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ABSTRACT

Distillation is one of the oldest and most important separation processes used in the chemical and petrochemical indus-
tries. On the other hand, it is a process the thermodynamic efficiency of which is very low, and therefore reducing the
consumption of energy is one of the targets of research studies on distillation. This article arose from seeking to reduce
energy consumption in a distillation train of 1,2-dichloroethane (ethylene dichloride-EDC) of a commercial plant pro-
ducing vinyl monochloride (VMC), which involves an azeotropic distillation column. The reduction in the reboiler heat
duty caused significant changes in concentration and temperature profiles throughout the column due to the formation
of two liquid phases. The results show that, although very small in percentage terms (less than 2.5%), the appearance of

the 2™ liquid phase causes significant changes in the operation of the column and the separation achieved.
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1. Introduction

Distillation is one of the oldest and most important sepa-
ration processes used in chemical processes. On the other
hand, its thermodynamic efficiency is extremely low,
which accounts for the high percentage of global energy
consumed in a plant. In general, distillation column re-
boilers consume over 50% of the energy involved in the
process of heat exchange in a plant (Soave and Feliu,
2002 [1D).

The term azeotropic distillation is applied to the class
of techniques based on fractional distillation in which
azeotropic behavior is exploited to achieve separation.
Traditionally, the specie that causes the azeotropic be-
havior is added as a mass separating agent: the entrainer.
In some situations it may be present in the feed mixture
(self-entraining) of the azeotropic column (Perry et al.,
1999 [2]).

Although a large number of studies involve azeotropic
distillation, most involve columns in which a third com-
ponent is added in order to further the separation. Such
studies are about choosing the third component, the in-
fluence of a thermodynamic model, evaluating the exis-
tence of multiple steady states and the study of process
control (Laroche et al., 1992 [3]; Bekiaris et al., 2000 [4];
Magnussen et al., 1979 [5]; Rovaglio and Doherty, 1990
[6]; Wang et al., 1997 [7]; Luyben, 2008 [8]; Wu and
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Chien, 2009 [9]). Another striking feature of the articles
cited is that they consider the formation of two liquid
phases only in the reflux vessel.

Lao and Taylor (1994) [10] reviewed the literature on
the separation efficiency of distillation columns involv-
ing three-phase systems, and cite several sources which
give rise to their finding that the conclusions drawn on
these systems are contradictory. Some studies claim that
overall efficiency was not influenced by the number of
liquid phases present. Other studies indicate that the in-
troduction of a second liquid phase may have a strong
(positive or negative) influence on the mass transfer.

Widagdo and Seider (1996) [11] published one of the
most complete (and even to this day, one of the most
cited) articles on the azeotropic distillation process. They
showed that knowledge contained in the literature is
scant both as to a real understanding of the process and
the difficulties regarding control of azeotropic columns.
They also emphasized the issue of the formation of two
liquid phases within the column, but there is no consen-
sus on the efficiency of separation when columns oper-
ating with one and with two liquid phases are compared.

In 1997 Wang et al. [7] observed experimentally the
formation of two liquid phases inside a column, depend-
ing on the reflux and the reboiler heat duty, as well as the
presence of multiple steady states; the study evaluated
the dehydration of isopropanol, using cyclohexane as the
entrainer.
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According to Higler et al. (2004) [12], azeotropic dis-
tillation is characterized by its operational complexity,
due to the possible formation of two liquid phases inside
the column. The authors used an equilibrium and a
non-equilibrium stage model and claimed the formation
of two liquid phases in the distillation column influences
the mass transfer process, thus affecting efficiency.

The equilibrium stage model, widely used in modeling
and simulating distillation processes, does not represent
the reality that few stages actually operate in equilibrium.
This problem can be solved by introducing Murphree
efficiencies. However, some authors (Cairns and Furzer,
1990 [13]) warned against incorporating Murphree effi-
ciencies into equilibrium stage models of three-phase
systems. In fact, the projections may be more accurate if
a non-equilibrium stage model is considered. However,
calculations are complex, thus requiring more computa-
tional time, which is not desirable for control applica-
tions. But, the biggest obstacle is that the parameters re-
quired to perform the calculations are rarely available.

