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Highlights

- The proposed E-DWC design method was constructed with the help of the composition
profile properties in the 1SS mode.

- The separation feasibility delimitation is solely a function of the phase equilibrium
constant (ki) along the sides of the composition simplex.

- Because of its generalized formula, the use of the difference point equation to determine
trajectories in different sections of the E-DWC is very advantageous for the automation
of the method.

- The method presented in this paper is the first to determine extractive trajectories using
the difference point equation (DPE).

Abstract

Despite that the extractive divided wall column (E-DWC), which is one of the best examples
of process intensification, has already found an industrial application, its design remains a
new area of research. None of the few studies that have been published in the literature
present a method for designing an E-DWC. Therefore, the first and fully automated design
method, for the separation of minimum boiling azeotropic mixtures with a heavy entrainer
(class (1.0-1a)-m1) using an extractive dividing wall column, is developed in this work. The
developed method is based on the values of the phase equilibrium constant along the sides of
composition simplex, with the help of the composition profile properties in the infinitely
sharp splits mode and difference point equations. The efficiency of this new design method
was tested on the separation of two ternary azeotropic mixtures that belong to class 1.0-1a-
ml. The results show that the column trajectories, along the E-DWC, obtained by the



rigorous simulation are in very good agreement with those calculated by the new design

method. These results prove the reliability and accuracy of the new method.
1. Introduction

Separation of azeotropic mixtures has been for many years a challenging field of chemical
engineering. Among common techniques, like azeotropic distillation or pressure swing
distillation, extractive distillation is a widely used process for the separation of
homogeneous azeotropic mixtures because of its low energy consumption and high product
purity (Sucksmith, 1982; Lei et al., 2003; Aniya et al., 2018; Gerbaud et al., 2019). As an
example of process intensification, extractive dividing wall column (E-DWC) represents a
combination of the two columns of the conventional extractive distillation sequence into one
shell with an internal partition wall. Literature studies have reported that using an E-DWC
model can reduces energy up to 51.6% (Tavan et al., 2014a) and TAC up to 35.8% (Dai et
al., 2016) compared to the conventional two-column sequence of the extractive distillation
process. Although E-DWC has already been used in industry (Heida et al., 2002; Diehl et al.,
2005; Jobson, 2005; Parkinson, 2007; Yildirim et al., 2011; Hoyme, 2017; Staak and
Gritzner, 2017), the design, simulation, and control of this technology needs more

investigation.

Indeed, published methods used to design an E-DWC are based either on parameters a priori
suitable for the conventional model of extractive distillation with a two-column sequence or
on parameters already defined by other researchers relying on different optimization
methods. Midori et al. (2000) were the first to study theoretically the application of E-DWC
in which the dividing wall is extended to the upper end of the column. Bravo-Bravo et al.
(2010) applied a multi-objective genetic algorithm coupled with the Aspen Plus process
simulator to determine the optimal design for four different column configurations. In this
study, the objective of optimization was to minimize the size of both sides of the wall, the
entrainer flow, and the heat duty of the sequence, under constraints of desired purities and
recoveries. Kiss and al. (Kiss and Ignat, 2012; Kiss and Suszwalak, 2012; Kiss et al., 2013),
have proposed a new E-DWC able to concentrating and dehydrating bio-ethanol using a
heavy entrainer in a single distillation step. While varying tray numbers in an outer loop, the
process operating parameters were optimized in an inner loop using the state-of-the-art SQP
method, and minimizing reboiler duty. The results of the conventional two-column
extractive distillation sequence simulation were used as a starting point for the E-DWC

optimization. In other studies, the total annualized cost (TAC) was used as the objective



function, while the starting points for process optimization were randomly generated,
obtained according to the design results of the conventional extractive distillation sequence
or defined by other researchers (Xia et al., 2012; Sun et al., 2014; Tavan et al., 2014b;
Tututi-Avila et al., 2014; Zhang et al., 2014, 2019, 2021 ; Loy et al., 2015; Yu et al., 2015;
Wang et al., 2016; Ma et al., 2020, 2021; Waltermann et al., 2020; Ye et al., 2022; Lee et al.,
2023). Review on extractive dividing wall distillation columns for separating azeotropic
mixtures (Natalie et al., 2023) shows that the most of the design methods are based on the
use of optimization under simulation, and the methods mentioned in this review do not

represent a direct design method.

These design approaches do not fully exploit the phase equilibria knowledge that are yet
essential for assessing the feasibility of distillation processes, and we intend to do so in this
work for E-DWC design. For extractive distillation, well known residue curve analysis has
been supplemented with volatility order regions, related to univolatility location, to assess
the process feasibility, in particular for finding which component can be a distillate product,
where can it leave the process, in the distillate or in the boiler (Gerbaud et al., 2019).
Furthermore, computation of pinch curves in VLE diagrams gives access to limiting
conditions of extractive distillation operation, in particular those related to reflux and
entrainer flowrate (Brliggemann and Marquardt, 2004; Petlyuk et al., 2015), for a given
expected product. As summarized in the review by Gerbaud et al. (2019), for the most
common separation, namely minimum boiling azeotropic mixture A-B using a heavy
entrainer E (Serafimov’s class 1.0-1a), the extractive distillation process is feasible above
minimum values of reflux and of entrainer flowrate. Furthermore, volatility order
information states that when the univolatility curve reaches the A-E side (resp. B-E side), the
distillate product is A (resp. B), corresponding to the extractive separation class (1.0-1a)-m1
(resp. (1.0-1a)-m2). (Shen et al., 2013; Gerbaud et al., 2019).

