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ABSTRACT: Reactive distillation (RD) provides notable advan-
tages over conventional processes, regarding reduced energy
requirements and CO2 emissions. However, as the benefits of RD
may not be universally applicable, a comprehensive feasibility
assessment is necessary. This study introduced an automated
feasibility evaluation procedure for an RD column using an AI-
based region recognition approach, reducing the reliance on expert
knowledge and heuristics in graphical methods. Through k-means
clustering-based image segmentation, topological information on
the reaction and separation reachable region was extracted from
ternary diagram landscapes. Subsequently, the extracted informa-
tion was integrated into tray-by-tray calculations to automate the
evaluation. This geometric calculation procedure was applied to
assess the feasibility of RD columns with different types of reactions. The feasibility results were obtained within seconds,
demonstrating the efficiency of the proposed approach. Furthermore, case studies validated the feasibility of the evaluation results for
three practical examples using rigorous simulations, confirming its reliability and applicability.

1. INTRODUCTION
10 to 15% of the global energy consumption is attributed to
distillation techniques used for industrial separation.1 More-
over, approximately 40% of the chemical industry’s total energy
consumption is from distillation processes, which is a
significant portion of the energy used by the industry.2,3

Industrial energy consumption continues to rely on fossil fuels,
which contribute most of the CO2 emissions.4 Process
intensification is considered an attractive solution for reducing
the energy consumption of distillation processes through
reduced equipment scale and efficiency outcomes.5−7

Reactive distillation (RD) is a promising intensification
technique that integrates chemical reactions and separation
into a single column filled with a catalyst, enabling the
simultaneous removal of products and achieving high reaction
conversion and yield by overcoming the equilibrium limit.8,9

RD is an attractive approach for decreasing the energy
consumption of distillation alone.10 The practical applications
of RD have demonstrated a significant reduction of 30 to 50%
in capital costs and energy consumption compared to
conventional processes with the risk of gas emissions
mitigated.11,12 The advantages of RD have led to numerous
industrial implementations of etherification (e.g., methyl tert-
butyl ether, ethyl tert-butyl ether, and tert-amyl methyl
ether),13,14 esterification (e.g., n-butyl acetate, n-amyl acetate,
n-hexyl acetate, and cyclohexyl acetate),15−17 transesterifica-
tion (e.g., dimethyl carbonate, diethyl carbonate, and
propylene glycol methyl ether acetate),18−21 and olefin

metathesis (e.g., 2-pentene) with a variety of studies conducted
to improve the energy efficiency of the reaction and separation
systems.22 While RD offers significant advantages over
conventional processes, it is important to note that its benefits
may not always be applicable, which means an RD column is
sometimes not beneficial in the infeasible integration of
reaction and separation, and the reaction would impact the
presence of separation boundaries.23,24 Consequently, the
feasibility of an RD column should be assessed under the given
specifications to determine the suitability of implementing RD.
Various methods have been developed for the feasibility

evaluation of RD systems, including graphical methods,
optimization-based methods, and heuristic and evolutionary
methods.25 Graphical methods, which rely on topological
information from residue curve maps (RCMs), are commonly
used, because they provide an intuitive solution for
determining the feasibility of chemical reactions occurring in
an RD column, obtaining results with relatively fast and simple
calculations.25 In the literature, studies specifically address the
feasibility evaluation of RD through graphical methods with
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the adaption of two traditional methods: the McCabe−Thiele
and Ponchon−Savarit methods.26−28 The practical applic-
ability of the proposed method was validated by extending it to
industrial processes, specifically the methyl tert-butyl ether
(MTBE) and methyl acetate production systems.29 Sub-
sequently, various feasibility criteria have been proposed
continuously for evaluating the feasibility of ternary systems,30

complex quaternary,31,32 quinary RD systems,33 batch reactive
distillation,34 and a reactive dividing wall column.35

Nevertheless, since feasibility criteria are considered
necessary conditions, the satisfaction of these criteria does
not guarantee the feasibility of an RD column.30 Therefore,
systematic approaches are needed to evaluate the feasibility of
a specific RD system beyond the criteria. A general algorithm

Figure 1. Graphical method for the feasibility evaluation of a reactive distillation column with a nonisomolar combination reaction, L + I ↔ H, in a
rectifying section: (a) composition profiles on the ternary diagram and (b) flowchart for the feasibility evaluation procedure. R1: reactant 1 (light),
R2: reactant 2 (intermediate), and P1: product 1 (heavy).