Junqueira et al. (2009) [14] analyzed the formation of
two liquid phases in the azeotropic column in the pro-
duction of anhydrous ethanol, and, in order to decrease
this phenomenon, many process configurations have
been studied as well as variations in operating conditions.
It was concluded that the formation of the second liquid
phase may affect the performance of the column and
consequently reduce its efficiency.

Silva et al. (2003) [15] evaluated the dynamics of an
azeotropic distillation column similar to the one consid-
ered in this article; however, the entrainer was already
present in the feed, which was held in the intermediate
region of the column, and the formation of two liquid
phase occurred only in the reflux vessel.

Guedes et al. (2007) [16] followed the same procedure
as the one studied in this paper and, in the steady state,
evaluated the process sensitivity relative to the feed tem-
perature; and, dynamically evaluated the influence in
feed temperature, including the operation condition with
two liquid phases in some plates.

The distillation column considered in this article
shows characteristics of an azeotropic distillation, since
two liquid phases form in the reflux vessel and, depend-
ing on the operation condition, in some stages throughout
the column. However, another feature makes the system
unconventional: the feed takes place in the reflux vessel.
In the research literature few studies have considered
systems with these characteristics.

2. Problem Statement

The distillation column considered in this study is part of
the purification train of 1,2-dichloroethane (ethylene di-
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chloride-EDC) of a commercial plant which produces
vinlyl chloride monomer (VCM).

The process of obtaining EDC occurs through the di-
rect chlorination of ethylene (C,H,), as shown in the re-
action: C,H, + Cl, —» C,H4Cl,. The EDC product (high
purity) leaves the reactor and moves on to the purifica-
tion system, where it undergoes aqueous washing. Fig-
ure 1 shows the flow diagram of the EDC dehydration
process, where it can be observed that aqueous washing
is conducted in the separating vessel (or reflux vessel).
After the top condenser and in the reflux vessel, there are
two liquid phases: an organic one, saturated in H,O, and
an aqueous one, saturated in organic matter. The organic
phase returns to the reflux of the column, while the
stream of the aqueous phase is discarded.

Although less volatile than the EDC, the H,O leaves
from the top of the column due to the reversal in the
value of the constant K (Figure 2), which is due to the
fact that H,O forms a minimal azeotrope, not only with
the EDC, but with almost all organic compounds present
in the process.

Note that in the stream coming from the reactor
(FROMR1) there is no H,0O, so that during washing, the
stream that carries out the reflux of the column (TODRY
2) becomes saturated in H,O.

A close analysis of Figure 1 leads to the conclusion
that the system as a whole can be seen as a conventional
column (with reboiler, condenser and reflux vessel), with
the feed (FROMR1 and WATER) in the reflux vessel. In
industry, although the analysis of the degree of freedom
indicates two variables will be manipulated, only the
reboiler heat duty is used, since the reflux flow rate is
used to control the level (organic phase) of the vessel and
the distillate flow rate (WASTE) cannot return to the
process.

The study by Guedes et al. (2007) [16] aimed at re-
ducing the consumption of energy in the azeotropic col-
umn. The question to be answered was: if the reboiler
heat duty is the only manipulated variable used, to what
extent can it be reduced without compromising the qual-
ity of the bottom product (the H,O mass fraction)?

Accordingly, by performing tests in the plant, the re-
boiler heat duty was gradually reduced, which resulted in
plate temperatures (top, middle and bottom) that were
much smaller than those observed historically, being
indicated. In spite of the amount of moisture in the bot-
tom stream being below the specification (10 ppm), the
tests were discontinued after 7 hours of operation, and a
new operating condition (lower heat duty) was estab-
lished.

According to Guedes et al. (2007) [16], a more sig-
nificant change in the temperature profile occurs because
of the formation of a 2" liquid (aqueous) phase in the
plates of the column. And, the good agreement between

ACES



G. M. CORDEIRO ET AL. 3

TODEC?]