Such valuable information about phase equilibria behavior is readily tackled by using
graphical tools, but this complicates the automation of conceptual design methods of
extractive distillation columns. However, throughout this contribution, we propose a partial
automated method implemented in VBA (Visual Basic for Applications). It is concerning the
design of E-DWC. The automation of the proposed method was carried out by the
implementation of a new calculation program. It takes inspiration of Petlyuk’s infinitely
sharp split (ISS) design method that, once a product is targeted, helps assess pinch curves

from which limiting values of entrainer flow rate and reflux can be retrieved. The proposed



method is based solely on the values of phase equilibrium constant (ki) of components along
the sides of composition simplex, trajectories properties in infinitely sharp splits mode (ISS

mode), and the difference point equations (DPE).

To assess the efficiency of the new design method developed in this work, the frequent case
of separation of azeotropic mixtures with minimum boiling temperature in extractive
distillation column using heavy entrainer where the univolatility line reaches the side A-E
giving A as the distillated product (class (1.0-1a)-m1 (Serafimov, 1970; Kiva et al., 2003;
Rodriguez-Donis et al., 2009) was investigated to illustrate this new method. Petlyuk et al.
(2021) also studied the feasibility of the ethanol (A) — benzene (B) minimum boiling
azeotrope using heavy entrainer 1-butanol where the univolatility line reaches the side B-E
giving B as the distillated product (class (1.0-1a)-m2 (Serafimov, 1970; Kiva et al., 2003;
Rodriguez-Donis et al., 2009). Unlike our work, Petlyuk et al., (2021) did not automated his
method. In this paper, the E-DWCs, for the separation of acetone from methanol and ethanol
from water using a suitable entrainer for each of the two azeotropic systems, were designed
in an automated way by rigorous calculations using the VBA programming language, by
calling the server Simulis Thermodynamics® (Prosim, 2023) which is presented in the form
of an add-in in Excel. Design and simulation results are compared finally, a comparison with
the optimization results published by other researchers for the same case study is made to

assess the performance of the new method proposed in the study.

The paper is organized as follow: section 2 gives an overview of the Infinite Sharp Split
method for rectifying, stripping and extractive sections encountered in a E-DWC
configuration. Section 3 describes how the 1SS method is used for the design of E-DWC and
how one can retrieve the limiting operating parameters, namely achievable product regions,
minimum entrainer flow rate and minimum reflux for each column section and how the
combination of each section’ information enables to assess the E-DWC feasibility. Section 4
presents a case study for two (1.0-1a)-m1 class mixtures (minimum boiling azeotrope
separation using a heavy entrainer E where the univolatility curve reaches the AE side). It
also compares favorably the design method and simulation results, confirming that the
design method provides parameters very close to those from simulation. Conclusion in
section 5 raises possible extension of the semi-automated design method to other extractive

separation classes covering other azeotropic mixture separations.

2. Methods and tools



As will be shown in the design method section, the E-DWC is modelled as a composite of
column sections. For given operating conditions, like tray and feed setups, reflux ratio and
entrainer flow rate and product specifications, the intersection of the section’s composition
profiles along the column ensures the E-DWC feasibility. The design method proposed in
this paper relies upon the Infinite Sharp Split method (ISS) (Petlyuk et al., 1984; Petlyuk,
1998; Petlyuk and Danilov, 1999a, 1999b, 2001a, 2001b, 2002; Tap, 2003; Petlyuk, 2004;
Petlyuk et al. 2009, 2011, 2015). There exist various shortcut methods to access composition
information within a column section, among which systematic algebraic methods (Levy et
al., 1985), the bifurcation theory (Knapp and Doherty, 1994), or the rectification body
method (Briiggemann and Marquardt, 2004). Alternatively, the 1SS method enables to
compute composition trajectories and pinch curves in column section on the basis of usual
vapor — liquid equilibrium data with an accuracy that competes well with the other methods
and has been used in particular for pinch curves in extractive sections (Petlyuk et al., 1999a,
2015, 2021, Seihoub et al., 2022, Rodriguez-Donis et al., 2023). With the help of the pinch
curves, the ISS method enables the calculation of the minimum entrainer flow rate and
reflux ratio in a simple way. Petlyuk et al. (2021) used his ISS method for the design of an
extractive distillation process using a dividing wall column, for another separation class
(1.0-1a)-m2 than we consider in this work (class (1.0-1a)-m1) and without using the
difference point equations to determine trajectories in different column sections. In addition,
we expressed the value of the ratio between liquid and vapor flow rates for all column
sections with the same ratio. Therefore, we need to introduce and describe the ISS concepts
for the reader unfamiliar with Petlyuk’ works that remain confidential in the literature,

despite its interest as we show.
2.1. Peculiarity of trajectories in the infinitely sharp split mode

Trajectories of different sections of a simple or extractive distillation column in the ISS
mode have special characteristics. Such as the tear-off points, from which trajectories can
tear off from the border towards the inside of the concentration simplex. The first automated
method used for the design of an E-DWC presented in this paper was constructed with the

help of these properties.
2.1.1. Simple column sections trajectories in 1SS mode

Under a sharp split separation, in a simple distillation column made of a rectifying section
above the main feed tray and of a stripping section below, we consider the case in which the



two products points are located on the bounding elements of the composition simplex (i.e.
each product contains only a part of the feed components). We call a sharp split separation,
in which the column section operates under conditions of an infinite number of trays
(N = o) and finite reflux (V/L # 1), as infinitely sharp splits mode “ISS mode” (Petlyuk et
al., 2011).

Trajectories of both sections in a simple distillation column at the ISS mode, where the
reflux ratio is inside the interval of active reflux, are composed of two parts. The first part
begins at the point of product and is located completely in the same bounding element of the
composition simplex that the product point belongs to it « trunk trajectory »; i.e. the
composition of the component(s) absent in the product of the presented section is equal to
zero in all the points that belong to this part of the distillation trajectory. Later, in the second
part, the trunk trajectory serves as a primary trajectory from which the secondary trajectory
is detached from the bounding elements with dimensions higher than one, formed by the
components of the product and the component(s) absent in the product (i.e. the trajectory
comes inside the concentration simplex). The points which separate these two parts of the

profile are called the tear-off points (x*).

