery column 
startup time is the presence of ethanol, which tends to 
delay the startup operation since the specification of 
the recovery column top stream is only achieved when 
all the ethanol is eliminated from the column. From 
the procedure developed and the dynamic analysis of 
the variables, new procedures can be developed. 

NOMENCLATURE

BOTTOM		  bottom stream of column 1
BOTTOM-1		  bottom stream of column 1

COL1			   extractive distillation column
COL1_CondPC		 pressure control of column 1
COL1_DrumLC		 drum level control of column 1
COL1_SumpLC		 sump level control of column 1
COL2			   solvent recovery column 
COL2_CondPC		 pressure control of column 2
COL2_DrumLC		 drum level control of column 2
COL2_SumpLC		 sump level control of column 2
FC			   flow rate control of ethanol-
			   water mixture
FEED			   ethanol-water mixture feed 
			   stream
FEED-1		  ethanol-water mixture feed 
			   stream
FSC			   flow rate control of solvent 
			   ethylene glycol
FV 			   flow rate control of vapor 
			   phase stream
LIQ			   stream of the liquid phase 
			   exiting column 2
LIQ-1			   stream of the liquid phase 
			   exiting pump
LIQ-2			   stream of the liquid phase 
			   exiting VLIQ valve
PP1			   Startup procedure 1
PUMP			   pump
SOLVENT		  solvent feed stream
SOLVENT1		  solvent feed stream
TC			   temperature control of 
			   column 1
TOPS			   stream exiting condenser of 
			   column 1
TOPS-1			  stream exiting VTOPS valve
TOPS2			  stream exiting condenser of 
			   column 2
TOPS2-1		  stream exiting VTOPS2 valve
VAP			   vapor phase stream exiting 
			   column 1
VAP-1			   vapor phase stream exiting 
			   VVAP valve
VBOTTOM		  bottom stream valve of 
			   column 1
VENT			   nitrogen purge stream from 
			   column 1
VENT-1		  nitrogen purge stream from 
			   column 1
VENT2			  nitrogen purge stream from 
			   column 2
VENT2_1		  nitrogen purge stream from 
			   column 2
VFEED			  feed stream valve of column 1
VLIQ			   liquid stream valve of column 2
VSOLVENT		  solvent stream valve of 
			   column 1
VTOPS			  top stream valve of column 1
VTOPS2		  top stream valve of column 2
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VVAP 			   vapor stream valve of column 1
VVENT		  nitrogen purge valve of 
			   column1
VVENT2		  nitrogen purge valve of 
			   column 2

Variables
t		  time (hr)
Xp,i		  mass fraction of component i in the 
		  product stream p
Xp,iss		  mass fraction of component i in the 
		  product stream p at steady state
T		  temperature (°C)
P		  pressure (bar)
Fo		  liquid flow rate in the orifices of the 
		  stages (kmol/hr)
V		  steam flow rate throughout the stages
L		  liquid flow rate throughout the stages
Holdup Liq	 liquid holdup throughout the stages
x		  liquid mole fraction
y		  vapor mole fraction
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