DECANTER

[Fro

83
L) [FRoMRI—>4

DRYING

0

B8

WASTE

>R WASTE2 [“>

Figure 1. Flowsheet of the EDC dehydration process.
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Figure 2. K-values along a column working with a single
liquid phase.

azeotropic data (Azeotropic Data, 1973 [17]) and solubil-
ity (Dechema, 1990) found in the literature for EDC-H,0
and those predicted by the simulations, are the mainstays
of this conclusion. However, the simulations were carried
out without formally defining an objective function and
constraints (optimization). Furthermore, no evaluation of
the effect of the possible presence of a 2™ liquid phase in
separation was performed. Thus, this study aimed to:
formalize optimizing the consumption of energy, and
evaluate the efficiency of separation taking two operating
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conditions into account: without the formation of two
liquid phases (Case 1) and with the formation of two lig-
uid phases (Case II).

3. Modeling and Simulation

The simulation was performed using Aspen Plus™ com-
mercial simulator. In order to represent the real system,
the system was modeled using reboiled absorption, fol-
lowed by a condenser (Heater) and a decanter (Decanter).
To model the column in question, the RadFrac™ routine
was used.

The RadFrac™ routine detects the possible formation
of a second liquid phase (the main component was H,0)
at any stage; assumes there is an equilibrium stage model;
and uses specified values for stage efficiencies. These
efficiencies can be manipulated to adapt to the plant data.
In this study, a Murphree efficiency equal to 64% for all
plates and 100% for the reboiler was used. In the indus-
trial plant, the column has 25 stages (numbered from top
to bottom) and a reboiler type thermosyphon. In the As-
pen Plus™ simulator, the pressure in each plate of the
column, as well as in the other equipment, is kept con-
stant.

To represent the equilibrium between liquid-liquid-
vapor phases (ELLV), a y-¢ procedure was used. Even
with the column operating under low pressure, the vapor
phase was represented by the Redlich-Kwong Equation
of State (EOS). The activity coefficient y was determined

ACES



from the NRTL model (Perry et al., 1999 [2]), which
represents the ELLV system effectively. Tables 1 and 2,
respectively, show the comparison between the azeotropic
(Azeotropic Data, 1973) and solubility data (Dechema,
1990 [18]) found in the literature for the EDC-H,0 sys-
tem (main components) and those predicted by the simu-
lations.

In order to determine the optimal energy consumption,
the objective function (J) to be minimized was defined as
the reboiler heat duty (QOr).

The restriction in the case of optimization without the
presence of two liquid phases (Case I) is the mass frac-
tion of H,O in the liquid phase (global): if it was not de-
sired to form two liquid phases over the column, the re-
striction imposed was 2500 Parts Per Million (ppm) (ap-
proximately the saturation value of EDC with H,O at
45°C) for the first stage (numbered from top to bottom)
of the column. The choice of this plate was due to its
being found that the formation of two liquid phases starts
in this plate.

For the operation with two liquid phases (Case 1), the
restriction imposed was 10 ppm in the bottom stream of
the column (the maximum permitted in the plant).
Mathematically, the problem was formulated as follows:

Min J = Or (1)
Subject to
xh2° <0.0025 2)
Or
xH22 <0.00001 3)

The optimization procedure considered the distillate
flowrate (stream OCSUML1) as the manipulated variable

Table 1. Comparison of azeotropic data for EDC(1)-H,0(2)
system.

Azeotropic boiling Point (1 atm), °C Mass Fraction of H,O

Literature Aspen Plus™  Literature Aspen Plus™

71.85 73.85 9.2 9.6

Table 2. Solubility (% weight) of EDC(1)-H,0O(2) system.
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(OCSUM1). The objective function was inserted via the
Analysis|Optimization Model of the Aspen Plus™ tool,
which uses the Sequential Quadratic Programming (SQP)
search method for the optimum. The restrictions were
inserted using the Analysis/Constraint Model.

The procedure can be implemented over the following
steps:

1) Fix the number of stages of the column;

2) Specify the value of the distillate flowrate, which
will be used as an initial estimate;

3) Insert, via the Analysis/Optimization Model, the ob-
jective function and the range over which the variable
may be manipulated;

4) Insert, via the Analysis Constraint Model, the re-
striction and its tolerance.

4. Steady-State Results

A comparison of data from the plant (the historical oper-
ating conditions) and those provided by the simulation is
shown in Table 3. The good agreement between real and
simulated data, in fact, proves the effectiveness of the
modeling and the simulation.