As one can see in Fig. 1, the two parts constituting the profiles of composition for a
separation of ternary mixture propane (1) / n-pentane (2) / n-butane (3) at the ISS mode
using a NRTL model at 1 atm, are the following:

1. a part located in the side of concentration triangle limited in its two ends by the

point of bottom section product (xg) and the tear-off point (x%);

2. and a second part located inside concentration simplex and extends beyond the

tear-off point (x%) up to the stationary point (x5t) , so-called the pinch point.
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Fig. 1. Trajectories of distillation for the given product point of bottom section in the ISS

mode for the ternary mixture propane (1) / n-pentane (2) / n-butane (3) and for the

given reflux parameter (V/L = 0.5).

At a finite reflux, according to the general theory of tearing-off, the distillation trajectory

tears off away from border toward the inside of the concentration simplex if some conditions

are met:

1.

The points of product must belong to a well-determined areas on bounding elements of
concentration simplex (the product region). Petlyuk and his collaborators (Petlyuk and
Danilov, 1999a; 2001b, 2002; Petlyuk, 2004; Danilov et al., 2007; Petlyuk et al., 2009,
2011, 2012) have shown that the delimitation of product regions is based on a simple
conditions for the tear-off trajectories.

In addition, the reflux parameter L/V (resp. V /L) for the top (resp. bottom) section must
exceed a so-called minimum active reflux. We note that for azeotropic mixtures the
reflux parameter can also be limited by a maximum value (maximum active reflux)
(Petlyuk et al., 2011). If the reflux parameter is outside the interval of active reflux, then
rectifying or stripping trajectories cannot tear off toward the inside of the concentration

simplex.

The two tear-off points at the minimum and maximum active reflux are called the first and

second branching points, respectively. We call the set of all x5t points that appear inside the

triangle the active segment of the first pinch branch.



The set of all the x5t points before the first branching point and after the second branching
point and the x* points between the first and second branching points, was named the “pinch
trunk” (Petlyuk et al., 2011). After the second branching point, the segments of first pinch

branch and trunk are inactive.

Fig. 2 represents a situation in which the active reflux is limited by a minimum and a
maximum value. In this case of separation of the ternary azeotropic mixture (acetone (1) /
chloroform (2) / benzene (3)), the tear-off theory is feasible in the limited interval of the
value of the reflux parameter (V/L € [0.46 — 0.69]). Therefore, tear-off of trajectories
appears after the first branching point (at V/L = 0.46) so that the x5* points appear inside
the triangle. For all values of the reflux parameter bigger than the maximum value in the
second branching point (at V/L = 0.69), the trajectories cannot tear off toward the inside of

the concentration simplex.
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Fig. 2. Active and inactive pinch branches and interval of active reflux for the ternary
mixture acetone (1) / chloroform (2) / benzene (3) using the UNIQUAC model at

1 atm.

2.1.2. Extractive section trajectories in ISS mode

In an extractive distillation column, the trajectories of the extractive section between the
main feed and the entrainer feed at two different tray locations, depend not only on the
reflux parameter L/V but also on the ratio E/D (entrainer flow rate / distillate rate). Under

the ISS mode, if these two values are known, the pinch points can be calculated. At fixed



values of E/D and L/V, among the bundle of trajectories that have a common start and end
points, the bounding trajectory of the bundle is the trajectory that passes through the saddle
point S.

The bounding trajectories of the extractive section at different values of L/V and a fixed
value of E /D for the separation of the system acetone (1) / water (2) / methanol (3), using a
UNIQUAC model with the interaction parameters given in Table 2, are shown in Fig. 3.a.
With a given value of E/D, for this system of class (1.0-1a)-m1 that is later used as a case
study, the first pinch branch is the curve which brings all the saddle points at different
values of L/V and is defined as that which moves toward the vertex 3 as the reflux
parameter is approaching the value 1 (i.e. infinite reflux ratio). Its starting point, so-called
root, is on the side 1-2. This side of the concentration simplex, where the concentration of
the absent component at the top of the section is equal to zero, is called the extractive
element. For reflux ratio values lower than the value corresponding to the root of the first
pinch branch (L/V)in, the stable nodes N*and the saddle S will be superimposed on the
extractive element. If the value of L/V is changed in the other direction (L/V > (L/
)min) the saddle S point leaves in the extractive element and move along the first pinch
branch by increasing the value of L/V. Beyond a certain value of the reflux parameter
(L/V)max the stable node leaves the extractive element and moves along the second pinch
branch. The second pinch branch is defined as the curve which encompasses all the stable
node locations. The stable node is getting closer to the singular point of the azeotrope as the
reflux ratio is approaching the infinite value. The behavior of saddle points and stable nodes
of the extractive profiles and the implication on extractive process feasibility has also been
described in other formalisms (Knapp and Doherty, 1994; Briiggemann and Marquardt,
2004; Rodriguez-Donis et al., 2009, Gerbaud et al., 2019).

In the case of an extractive distillation column, the locations of the pinch branches of the
extractive section have a great influence on the feasibility of the separation (F. Petlyuk and
Danilov, 1999; Petlyuk, 2004; Rodriguez-Donis et al., 2009; Petlyuk et al., 2015). The root
of the first pinch branch moves to the top product if the value of (E /D) decreases. When the
root reaches a certain limit on the extractive element corresponding to (E/D)pin, the two
pinch branches (first and second) intersect. This situation is shown in Fig. 3.b. If (E/D) still
decreased, the topology of the pinch branches changes; there is no more pinch branch

linking the extractive element to the opposite vertex (Briiggemann and Marquardt, 2004).
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Figure. 3. Pinch branches of the extractive section for the ternary mixture acetone (1) /
water (2) / methanol (3) at 1 atm for: (a) (E/D) = 1.9 mol/mol and (b) (E/D)min.