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c08128
ACS Omega 2023, 8, 48413−48431

48414

https://pubs.acs.org/doi/10.1021/acsomega.3c08128?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08128?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08128?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08128?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c08128?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


utilizing topological information was presented to evaluate the
feasibility of a double-feed RD column and demonstrated with
the example of tert-amyl methyl ether (TAME) that the
algorithm enables the feasibility evaluation of quaternary
reactive distillation systems without requiring rigorous stage
calculations.36 A shortcut method was proposed to accelerate
the feasibility evaluation using the general algorithm by
proposing a rapid composition profile generation approach
for reactive and extractive distillation columns.37 A feasibility
evaluation algorithm for a complex batch reactive distillation
column was introduced in a subsequent work.38 Various
frameworks for the feasibility evaluation of RD columns have
been continuously reported in the literature.39−43 However,
the feasibility evaluation of an RD column still demands expert
knowledge, and it is time-consuming due to the complexities of
RD columns that arise from multiple interactions between
vapor−liquid equilibrium and chemical kinetics.44,45 Partic-
ularly, the extraction and interpretation of graphical
information from ternary diagrams are necessary, which
consists of determining the occurrence of the chemical
reactions and ensuring the feasibility of crossing the distillation
boundary and the desired purity of the products.
This study newly proposed an automated method for

extracting and interpreting topological information from a
ternary diagram and reaction equilibrium curve using the
image segmentation method with k-means clustering, an
unsupervised machine learning algorithm, to effectively
evaluate the feasibility of RD columns for ternary systems.
This approach enables feasibility evaluation without requiring
expert knowledge and accelerates the procedure. First, this
paper describes the feasibility evaluation of an RD column and
the proposed automation method using image segmentation.
Then, a feasibility evaluation of a single-feed column was
performed based on the type of reaction (isomolar and
nonisomolar), followed by a feasibility analysis of a double-feed
column with a nonisomolar reaction. In addition, case studies
were conducted on three systems, MTBE synthesis, 2-pentene
metathesis, and TAME synthesis, to assess the proposed
method by comparing it with rigorous simulation results using
Aspen Plus V11.

2. AI-BASED GRAPHICAL FEASIBILITY EVALUATION
METHOD
2.1. Feasibility Evaluation. A feasibility evaluation of an

RD column was conducted based on the movement of the
composition from the desired product on ternary diagrams.30

Because the evaluation aims to assess the potential to
overcome equilibrium limits such as azeotropes and distillation
boundaries, the primary assumptions for the feasibility
evaluation are as follows: (1) the heat of reaction is neglected,
(2) the heat of vaporization is assumed to be constant, (3) the
feed is assumed to be a saturated liquid, (4) the column is
adiabatic, (5) all stages are in phase equilibrium, and (6)
reactions occur in the liquid phase. This method assesses the
system’s feasibility with the given phase equilibrium, reaction
equilibrium, reaction extent, reflux ratio, and graphical
information.
Figure 1(a) shows the composition profiles on a ternary

diagram, which are graphical representations used to analyze
the feasibility of an RD column with a rectifying reaction zone
(nonisomolar combination reaction, L + I ↔ H), and Figure
1(b) presents a flowchart that systematizes the feasibility
evaluation procedure. The numbers in parentheses within

Figure 1(a,b) indicate the corresponding steps. First, the
desired purities of the top (xD) and bottom (xB) products are
determined, and then, the number of nonreactive (i) and
reactive (j) stages are selected. Tray-by-tray calculations are
performed with the distillate composition (xD) when the
reaction zone is located in the rectifying section. Figure 2

shows a schematic diagram presenting the nonreactive stages
(stage 1 to 3, i = 3) and reactive stages (stage 4 to N, j = N −
3), and the stage calculations are explained concerning this
diagram. When a total condenser is used, xD represents the
composition of the vapor at the first stage (y1); therefore, the
vapor composition (y1) is identical to xD. Because the liquid
flow at the first stage (L1) is in phase equilibrium with the
vapor flow (V1), its liquid composition (x1) can be calculated
through a dew point calculation. The material balance at the
first stage enables the vapor composition at the second stage
(y2) to be determined by using x1 and xD. This process is
repeated for the number of nonreactive stages to perform the
next-stage calculation of x2, y3, x3, and y4.
At the fourth stage, dew point calculation can obtain the

liquid composition (x4). This is a critical aspect for the
feasibility evaluation of an RD column. Since the reaction was
assumed to occur in the liquid phase, the liquid compositions
in the reactive stages must facilitate the forward reaction. In
other words, the liquid composition (x4) on the ternary
diagram should be located in the forward reaction region
concerning the reaction equilibrium curve.30 If the liquid
composition is not located in the forward reaction region, then
it can be considered an infeasible design due to the insufficient
or negative reaction extent. The vapor composition (y5) can be
calculated by the material balance regarding the reaction
difference point, a mathematical artifact representing the flow
generated by the reaction. By iterating the process above for
each reactive stage, it is possible to obtain x5,···, yN. Afterward,
xN is calculated by a dew point calculation, and it can be
assessed whether it is possible to achieve the desired purity at
the bottom (xB) through simple distillation. This evaluation
can be performed by determining whether xN is included in the