Table 4 shows the conditions of the stream from the
reactor (FROMRZY) and Table 5 presents results for two
operating conditions: 1) historical and 2) optimized.

As per Table 5, with the formation of two liquid
phases (Case Il), the reduction in energy consumption
compared with the situation with a single liquid phase
(Case 1) is 19.4%; a result caused by a decrease in the
distillate flow rate.

The final value of the reboiler heat duty was derived
and determined after the constraints were optimized. In
both cases, the production of “dry” EDC (EDCDRY?2)
was very similar.

In Figure 3, note the large difference between the tem-
perature profiles for the two optimal situations. For Case
1, a significant variation occurs between the 1% and the 5™
plate, and then the rate of increase is almost linear from
there to the 26™ plate (bottom). On the other hand, in
case Il, the variation in the rate of increase between the
1%and 16™ plate is almost linear, and then there are steep
increases in this rate until the 24" plate at which point the
temperatures in the two cases coincide.

Temperature, Literature Aspen Plus™ Table 3. Comparison between the real and simulation data
°C DWinE @in@d) @i @inQ) (Guedes et al., 2007).
30 0.889 0.163 0.888 0.163 Variable Real Simulation
40 0.948 0.213 0.940 0.210 Reboiler heat duty (kcal/h) 1.52 x 10° 1.53 x 10°
50 1.040 0.286 1.023 0.279 Temperature at top ("C) 79.0 79.4
60 1.170 0.391 1.149 0.379 Temperature of plate 6 ("C) 85.0 87.0
70 1.337 0.529 1.331 0.526 Temperature at bottom (°C) 93.0 934
Copyright © 2013 SciRes. ACES
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Table 4. Characteristics of the feed (FROMRL).

Value

Temperature, °C 40.0
Flowrate, Kg/h 59,250
Mass fraction

1,1-dichloroethane 0.00009

Carbon-tetrachloride 0.00002

1,2-dichloroethane (EDC) 0.99398

Water 0.00000

1,1,2-trichloroethane 0.00130

1,2,3-trichlorobenzene 0.00461

Table 5. Results for two operational conditions.

Optimized
Historical
Case | Case Il
Distillate flowrate (kg/h) 4850.0 4616.9 1465.3

Reboiler heat duty (kcal/h) 1.52 x 10° 1.4985 x 10° 1.2079 x 10°
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Figure 3. Temperature profiles for the two optimized situa-
tions.

In both cases, the linear behavior of the temperature
takes place basically by varying the pressure, since the
change in the composition of the species along the col-
umn is very small, as shown in Figure 4. Simulations
that include a negligible pressure drop along the column
show the temperature profiles then remain on plateaus,
rather than go straight upward, thus confirming this ob-
servation on the result of there being negligible drops in
the pressure. The profiles obtained experimentally by
Wang et al. (1997) [7] show qualitative forms similar to
Figure 3. However, unlike the findings of this study, the

Copyright © 2013 SciRes.
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Figure 4. (a) Composition profile (EDC and H,O) in the
liquid phase (global) for Case I; (b) Composition profile
(EDC and H,0) in the liquid phase (global) for Case II.

percentage of H,O present in the feed was high.

Figure 4 shows the mass fraction of EDC and H,0O
(main components) in each stage, from which it may be
seen that, in each case, the mass transfer is at its most
significant in different regions of the column: for Case |
in the upper region; for Case Il, in the lower one. For
Case I, the greatest change in composition occurs in the
region where the 2™ liquid phase is not present (from the
16™ stage on). In fact, in both cases, dehydration mainly
occurs in a small region of the column.

Given the low transfer of mass in most of the column,
Figure 4 suggests that the number of stages of the col-
umn could be smaller. In fact, if the reboiler heat duty is
maintained constant, simulations for a column with 19
stages show the presence of a single liquid phase and the
fraction of H,O at the bottom is within specification.
However, for columns with 18 stages, two phases are
present and the liquid fraction of H,O at the bottom
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(1000 ppm) is above the one laid down in the specifica-
tion.