It should be noted that, the ISS mode feasible operation requires a column with an infinite
number of trays. In a real column with a finite number of trays, the concentration of
absent(s) component(s) in products can be reduced by increasing the number of trays, and it
is obviously impossible to reach a composition of the absent(s) component(s) which equal to
zero. But ISS analysis is useful for finite size column operation though. From a practical
point of view, it is appropriate to consider a "quasi-sharp" separation in which the column
output products contain very small amounts of impurities. In this approach, we can consider
the same fixed points that in the case of a ISS mode, knowing that the profiles under quasi-
sharp split mode do not pass through the same stationary points of ISS mode but close to
them. If separation is possible in the ISS mode, it is possible for any product purity in a
finite columns (Petlyuk et al., 2012). This approach allows us to use the theory of the
trajectories of distillation under the ISS mode to solve engineering problems (Petlyuk and
Danilov, 2002).

Identification of feasible splits is a very important key for designing distillation process,
particularly in the case of azeotropic mixtures. The first step in the proposed method is the
identification of all products purities for which the design problem has a solution. Petlyuk
and his collaborators (Petlyuk et al., 1984; Petlyuk, 1998; Petlyuk and Danilov, 1999a,
2001a, 2001b; Petlyuk, 2004), have shown simple relations between the feasibility of
separation in ISS mode (conditions for the tear-off trajectories) and the inequalities of all

components phase equilibrium coefficients k; on bounding elements of concentration



simplex. This allows us to identify the product regions. The necessary condition for a

feasible split is the location of the product points in these regions.
3. Design method

In the most commonly used design configuration for E-DWC, the wall is generally extended
to the top of the column (Zhu et al., 2021) (Fig. 4a), with two vapor streams and two
condensers. It should be noted that in our work, studying the (1.0-la)-ml extractive
separation of minimum boiling azeotrope with heavy entrainer, and unlike the generally used
configuration of the E-DWC (Fig. 4a), the symmetry on both sides of the wall has been
waived, corresponding to Fig. 4b. Petlyuk et al., (2021) considered a similar dissymmetry
for the (1.0-1a)-m2 extractive separation of the ethanol — benzene minimum boiling
azeotrope with heavy entrainer 1-butanol using E-DWC. Indeed, the classical E-DWC
configuration with symmetry on both sides of the wall may not correspond to the best one
(Bravo-Bravo et al., 2010), even if from a manufacturing point of view, an equal number of
trays would be preferred (Bravo-Bravo et al., 2010). In practical applications, this can be

overcome by using packing elements with different heights (Oluji¢ et al., 2003).
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Fig. 4. Schematic diagram of (a) Most frequent E-DWC design configuration (b) E-DWC
configuration in this work, (c) E-DWC design model, and (d) Separation mode in

each column section.

Our configuration of the E-DWC is divided into five column sections (CSs) displayed in Fig.
4c. CSs S1, S2 and S3 approximate a classical extractive column with F being fed between
S2 and S3, and the entrainer E being fed between S1 and S2. The two CSs S4 and S5

approximate the regeneration column fed by the F, stream. The liquid outputs from the



bottom of the two CSs S3 and S4 feed the top of CS S5. The vapor output from the top of
section S5 is distributed between the two CSs S3 and S4 from the bottom, defining a vapor
split ratio Sy. Fig. 4d represents the separation split in each CS of the E-DWC. For example,
(AE:ABE) means that components A and E are present at the top of S2 and components A,
B and E are present at the bottom of S2 that performs a sharp split separation of component
B in this CS.

The procedure followed for designing E-DWC is summarized in Fig. 5. Following usual
insight for (1-0-1a)-m1 extractive separation, product regions are estimated and delimited.
Setting composition of feeds (zg and xg) and targeted final products (xp, Xs, and xw), as well
as flow rate of the main feed (F), the entrainer flow rate will be iterated by the method until
targets are matched. First, entrainer and final products flow are obtained from the material
balance after having given a value to the ratio (E /D) greater than a minimum value, which
limits the operation of the extractive column and that is determined by scanning the phase
equilibrium coefficients values of present (ki) and absent (k;) components in the extractive
region. Then, minimum and maximum reflux ratios in the five sections of the E-DWC are
determined based only on the phase equilibrium coefficients values of (k;) and (k;) in each
CS. A value of reflux ratio for each condenser are chosen on the condition that all CSs
operate in their interval of active reflux. Finally, in order to test the feasibility of the chosen
values within the limits of these operating parameters, a calculation of trajectories using the
difference point equations DPEs (Holland, 2005) is carried out to check the continuity of
trajectories throughout the various E-DWC sections. The number of stages in each column
section is determined using the DPEs by a calculation from the bottom toward the top of the

section.

As shown in Fig. 4c, in the applied design method for E-DWC, the reboiler of the extractive
column in conventional sequence is replaced by a liquid (L;y:)and vapor (Vin:)
interconnection with the regeneration column and therefore, composition and flow rates of

these two streams must be defined following the procedure of the applied method.
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3.1. Delimitation of operating parameters
3.1.1. Product regions

The delimitation of product regions requires a scan of phase equilibrium coefficients (k;) and
(k;) of component i and j on all the considered bounding elements. Then, to determine the
coordinates of product points, it is sufficient to know the coordinates of the tear-off points.
At these tear-off points, the material balance equations for the considered section are
satisfied both for the present(s) and the absent(s) component(s) in the product of the section.
Therefore, the coordinates of the product points can be determined using the equations (1) -

(3) by scanning the tear-off region determined previously (Section 2).

Xip = xf(ki- k;)/(1-kj) (Top section) 1)
Xiw = x;(kj= ki) /(k; - 1) (Bottom section) )
Xip+ry = X; (ki= k) /(1 -k;) (Extractive section) ©)

3.1.2. Minimum entrainer ratio (E/D)min

In the extractive section, a separation is only possible if the stable node N* of the extractive
section is located on the extractive element and the saddle point is inside the concentration

simplex. The extractive region is bounded by two points that satisfy the condition (4). Once



the two points limiting the extractive region are identified, it is necessary to determine
limiting parameters of the separation in terms of entrainer flow rate and reflux ratio. The
determination of these limiting parameters of the extractive column depends on the type of

extractive region.