Figure 2. Schematic diagram of a rectifying section in a reactive
distillation column.
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reachable region constructed through the total reflux curve and
the pinch point curve based on the bottom product.32 The RD
column is considered feasible if xN is located within the
reachable region; otherwise, it is considered infeasible.
When there is a reaction zone in the stripping section, the

feasibility evaluation can be performed in the opposite process
to the rectifying section, using xB as the initial composition. A
detailed calculation process (phase equilibrium and material
balance) and feasibility evaluation for the reaction zone located
in the stripping section are covered in Section 3.
2.2. Geometry Recognition of a Ternary Diagram. The

feasibility evaluation method involves interpreting the graph-
ical information on a ternary diagram, which can be divided
into three essential elements: (1) whether the liquid
compositions at nonreactive stages move toward the forward
reaction region, (2) whether the liquid compositions at
reactive stages trigger a forward reaction, and (3) whether
the liquid or vapor flow, after passing through the reaction
zone, achieves the desired purity through simple distillation.
Since the three elements mentioned above rely on the
positional information of the compositions on the ternary
diagram, the graphical information can be automatically
interpreted if computers can recognize the ternary diagram.
The current study proposed a novel method to recognize and
evaluate the ternary diagram image using k-means clustering-
based image segmentation,46 which is a computer vision
technique enabling the extraction and analysis of relevant
graphical information, and the Canny edge detection
algorithm.47 The proposed method determines the followings:
(1) whether the liquid composition at the reactive stage is
located in the forward reaction region and (2) whether the
liquid or vapor composition after the reaction zone falls within
the reachable region.
2.2.1. Image Segmentation with K-Means Clustering.

Image segmentation refers to partitioning an image into
regions with the condition that each region should show
homogeneity within itself. Furthermore, it is important that
none of the border pixels are simultaneously occupied by two
regions.48 We distinguished regions on a pixel-by-pixel basis by

utilizing the primary colors red (R), green (G), and blue (B).
Figure 3 presents the input images for segmentation, in which
the target region (forward reaction region in (a) and reachable
region in (b)) is depicted in light blue (R, G, B: [210, 227,
240]). The ternary diagram image was segmented by applying
the k-means clustering method to the RGB values of the pixels
within the RGB color space.
K-means clustering is an unsupervised machine learning

approach that seeks clustering data by identifying the
centroids, which minimizes the sum of distances (clustering
error) from the centroids to their closest points.49 The
clustering error can be represented as follows:
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where E is the clustering error, k is the number of clusters, n is
the number of data points, xi(j) is the data point in the cluster j,
and cj is the centroid of the cluster j. The RGB of each pixel
was grouped into three clusters: (1) target region, (2) line, and
(3) remaining area. The pixel accuracy, which represents the
performance of the image segmentation, is calculated as follows
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where k is the number of clusters, j is the cluster, TP is the true
positive, TN is the true negative, FP is the false positive, and
FN is the false negative.
Using red and green instead of blue to illustrate the target

region generates the equivalent results in terms of pixel
accuracy, as the Euclidean distances from black (0, 0, 0) to red
(255, 0, 0), green (0, 255, 0), and blue (0, 0, 255) are equal.
However, the pixel accuracy of segmentation is dependent on
the brightness. The reason is that the performance is
significantly influenced by the boundaries of the target region,
which are determined by black lines. Pixel accuracy is
determined at the intersection of the regions, where the

Figure 3. Ternary diagrams as the input images of segmentation for (a) the reaction region and (b) the reachable region. R1: reactant 1, R2:
reactant 2, and P1: product 1 (R1 + R2 ↔ P1).
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boundaries gradually become brighter from black, causing the
boundaries to become ambiguous and leading to difficulties in
clustering. Since the number of pixels representing boundaries
(lines) remains constant, the color variation of the boundary
becomes more pronounced for colors far from black in the
Euclidean distance. As a result, the spacing between points
increases in the RGB space, leading to an improved clustering
performance.
2.2.2. Canny Edge Detection. The Canny edge detection

algorithm was applied to determine the locations of
compositions that are required to be recognized in a ternary
diagram image. A detailed explanation of the Canny edge
detection algorithm is provided in the Supporting Information
(Section S1). Furthermore, the algorithm was used to
recognize the boundaries of the ternary diagram in the

image, which were further used as a constraint condition. The
detailed implementation of Canny edge detection in the region
recognition of ternary diagram images for feasibility evaluation
is explained in the following section.
2.2.3. Region Recognition. Region recognition begins with

a ternary diagram image as input for image segmentation. The
k-means clustering-based image segmentation algorithm is
used to cluster pixels in each region. Figure 4 shows the
reaction region recognition method through image segmenta-
tion and Canny edge detection. For k-means clustering, the
parameters include the number of clusters (k), maximum
iterations (maximum repetition limit), epsilon (the cluster
radius), and the number of attempts (number of times the
algorithm is executed with different labels). We tuned these
parameters (max iterations, epsilon, and the attempts) through

Figure 4. Procedure for proposed region recognition using k-means clustering-based image segmentation and the Canny edge detection algorithm.