The reason for the formation of two liquid phases can
be seen in Figure 4. For Case Il, in the region of two
liquid phases, the maximum mass fraction of H,O is
about 0.7% by weight, so it is above the saturation value
of the organic phase with H,0O. For Case I, the maximum
mass fraction of H,O is around 0.25% by weight (ap-
proximately the saturation value of EDC with H,O). The
behavior of Case Il is due to the fact that the decrease in
the reboiler heat duty does not prompt the removal of
H,O (in the form of azeotrope) in the early stages of the
column.

Figure 5 shows the Separation Factor (SF) defined by
Equation (4) Perry et al., 1999 [2]) along the column, in
which what can be noted is that the separation efficiency
is increased when there is a single liquid phase. Even if
the second liquid phase is present, the Separation Factor
is greater in stages where this phase disappears. From
this Figure, note also that, for Case Il (a two liquid phase
up to plate 16), dehydration occurs in the last few plates.
Overall, the magnitude of the Separation Factor meas-
ured for Case I (1.15E9) was completely different from
that calculated for Case Il (235).

Yh,0 /XHZO
Yepc /'xEDC

The reduction in the SF for Case Il may be explained
as a direct consequence of the reduction of the reflux
flow rate (caused by the decreased flow of distillate),
which is usually one of the variables that most impact
separations. However, what needs to be taken into ac-
count is that a simulation condition which operates im-
mediately before the 2™ liquid phase forms and which
involves a minimal reduction in the reflux flow rate, re-
sults in an SF of 1.7E9, that is, in the same order of mag-
nitude of that calculated for Case I. This result is in ac-
cordance with various citations in the article by Widagdo
and Seider (1996) [11] and as pointed out by Junqueira et
al. (2009) [15]. That is to say there is a drastic reduction
in the separation efficiency of columns operating with
two liquid phases in some plates.

The results presented in Figure 5 were obtained after
optimizing the reboiler heat duty and assuming a con-
stant Murphree efficiency (64%). Figure 6 shows the
global Separation Factor H,O/EDC depending on the
Murphree efficiency, without considering the optimiza-
tion. For operation with a single liquid phase (Case I) a
distillate flow rate was set at 3500 kg/h, while the condi-
tion for the two liquid phases (Case Il), this was set at
1450 kg/h.

From the results of Figure 6, it is possible to note that
the operation with a single liquid phase in the plates is
much more dependent on the operational efficiency in

(4)
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Figure 5. Separation factor H,O/EDC along the column for
two optimized situations.
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Figure 6. Global separation factor H,O/EDC for two opti-
mized situations.

which some of the column plates have two liquid phases.
For Case I, the behavior is similar to that typically ob-
served for distillation columns: separation is directly
proportional to the efficiency of the stages. Moreover,
where two liquid phases are observed in some plates of
the column (Case Il), separation decreases when the effi-
ciency of the plate is increased, which is caused by in-
creasing the number of plates with two liquid phases (16
to 18).

5. Conclusions

Using as a case study the dehydration of 1,2-dichloro-
ethane (EDC) of a commercial plant that produces vinyl
chloride monomer—VCM, the study aimed to evaluate
the separation efficiency for two operating conditions:
one with two liquid phases (Case I1) and one with a sin-
gle liquid phase (Case 1) throughout the stages of an
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azeotropic distillation column.

Although very small as a percentage (less than 2.5%),
the appearance of the 2™ liquid phase causes significant
changes in the operation of the column and the separation
achieved.

In each case, the mass transfer is at its most significant
in different regions of the column: for Case I, in the up-
per region, for Case Il, in the lower one. In fact, the
transfer of mass increases when the 2™ liquid phase is
not present, that is, the separation efficiency is increased
when there is a single liquid phase present.

It is not a reduction in the reflux that causes the strong
decrease in the Separation Factor (Case | compared to
Case I1); in fact, the drastic reduction in the efficiency of
separation is the result of the operation with two liquid
phases in some plates of the column.
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Nomenclature

J = objective function [-]
QOr = reboiler heat duty [keal/h]
x,° = mass fraction of H,O in stage 1 [ppm]
x5z = mass fraction of H,O at the bottom [ppm]
X = Mass fraction of EDC in the liquid phase [ppm]
Yeoe = Mass fraction of EDC in the vapor phase [ppm]

Yuo = mass fraction of H,O in the vapor phase [ppm]
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