The extractive region is composed of an active and inactive region. For different (E/
D) ratios, all roots representing the starting points of the first pinch branches are located
inside the active extractive region. The starting points of the second pinch branches are
located in the inactive extractive region. For (E/D) values lower than the minimum value,
the stable nodes N* do not join the extractive element which means that the separation is
infeasible. The determination of (E/D),i, is carried out automatically by mathematical
formulas (Equation 6), scanning all points of the extractive region that satisfy the inequality
(4). The values of xl-f‘E are calculated by equation (5) using the phase equilibrium coefficients
values considering that each point of the extractive region is the root of the first or the
second pinch branch. A scan of all the values of (E/D) determined in each point of the

extractive region gives the minimum value.

kip > I > kig (4)
xip =x{ (ki —k))/(1— k) (®)
E/D = (xipz — %ip )/ (xibz — XinE ) 6)

3.1.3. Reflux ratios
a. Column section S1

In the rectification section of the left side of the wall (S1), feasibility implies that S1
trajectories intersect with trajectories of section (S2) in the extractive element. But it is
impossible that the stable points N *of the extractive section trajectories exceed the point of
the univolatility curve located in the extractive element. Therefore, the intersection of these
two sections trajectories is met when the profile of the rectification section exceeds this
point of the univolatility curve. The first value of (L/V) which satisfies this condition is the

minimum value (L/V)pin. The determination of this minimum value requires:

1- First, the calculation of the coordinates of the intersection point of univolatility curve

with the extractive element; their determination is carried out automatically by



mathematical formulas based on the values of the phase equilibrium coefficients on
the extractive element.

2- Second, the identification of the stationary points (N*) of S1 trajectories using the
DPE of the rectifying section.

b. Column section S2

Each (E/D) value has two limits’ values for the reflux ratio (L/V)_. and (L/V) (see

min max
Fig. 2). Beyond these two values, no trajectories of the extractive section join the extractive
element. This implies that it is impossible to have trajectories linking the two CSs S1 and
S2. The two limit values are calculated using the phase equilibrium coefficient of the absent
component in the first and second branching points using Eg. 7. Each value of (E/D)
corresponds to two values of x{ which represents the case of trajectories where the stable
and the saddle points were superposed; one of these two points corresponds to (L/V), ..
from which trajectories of the extractive section tear off the extractive element and move
toward the inside of the composition simplex (the root of the first pinch branch) and the
other corresponds to (L/V), .. from which stable points move from the side AE toward the
univolatility curve (the root of the second pinch branch). Determination of these two values

requires the selection of an operating value of (E/D) higher than (E/D)pin-
L/V) i = K and  (L/V) g, = ki (7)
c. Column section S3

For the calculation of the trajectory of CS S3, constructed from bottom to top, the starting
point (x;r,), located in the product region of this section, is obtained by assuming a partial
reboiler in the bottom of the section. For a feasible design, trajectories of this CS and of CS
S2 have to intersect. It is evident that the intersection point of these two CSs trajectories is
located inside concentration simplex. Therefore, as a first feasibility criterion in this CS, it is
necessary to determine the value of (V/L) which corresponds to the first branching point

((V/L),,;,, 5); this means that beyond this value we can have trajectories that pass from the

product region to the internal space of the composition simplex.

(V/L)min,?, is determined by Eq. 9. The value of kf corresponds to the first tear-off point for

fixed product composition. The composition at the first branching point (x} ) is identified

automatically by a systematic calculation using Eq. 8.



X, = x¢ (=KD /(= 1) ®)

9
(V/L)min,3 = kjt ( )

d. Column section S4 and S5

From the trajectories calculation based on the DPE for a rectifying and a stripping CS, we
can determine the minimum value of the ratio between the liquid and the vapor flow rate,
from which trajectories arrive or exceed the composition point equivalent to the feed of

these two sections (x; ).

3.2. Feasibility evaluation of the chosen parameters

In the chosen configuration for the E-DWC (Fig. 4 c) two condensers are used, and therefore
two sources of reflux are present. The selection of operating reflux ratio corresponding to

each condenser is then carried out in a way to ensure the best operation of each CS.

As a first step, we expressed the value of the ratio between liquid and vapor flow rates for all
CSs with the same ratio; that of CS S1 for the left side of the wall (Egs. 10, 11 and 12) and
that of the CS S4 (Eg. 13) for the right side of the wall. This link of the different CSs is
primary in order to automate the proposed method.

@IV mimacoy = (K& = E/D)) /(1 = (E/D)) (10)
IV ey = (65 = (E/D)) /(1 = (E/D)) (1)
LV mimacsy = My = (o (ki) = D) (12)
LIV i acs) = (k](5) (Line/W (ki) — 1)))/ ( ~ (Vine/W (i) = 1))) (13)

Where (L/V) is the value of the ratio (L/V) of the CS k defined by the minimum

min,k(j)

value of this parameter in the CS j. k]t((zl)) and k]t((z)) are respectively, the phase equilibrium

coefficients of the absent component j in the root of the first and the second pinch branch in

the extractive section (S2). (3) is the phase equilibrium coefficients of the absent
component in the first tear-off point of the CS 3. k](s) is the phase equilibrium coefficients

of the absent component in the stationary point of the CS S5 trajectory at minimum reflux.

Calculation of (L/V) requires the flow rates of L;,; and V,;, their identification

min,4(5)

imposes to give a value to the CS S1 reflux.



In the chosen configuration for the E-DWC, the first condenser located at the top of CS S1
covers the needs in liquid of the CSs S1, S2 and S3. Also, part of the CS S5 liquid comes
from the bottom of the CS S3. The second condenser covers the needs in the liquid of the
CSs S4 and S5. The right choice of these two reflux (Egs. 14 and 15) allows us to reach the
best performance in all CSs. Once the two reflux values are set, liquid and vapor flow rates

in each CS of the E-DWC will be simply calculated using material balance equations.