Figure 5. Examples of reaction region recognition results overlapping the segmented image with the detected edges.
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trial and error until achieving a pixel accuracy of 99%. Since the
image is composed of the target region, nontarget region, and
lines, the value of k in k-means clustering was set to three to
categorize pixels into three clusters. In the segmented image,
clusters were formed based on the three centroid colors (light
blue: [209, 226, 239], white: [255, 255, 255], and black: [60,
61, 62]), and each pixel is filled with its centroid color, which
makes the lines more prominent in terms of pixel appearance
compared to the input image. The segmentation performance
was represented by a pixel accuracy of 99.733%. Then, the
point indicating the liquid composition at the reactive stage
and the lines in the image are detected by the Canny edge
detection algorithm to extract the positions of the edges. The
recognized edges can be overlaid onto the segmented image to
determine the region to which the edge pixels belong, and the
cluster where the edge pixels are dominant is regarded as the
region to which the liquid composition is affiliated. Figure 5
shows an example of reaction region recognition results using
virtual liquid compositions (A, B, and C). The image (400 ×
300 pixel) containing the ternary diagram (250 × 250 pixel)
was segmented, and the detected edges of composition A, B,
and C by the Canny edge detection algorithm were overlaid to
classify each edge pixel.
In point (A), all of the edge pixels (marked in red) of the

recognized liquid composition belong to the forward reaction
region (cluster 1), indicating that a forward reaction occurs. In
point (B), although the liquid composition slightly covers the
reaction equilibrium curve, 15 edge pixels belong to the
forward reaction region, 1 edge pixel belongs to the reverse
region (cluster 2), and 4 edge pixels are on the line (cluster 3).
Therefore, it also belongs to the forward reaction region where
the largest number of pixels are located. In contrast, for
composition (C), 14 pixels are located in the reverse reaction
region and 4 pixels are on the line; thus, the result indicates

that composition (C) lies on the reverse reaction region. Here,
the detected edges enable us to recognize the ternary diagram
boundaries in the image. The Canny edge detection algorithm
was applied, resulting in the identification of the ternary
diagram boundaries as lines: R1 to R2 (axis-x: 350 to 100, axis-
y: 25 to 275), R1 to P1 (axis-x: 350 to 100, axis-y: 25), and P1
to R2 (axis-x: 100, axis-y: 25 to 275). The outer borderline
provides a constraint, and pixels outside the lines are ignored.
By the rule, the 2 pixels of composition (C) located outside the
ternary diagram are disregarded. Thus, when the edges of the
composition extend beyond a ternary diagram image, the total
number of counted edge pixels decreases.
By employing image segmentation and edge detection

techniques, automated recognition of the reaction region can
be achieved. Similarly, the proposed methodology can be
utilized for reachable region recognition. The application of the
proposed region recognition method with stage calculations in
the feasibility evaluation procedure, described in Section 3,
enables the automated evaluation of an RD column based on
the type of reaction.

3. RESULTS AND DISCUSSION
3.1. Ideal Mixtures with a Finite Reaction Difference

Point. An ideal ternary mixture without azeotropes was
assumed. Our approaches were described including the
proposed region recognition method for evaluating the
feasibility of a single-feed RD column with a nonisomolar
combination reaction (L + I ↔ H). Here, the terms L, I, and H
denote the light-, intermediate-, and heavy-boiling compo-
nents, and the relative volatilities with respect to the heavy-
boiling component were assumed to be 5, 3, and 1,
respectively. Additional information is required to evaluate
the feasibility of an RD column, such as a reaction equilibrium
curve, total reflux curve, and pinch point curve. The reaction

Figure 6. Feasibility evaluation of an RD column including 3 rectifying reactive stages: (a) schematic diagram of the RD column and (b)
visualization of the feasibility evaluation result (feasible) with the recognized edge pixels. Blue circle: liquid composition in the forward reaction
region, and shaded area: reachable region from the bottom product.
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equilibrium curve indicates the concentrations at which all of
the liquids are at both their boiling point and in a state of
chemical equilibrium, which can be computed using the bubble
point and chemical equilibrium calculation.30 The residue
curve can be used to estimate the total reflux curve for practical
purposes because its difference is generally negligible with the
distillation lines under total reflux in packed columns.50 Finally,
the pinch point curves are defined as mathematically colinear
based on mass balances and phase equilibrium.51 For phase
equilibrium calculations, constant relative volatilities were
assumed and the following equation was used:

= =y
x

x
i j L I H, , , ,n i

i n i

j j n j
,

,

, (3)

where yn,i is the vapor composition of component i at stage n,
xn,i, and xn,j are the liquid compositions of components i and j
at stage n, respectively, and αi is the relative volatility of
component i.
3.1.1. Feasibility Evaluation with a Rectifying Reaction

Zone. For the feasibility evaluation, the reaction difference
point (δR) and the total cascade difference point (δRr and δRs)
were introduced by the material balances.52 Material balances
and reactive lever rules for an RD column with a rectifying
reaction zone are provided in the Supporting Information
(Section S2.1). As the stoichiometric coefficients vector of the
given reaction is [−1, −1, 1] (= [L, I, H]), the reaction
difference point is calculated to be [1, 1, −1], which is equal to
[−1, −1, 1]/(−1−1+1) by the definition of the reaction
difference point. To ensure the feasibility of the RD column, all
liquid compositions at a reaction zone should locate within the
forward reaction region, and the liquid composition that passes
through the reaction zone should be within the reachable
region. Additionally, the reactive cascade difference point
(δR,nr) of the reactive rectifying section, which represents the

accumulated reaction turnover, should move toward the total
cascade difference point (δRr).
Figure 6(a) shows a schematic diagram of an RD column

with a rectifying reaction zone. The feasibility evaluation
involves tray-by-tray calculations based on the phase
equilibrium and material balance starting from the distillate
composition (xD). Figure 6(b) shows the feasibility evaluation
result of the RD column with one rectifying stage and three
reactive stages. The proposed evaluation method utilizes the
reaction equilibrium curve (Keq = 20), reachable region,
reaction difference point, total reactive difference point,
reactive cascade difference point, and desired product
compositions.
First, ternary diagram image segmentation and Canny edge

detection were performed. The segmentation results calculated
by eq 2 showed an accuracy of 99.737% for the reaction region
and 99.879% for the reachable region. Afterward, the stage
calculation was initiated by the desired distillate composition.
The phase equilibrium calculation by eq 3 was carried out for a
given distillate composition to obtain the liquid composition
(x1), and the vapor composition (y2) was determined using the
lever rule (L1/D) between the liquid composition (x1) and
distillate composition (xD). Similarly, the liquid composition
(x2) was calculated through the phase equilibrium calculation,
and whether the liquid composition is in the forward reaction
region. Through the region recognition, 32 edge pixels were
found on the right side of the reaction equilibrium curve
(indicating the forward reaction). In comparison, 0 pixels were
detected on the left side (indicating the reverse reaction) and
line, denoted as (32, 0, 0). The identification of the reaction
region indicated that the liquid composition (x2) exists within
the forward reaction region implying that the forward reaction
occurs at the second stage. Since the liquid composition (x2) is
within the forward reaction zone, the vapor composition (y3) is

Figure 7. Feasibility evaluation of an RD column that has 3 stripping reactive stages: (a) schematic diagram of the RD column and (b) visualization
of the feasibility evaluation result (infeasible) with the recognized edge pixels. Blue circle: liquid composition in the forward reaction region and
shaded area: reachable region from the distillate product.
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determined by the reactive lever rule (L2/D − νTξ2), as it lies
on a straight line connecting the reactive cascade difference
point (δR,2r) and the liquid composition at stage 2 (x2). The
same procedure was repeated to calculate the liquid and vapor
compositions (x3, y4, x4, y5, x5), revealing that all of the liquid
compositions in the reactive stages, x3: (32, 0, 0) and x4: (27,
1, 4), are located in the forward reaction region. In addition, all
edge pixels of the liquid composition (x5) that passed through
the reaction zone are located within the reachable region, x5:
[32, 0, 0], indicating that the RD column is a feasible design
that satisfies the desired bottom purity. The feasibility
evaluation of the RD column with the ternary diagram can
be performed automatically with the region recognition, and
the computational time required for the feasibility evaluation
was 1.53 s.
3.1.2. Feasibility Evaluation with a Stripping Reaction

Zone. Figure 7(a) illustrates a schematic diagram of an RD
column with a stripping reaction zone; the material balance
and reactive lever rules for the RD column are provided in the
Supporting Information (Section S2.2). Figure 7(b) describes
the feasibility evaluation of the RD column with one stripping
stage and three reactive stages, and all other conditions are
equivalent to those in the rectifying case that was previously
discussed. As a result of the segmentation, it was determined
that the reaction region coincides with the rectifying case (Keq
= 20), and the reachable region was found to have a pixel
accuracy of 99.729%. The feasibility evaluation of the RD
column was performed by bottom-up stage calculations from
the desired bottom composition (xB) in contrast to that of the
rectifying case.
In the reboiler, because the vapor in equilibrium with the