R, = [(max (L/V)min,l(j)) / (1 — max (L/V)min,l(j))] X a With j=1,2et3 (14)

R, = [(max (L/V)min,4(j)) / (1 — max (L/V)min,4(j))] X a With j=4et5 (15)

Despite that the only condition for the existence of a bundle of trajectories in a CS is the
location of product point in the product region, this condition is not sufficient to confirm the
feasibility of separation for the whole E-DWC where there must be a continuity of
trajectories of the five CSs of the E-DWC (condition of sections joining). Trajectories of the
extractive (S2), stripping (S3 and S5) and rectifying (S1 and S4) CSs can be plotted using
the DPE appropriate to each type of CS.

In this work a new DPE for the calculation of the extractive section trajectories is developed
(Eq. 16). The equation has been established by applying a material balance around the two

combined rectifying and extractive CSs.

= () =y T+ X —x] (16)
Xy = (xi,p — (E/D) x5)/(1 — (E/D)) (17)
Ry = (R + (E/D))/(1 = (E/D)) (18)

In Petlyuk et al. (2021), no equivalent to Eq. 16 was proposed. For the extractive section, the
tray-to-tray calculation is carried out from the bottom upward until reaching their respective

stable nodes

In the E-DWC, for the trajectories calculation of the CSs S3, S4, and S5, as well as to
initialize the rigorous simulation, it is necessary to define the composition of the two
interconnecting streams V;,; and L;,.. The determination of the composition of these
streams is performed after setting the operating parameters of entrainer and reflux ratio

associated with each condenser. Trajectory of CS S5 can be calculated by a systematic



calculation using the DPE for a stripping CS. The liquid composition which exceeds the
value of the composition equivalent to the bottom product of the CS S3 calculated by the
material balance (assuming a partial reboiler) represents the composition of the
interconnecting liquid stream. This composition is the first point from which trajectories

calculation of the two CSs S3 and S4 are executed.

After finding operating parameters ensuring the process feasibility via the intersection of the
different CSs profiles, the tray number of each CS is calculated subsequently using the DPE.
The integration begins in all sections from the bottom to the top. Without this final
precaution, the presentation of the components composition on each tray of the CS will not

be accurate (Lucia et al., 2008).
4. Design method validation

In our work, the design method is automated using the VBA programming language, by
calling the thermodynamic property server Simulis Thermodynamics® (Prosim, 2023)
which is presented in the form of an add-in in Excel, and gives access to a library of
components, of thermodynamic models and of phase equilibria calculation routines. The
objective of the automation is to reduce significantly the complexity and the time that must
be devoted to the determination of the operating and design parameters. The typical time for
solving a single case study is one min on a windows laptop with a 1.8 GHz processor and 4
GB RAM.

The two case studies are detailed in section 4.1. The parameters determined by this new
design method are presented in section 4.2. Executing the program coded in VBA provides
as a result all the necessary conditions to initialize a rigorous simulation, which can further
help engineers for refining design, optimization and control configuration of the E-DWC. In
section 4.3, a comparison, in terms of products purities and interconnection streams
composition, between E-DWC processes designed via our design method and those
completed using rigorous simulation in ProSim Plus® (Prosim, 2023) where the design
parameters are used as initial parameters. Splitting the E-DWC in "sub-columns”
interconnected, as presented in Fig. 4c, was used to simulate the system. A comparison with

other simulated literature results is given in section 4.4.
4.1. Case Studies

Systems investigated in this work, acetone (A) / methanol (B) / water (E) and ethanol (A) /
water (B) / ethylene glycol (E), belong to the class (1.0-1a)-m1 corresponding to the



extractive separation of a minimum boiling temperature azeotrope using a heavy entrainer
where the univolatility line reaches the side AE giving A as the distillated product. Note that
Petlyuk et al., 2021 studied the E-DWC for a case study belonging to class (1.0-1a)-m2
where (B) is the distillate product. The first case is the separation of the acetone / methanol
azeotropic system with water as a heavy entrainer. According to the statistics in the
supplementary material of Gerbaud’s review, more than 30 papers in the extractive
distillation literature have studied this separation (Gerbaud et al., 2019) . Table 1 shows
UNIQUAC binary interaction parameters taken from the Aspen Plus database for the liquid-
vapor equilibrium calculation while the vapor phase is considered as an ideal gas. Azeotrope
prediction, 77.7 mol. % acetone at 328.39 K agrees with experimental values 78.3 mol. %
acetone at 328.55 K.

The second case is the separation of the ethanol / water azeotropic system. The most
commonly used entrainer for breaking this azeotrope is ethylene glycol (Gerbaud et al.,
2019). The NRTL model is used to describe the non-ideality of the liquid phase, and the
vapor phase is supposed to be an ideal gas. Table 1 shows the binary interaction parameters
determined by regression using experimental data (Guella and Bernaoui, 2017). Azeotrope
prediction, 91.6 %mol ethanol at 351.38 K agrees with experimental values 90.4 %mol
ethanol at 351.35 K.

Table 1. Binary interaction parameters of UNIQUAC model for acetone / methanol / water

and NRTL model for ethanol / water / ethylene glycol systems.

Binary acetone / methanol acetone / water methanol / water
Aijo -225.153 -3122.58 432.8785

Ajio 52.7705 1612.196 -322.131

At 0 8.6051 -1.0662
Ajir 0 -4.8338 0.6437
Binary ethanol / water ethanol / ethylene glycol water / ethylene glycol
Aijo -120.615 819.825 49.55

Ajio 1344.69 261.014 -41.13

a=aj; 0.3 0.331 0.3

Fig. 6 shows the residue curve maps and univolatility curve for both ternary mixtures A-B-

E. For both mixtures, the univolatility curves reaches the A-E side, corresponding to the



(1.0-1a)-m1 extractive separation class (Gerbaud et al. 2019) where A is the distillated

product.

Methanol (B) (64.5°C) Water (B) (100°C)
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Fig. 6. Residue curve maps and univolatility curve for the acetone (A) — methanol (B) —

water (E) and ethanol (A) — water (B) — ethylene glycol (E) mixtures.

Feed conditions of the studied systems M1 acetone (A) / methanol (B) / water (E) and M2
and ethanol (A) / water (B) / ethylene glycol (E) are summarized in Table 2. Entrainer is fed
pure. No entrainer recycling is considered. Products purities are 99.98 %mol. A-B mixture

and entrainer are fed as a saturated liquid.

Table 2. Feed conditions and products purity of the two systems studied.

A/ B / E ZA,F/ZB,F ZE,E P (atm) F (kmO'/hr) xA,D = xB'S = xEJW
M1 acetone / methanol / water 05/0.5 540
1 1 0.9998
M2 ethanol / water / ethylene glycol 0.85/0.15 100

4.2. Design method parameters

The design and operation parameters determined by the design method for separating the
mixtures M1 and M2 in an E-DWC, are summarized in Tables 3 and 4. Table 3 displays the

minimum values of entrainer flow rate and reflux ratios.

Table 3. Minimum values of entrainer flow rate and reflux ratios.

(E/D)min Rl,min R2,min
acetone / methanol / water 0.95 2.87 1.08
ethanol / water / ethylene glycol 0.5 0.43 0.39

Table 4 displays all the design parameters for achieving the product purities listed in Table

2. Entrainer and products flow, shown in Table 4, are obtained from the material balance



after having selected a value to the ratio (E/D) greater than the minimum value, 1.9 > 0.95.
and 0.99 > 0.5 for mixture M1 and M2 respectively. One notices that the design values of

reflux listed in Table 4 are greater than the minimum value in Table 3

Table 4. Design method results for the separation of acetone / methanol / water and ethanol /
water / ethylene glycol in an E-DWC.

E D S w Vint

Systems Ni Ne Ne Na Ns noim) (kmolh) (kmol/hy (kmol/h) (kmolh)

Ry R, Sv

Acetone (A)
Methanol (B) 66 25 53 25 5 51424 269.98 270.03 51423 11249 3.16 119 0.65
Water (E)
Ethanol (A)
Water (B)

Ethylene
glycol (E)

34 3 28 5 3 847 85.01 14.99 84.7 13956 0.64 043 0.86

Firstly we check the relevance of the minimum entrainer rate value by analyzing the location
of the stable nodes (N™) of the extractive CS trajectories, for 0 < L/V < 1 (Fig. 7).

Water (E) Ethylene glycol (E)

o ¢ N
E/D = (E/D),,, + 0.01

E/D = (E/D) i, + 0.01

. . 4 L
Zone of intersection N\ — . .

. . \\y V Zone of intersection
with the extractive \

A I SR Y with the extractive \ -
element A-E & B N \
element A-E
/ € E/D = (E/D)y, — 0.01
Acetone (A) Methanol (B) Ethanol (A) Water (B)

Fig. 7. Stable Nodes of the Extractive CS Trajectories for Different (L/V) Values of the M1
and M2 Case Studies.

In Fig. 7, the stable node N* corresponds to the pinch points of the extractive CS trajectories
determined by varying the reflux rate. When E/D < (E/D)pin, regardless of the reflux
value, N+ cannot join the extractive element that lies on the A-E side of the triangle, which

implies that separation is not feasible since there is no intersection between the extractive



section trajectory and the rectifying section trajectory that enables to reach the expected

distillate product.

The next step is to check by simulation whether the design parameters listed in Table 4,
effectively allow to obtain desired products with the specified purity.

4.3. Rigorous simulation based on design parameters

Simulations are carried out using process simulator ProSim Plus® (Prosim, 2023) with the
design parameters listed in Table 4 used as initial parameters. The results, obtained by

implementing the design method parameters in rigorous simulation, are shown in Table 5.

Table 5. Products purities and interconnection streams composition obtained by design

method and rigorous simulation.

XBvint XEvint XB Lint XE Lint XA,D XBs Xgw
Acetone (A) S(;‘:Srlt;;‘t 0.8065 0.1935 0.6164 0.3833 09998 0.9998  0.9998
Methanol (B)

Rigorous

Water (E) ulation 08262 0.1718 06282 03701 09965 09963 09985
Ethanol (A) S(;‘:Srltgﬁt 09571 0.0429 06202 0.3789 09998 0.9998  0.9998
Water (B) _
Ethylene glycol (E) smgu?:t)i%sn 0.9081 00902 05925 04064 09995 09977  0.9995

It can be seen that for both mixtures, rigorous simulation leads to products and
interconnection streams purity specifications close to those imposed in the design method.
Slight differences are expected due to the infinite split hypothesis of the design method that
is not verified in the simulation. These results prove the reliability and accuracy of the new
method.

The analysis of trajectories, along the sections representing the E-DWC, presented in Fig. 8,
confirm that the column operates above its minimum entrainer flowrate and reflux
parameters listed in Table 3. In the extractive CS S2, the composition of the absent
component reaches almost zero value near the concentration section; this implies that the
trajectory of this CS joins the extractive region in the top and that the CS has enough stages
to join the extractive element where the extractive CS S2 profile can intersect with the
rectifying profile of CS S1 that ends at the top distillate product point. In addition, the

number of trays in each section is sufficient to ensure the best operation with stable



composition in the ends of the second column and at the top of the first column. All this

confirms the precision of the proposed method.
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Fig. 8. Composition trajectories obtained by the rigorous simulation in the E-DWC for: (a)
CSs S1, S2 and S3; (b) CSs S4 and S5.