bottom product is supplied to the column, the vapor
composition (ys+1) can be computed by using the phase
equilibrium (eq 3) with the bottom composition. The liquid
composition (xs) at stage s is located between the bottom
composition (xB) and the vapor composition (ys+1) according
to the lever rule (Vs+1/B). With phase equilibrium, the vapor
composition (ys) can be computed. The liquid composition
(xs−1) at a reactive stage lies on the line between the reactive
cascade difference point (δR,ss) and the vapor composition (ys)

by the reactive lever rule (Vs/B − νTξs). The liquid
composition (xs−1) is located in the forward reaction region,
with 32 pixels in the forward region and 0 pixels on the reverse
reaction region and line, respectively, denoted as (32, 0, 0).
The remaining liquid and vapor compositions (ys−1, xs−2, ys−2,
xs−3, ys−3) can be found, and all liquid compositions are placed
within the forward reaction region, xs−2: (32, 0, 0) and xs−3:
(32, 0, 0). However, the edges of the vapor composition (ys−3)
that have passed through the reaction zone belong to 0 pixels
inside, 15 pixels outside the reachable region, and 2 pixels on
the line, [0, 15, 2], which indicates that the RD column is
infeasible under the given conditions. The feasibility evaluation
of the RD column by the proposed method had a computation
time of 1.51 s.
3.2. Azeotropic Mixtures with a Finite Reaction

Difference Point. A detailed feasibility evaluation was carried
out for azeotropic ternary mixtures with distillation boundaries.
The RCM-020 system was used as an example for the
feasibility evaluation in this section. The RCM-020 system has
a minimum-boiling azeotrope between the light and heavy
components, and there are two distillation regions.53 As
singular points were classified according to the characteristics
of the RCM in terms of stability, the azeotrope was identified
as a saddle, the light component as an unstable node (UN),
and both the heavy component and intermediate component
as stable nodes (SN).54 According to the RD feasibility criteria,
if products are UN and SN, respectively, and they are in the
same distillation region, an RD column is feasible regardless of
the location of the reaction zone in either the rectifying or
stripping section.32

Here, the feasibility was evaluated when the products were
in different distillation regions under the same system. To
compute the phase equilibrium, a specific mixture was chosen
to calculate the physical properties and phase equilibrium by
using Aspen Plus V11. The binary parameters of the mixture
are described in the Supporting Information (Section S4.1).
The feasibility evaluation was conducted for the two cases
based on nonisomolar reaction forms: the decomposition
reaction (H ↔ L + I) and the combination reaction (L + I ↔
H). It was assumed that the reaction occurs in two reactive

Figure 8. Descriptions of the ternary system and physical properties, including a minimum-boiling azeotrope (RCM-020): (a) cases with a
decomposition reaction, H ↔ L + I and (b) cases with a combination reaction, L + I ↔ H.
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stages, and the molar turnover (90% conversion) in each stage
is the same as in all cases.
Figure 8(a) shows a scenario in which a decomposition

reaction occurs, and the desired products are located in
different distillation regions (xD: region II, and xB: region I).
The feasibility evaluation was conducted to confirm the
possibility of circumventing the distillation boundary for cases
where the reaction zone is located in the rectifying section
(case 1−1) and in the stripping section (case 1−2),
respectively. Since the products in case 1−1 lie in different

distillation regions; thus, it is necessary to circumvent the
distillation boundary to achieve the desired purity. The
reaction difference point is defined as [1, 1, −1] by
stoichiometric coefficients, and the total/reactive cascade
difference points are located on the line connecting the
distillate composition and the reaction difference point. The
segmentation and feasibility evaluation results of case 1−1 are
shown in Figure 9(a). The stage calculations started from the
distillate composition, and the possibility of a forward reaction
occurring at the reactive stage was confirmed using the

Figure 9. Region recognition and feasibility evaluation results of the RD column with the nonisomolar decomposition reaction (H ↔ L + I) in the
(a) rectifying section-feasible and (b) stripping section-infeasible for the RCM-020 ternary system. Blue circle: liquid composition in the forward
reaction region, red circle: liquid composition in the reverse reaction region, and shaded area: reachable region from the desired top or bottom
product.
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proposed region recognition method. The segmentation result
for the reaction region showed an accuracy of 99.726%, and
both liquid compositions (x2, x3) were located in the forward
reaction region as x2: (32, 0, 0) and x3: (29, 0, 3). The forward

reaction occurs at all reactive stages, and the vapor
compositions are located on the straight line connecting the
liquid composition and the reactive cascade difference point, as
determined by the reactive lever rule. According to the result,

Figure 10. Region recognition and feasibility evaluation results of the RD column with the nonisomolar combination reaction (L + I ↔ H) in the
(a) rectifying section-infeasible, and (b) stripping section-feasible for the RCM-020 ternary system. Blue circle: liquid composition in the forward
reaction region, red circle: liquid composition in the reverse reaction region, and shaded area: reachable region from the desired top or bottom
product.
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the composition can move from region II to region I, and as
the stage moves down the column, the composition moves
toward the stable node which is the intermediate component
(P2). Finally, the liquid composition (x4) that passes through
the reaction zone must be located within the reachable region.
To evaluate the reachability to the desired bottom product, the
segmentation of the reachable region was performed, which
showed an accuracy of 99.837%, and the recognition result was
[18, 7, 7], indicating that the liquid composition (x4) is located
within the reachable region. Therefore, the RD column is a
feasible design that can produce the desired top and bottom
products by crossing the distillation boundary. The result was
obtained in 3.16 s using the proposed automated method.
On the other hand, Figure 9(b) presents the results of case

1−2, which includes a stripping reaction zone. The total/
reactive cascade difference points are located on the line
connecting the bottom composition and the reaction differ-
ence point, and the stage calculations were performed starting
from the bottom composition. In this case, the liquid
composition (xs−1) is located in the reverse reaction region
(0, 32, 0). The composition profile cannot cross the distillation
boundary and moves toward the unstable node of region I as
the stage moves up the column. Thus, the RD column is an
infeasible design, and the evaluation took 2.85 s.
Figure 8(b) shows cases that include RD columns with a

combination reaction (L + I ↔ H), which has the reaction
difference point defined as [1, 1, −1], and the desired products
are located in different distillation regions (xD: region I, and xB:
region II). Figure 10(a) shows an RD column in which a
combination reaction is taking place in a rectifying reaction
zone (case 2−1). When the stage calculations were performed
from the distillate composition, all liquid compositions (x2, x3)
of the reactive stages are located in the forward reaction region
as (32, 0, 0). However, the composition profile approaches the
intermediate-boiling component, which is a stable node in
region I, as the stage moves downward of the RD column
because the composition profile cannot cross the distillation
boundary. The liquid composition (x4) is not located within
the reachable region, as the recognition result is [0, 22, 4].
Therefore, the RD column under the given specification is an
infeasible design.
Conversely, Figure 10(b) represents an RD column with a

stripping reaction zone (case 2−2), and the tray-by-tray
calculations were performed starting from the bottom

composition. The liquid compositions (xs−1, xs−2) at all
reactive stages are located in the forward reaction region,
and the distillation boundary is crossed due to the forward
reaction. After the reaction zone, the compositions move
toward the desired distillation composition as the stage goes up
the column, and the recognition result shows that the vapor
composition (ys−2) is located in the reachable region, [32, 0,
0]. Hence, this RD column is a feasible design, and the
proposed method took 3.03 s to evaluate the feasibility. The
detailed conditions and results of the feasibility evaluation are
listed in Table 1.
In an RD column with the nonisomolar reaction, the vapor

or liquid compositions can cross the distillation boundary
depending on the direction from the product (D or B) to the
reaction difference point, when it is assumed that the reaction
has occurred sufficiently and the forward reaction region
covers multiple distillation regions. The compositions in
reactive stages are determined based on the reactive cascade
difference point by the material balance, and the reactive
cascade difference point is located on a straight line connecting
the desired product and the reaction difference point, which
means that the position of reactive cascade difference point
depends on the location of the desired product and the
reaction difference point. Consequently, graphical interpreta-
tion shows that if the distillation boundary or its extension line
is positioned between the reaction difference point and the
desired product (xD or xB), the compositions can cross the
boundary. The proposed automated feasibility evaluation
algorithm enables the assessment of the feasibility of RD
columns within seconds, using only specific parameters
without the need for graphical interpretation.
3.3. Azeotropic Mixtures with an Infinite Reaction

Difference Point. The reaction difference point is a
mathematical artifact that enables the interpretation of
composition changes by reactions on RCMs. However, since
the reaction difference point represents the molar flow rate
changes, an isomolar metathesis reaction (2I ↔ L + H), which
has no difference in the number of moles between reactants
and products, leads to an infinite reaction difference point: [1,
−2, 1]/(1−2+1) = [∞, −∞, ∞]. Consequently, the reaction
difference point cannot be represented in the composition
space. To address this limitation, a series of transformations are
required which involves dividing the chemical stoichiometric
coefficients into reactant and product components.52 The