Fig. 9 displays the column trajectories obtained by the rigorous simulation and those

calculated by the design method. Profiles are sharper for the design method, in coherence

with the infinite sharp split hypothesis. Overall, the agreement is remarkable, and this

confirms the precision of the proposed design method.
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Fig. 9. Composition trajectories in the E-DWC obtained by the rigorous simulation and
calculated by the design method for the systems: (a) acetone / methanol / water,

(b) ethanol / water / ethylene glycol.

4.4. Comparison with conventional extractive distillation process and E-DWC

literature results

All mixture separations have been studied by using a classical extractive distillation column
— regeneration column sequence, for the same product purity and recovery and one compares
it with the E-DWC process. Results are displayed in Table 6.

Table 6. Comparison of conventional extractive distillation process and E-DWC process

simulation.

Systems Parameters Conventional ED process E-DWC

Ry 4.02 3.16
Acetone (A) R, 136 119
Methanol (8) Fe (kmol/h 514.24
Water (E) e (kmol/h) '

Qiotal (KW) 17413.9 17094.8 (-1.83%)
Ethanol (A) Rt 0.73 0.64
Water (B) R> 0.87 0.43
Ethylene Fe (kmol/h) 84.7
glycol (E) Qtotar (KW) 2569.3 2249.4 (-12.45%)

Table 6 shows that, for the same entrainer flow rate, the E-DWC energy consumption is

lower, marginally for the separation of acetone — methanol with water but up to -12% for the



separation of ethanol — water with ethylene glycol. This reduction is mainly due to the
prevention of unnecessary energy waste due to the remixing effect located in the stripping

section of the classical extractive distillation column.

In addition to this reduction in energy consumption, the compacting of two columns into one
shell in the EDWC is another advantage that provides a saving in the required installation

space.

In Table 7, we also compare our simulation results initialized by our design method and
those obtained by other studies with E-DWC, that have achieved the results by optimization,
and not using any design method like we do. The two literature studies were selected on the
basis that they use the same conditions of the main feed in terms of flow rate and
composition, almost the same specifications of product purities, and the same entrainer
composition. For the separation of acetone — methanol with water, the study proposed by
Wau et al. (2013) was chosen and for the separation of ethanol — water with ethylene glycol,

the study proposed by Aurangzeb and Jana (2019) was selected.

Table 7. Comparison between the results obtained by the implementation of our design
method and those obtained by other studies (Wu et al., 2013, Aurangzeb and Jana,

2019).
Mixtures acetone/methanol/water ethanol/water/ethylene glycol
Method Wu et al. (2013) this work A”ra”gé%blg)”d Jana this work
P (atm) 1 1 1 1
F (kmol/hr) 540 540 100 100
Zar/ZpF 0.5/0.5 0.5/0.5 0.85/0.15 0.85/0.15
E (kmol/hr) 1100.00 514.24 88.94 84.70
Ze g 1 1 1 1
N, 25 25 4 3
N, 15 28 19 25
N; 17 13 10 6
Ny 58 25 24 5
Ns 12 5 6 3
Sy 0.68 0.65 0.835 0.86
Xap 0.9940 0.9965 0.9981 0.9995
XB,s 0.9950 0.9963 0.9990 0.9977
Xgw 0.9995 0.9985 1 0.9995

Ry 3.323 3.160 0.340 0.640




R, 0.8807 1.190 0.242 0.430
Qc (kw) 14610.15 16469.30 1498.20 1717.87
Qs (kW) 16284.60 17094.80 2018.24 2249.38

As can be seen, for the separation of acetone — methanol using water, the simulated design
proposed by Wu et al. (2013) uses a solvent flow rate much higher than that determined by
our design method. With nearly half their entrainer flowrate and much less trays in sections
S4 and S5, we can reach almost the same purity of the final products. As common in
distillation, less trays and a slightly larger reflux flowrate for the same purity explains the
difference in energy consumption which is higher for our design. Notice that Wu et al.
(2013) optimized energy consumption and that our design method does not includes that

consideration.

For the separation of ethanol — water with ethylene glycol, the EDWC optimization results
published by Aurangzeb and Jana (2019) show that the solvent flow rate, the purity of the
final products, and the number of stages in sections S1, S2 and S3 are very close to the
values found by our design method proposed in this article. The two sections S4 and S5 of
Aurangzeb and Jana (2019) are much bigger than us, but they have stricter and nearly pure
product specifications than us. On the other hand, their optimized energy consumption is

lower than us, due to the same comment than above with Wu’s work (Wu et al., 2013).

Values of the vapor split are close between our design and their optimal operation, another
credit to our design method relevance. Notice that Sy value greater than 0.5 means that the
extractive side (S1-S3) of the E-DWC needs more vapor flow and therefore a larger share of
the boiler heat duty.

5. Conclusion

The objective of the presented work was to establish a fully automated and general design
methodology for the separation of azeotropic mixtures of type (1-0-1a)-m1 in an E-DWC.
The proposed design method is executed by rigorous calculations using the VBA
programming language and by calling the server for thermophysical properties and phase
equilibria calculations ™ Simulis Thermodynamics”. It is based solely on mathematical
formulas; without the need to go through the graphical presentations that are needed due to
the non-ideal behavior of azeotropic mixtures. This method of design has proved to be very
useful for designing systematically and rapidly an E-DWC, with a low effort of calculation,
based only on the properties of the ISS separation mode, the equilibrium constants values of

mixture components in the sides of composition simplex, and the DPEs.



The separation of acetone from methanol and ethanol from water using a suitable entrainer
for each of the two azeotropic systems has been investigated to validate the proposed model.
The obtained results of the rigorous simulation using ProSim Plus proved the reliability and
the precision of this new design method.

The comparison with the optimization results published by other researchers proves that this

new design method leads to results close to those found after optimization.

The program of rigorous calculations representing the new design method described in this
paper is generalized to the separation of all azeotropic mixtures that belong to the class (1-0-
1a)-m1. In our next works, this calculation program will be generalized to different types of

azeotropic mixtures.
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