Table 1. Parameters and Results of the RD Feasibility Evaluation with Nonisomolar Reactions for the RCM-020 System

parameters case 1−1 case 1−2 case 2−1 case 2−2

reaction zone rectifying stripping rectifying stripping
reactive stages no. 2 2 2 2
reaction type decomposition decomposition combination combination
equilibrium constant 1.5 1.5 10 10
reflux/boil-up ratio 1.3 20 20 3
feed composition [0.00, 0.00, 1.00] [0.00, 0.00, 1.00] [0.60, 0.40, 0.00] [0.60, 0.40, 0.00]
distillate composition [0.90, 0.03, 0.07] [0.90, 0.03, 0.07] [0.92, 0.04, 0.04] [0.92, 0.04, 0.04]
bottom composition [0.05, 0.92, 0.03] [0.05, 0.92, 0.03] [0.01, 0.07, 0.92] [0.01, 0.07, 0.92]
feed rate (kmol/h) 5 5 10 10
distillate rate (kmol/h) 4.75 4.75 2.6 2.6
bottom rate (kmol/h) 4.75 4.75 3.8 3.8
reaction extent (kmol) 4.5 4.5 3.6 3.6
pixel accuracy (%) [reaction, reachable] 99.726, 99.837 99.726, 99.645 99.719, 99.323 99.719, 99.812
feasibility feasible infeasible infeasible feasible
computation time (s) 3.16 2.85 3.01 3.03
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material balance and reactive lever rules for an RD column
including the infinite reaction difference point are provided in
the Supporting Information (Section S3). And a specific
mixture for the RCM-021 system was chosen to calculate the
physical properties and phase equilibrium. The mixture for the
Aspen Plus calculation is described in the Supporting
Information (Section S4.2), and the feasibility evaluation
results (case 3−1: rectifying reaction zone; case 3−2: stripping
reaction zone) are explained based on the location of the
reaction zone for the RCM-021 system in the Supporting
Information (Section S5).
According to the feasibility criteria, if one of the products in

the RD column with the isomolar decomposition reaction is a
saddle and an azeotrope exists between products (e.g., RCM-
021, RCM-210, RCM-430, and RCM-340), the RD column
design is infeasible regardless of the reaction zone. However, in
the RCM-021 system, if the vapor composition that passes
through the reaction zone is located on the L−I edge, then a
pure light component can be produced through simple
distillation. In the RD column with a stripping reaction zone,
liquid and vapor compositions move toward the L and I edges
due to the position of the reactive cascade difference points.
Figure 11 shows a feasible design obtained through the
feasibility evaluation. It has one stripping stage and eight
reactive stages, assuming 98% conversion at the reaction zone
(reaction extent at each reactive stage: 4.83, 4.84, 4.85, 4.86,
4.87, 4.88, 4.89, and 4.90 kmol). The liquid compositions are
located in the forward reaction region at all stages, and the
vapor composition (ys−8), which is located close to the L−I
edge is on the reachable region, ys−8: [14, 0, 10], which makes
it a feasible design. We have rigorously validated the capability
of the vapor composition (ys−8) to achieve the desired distillate
purity through an Aspen Plus simulation. The detailed results
of the simulation are provided in the Supporting Information
(Section S6). This case shows that the design is feasible when
one of the products is a saddle, there is an azeotrope between

the products, which requires sufficient reactive stages and
conversion, and the molar turnover rate at the stage closest to
the product stream must be greater than that of the feed stage.
The parameters and results of the feasible example for the
RCM-021 system with an infinite reaction difference point are
shown in Table 2.

It should be noted that since the RD feasibility criteria are
necessary conditions, the criteria cannot guarantee the
feasibility in all cases when one of the products is saddled
with an azeotrope between the products. This limitation of the
criteria highlights the need for a detailed feasibility evaluation
of each system, considering specific characteristics of the RD
system such as the reaction and phase equilibrium, reaction
extents, and number of reactive stages.

Figure 11. Feasible design of an RD column with the isomolar metathesis reaction (2I ↔ L + H) in the stripping section for the RCM-021 system.

Table 2. Parameters and Results of the RD Feasibility
Evaluation with Isomolar Reactions for the RCM-021
System (Feasible Example)

parameters RCM-021 example

reaction zone stripping
reactive stages no. 8
reaction type metathesis
equilibrium constant 2
reflux/boil-up ratio 5
feed composition [0.00, 1.00, 0.00]
distillate composition [0.90, 0.02, 0.08]
bottom composition [0.08, 0.02, 0.90]
feed rate (kmol/h) 10
distillate rate (kmol/h) 5
bottom rate (kmol/h) 5
reaction extent (kmol) 4.90
pixel accuracy (%) [reaction, reachable] 99.755, 99.881
feasibility feasible
computation time (s) 6.14
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3.4. Double-Feed Reactive Distillation Column. Figure
12(a) indicates a schematic diagram of a double-feed RD
column with a rectifying reaction zone. Its feasibility can also
be assessed by using the proposed approach. The material
balance and reactive lever rules for a double-feed RD column
are provided in the Supporting Information (Section S2.3).
The feasibility evaluation result of the double-feed RD column
is presented in Figure 12(b). The evaluated design maintains a
consistent assumption comprising a single nonreactive stage
and two reactive stages, with equal molar turnover in each
reactive stage. Given the presence of the reaction zone in the
rectifying section, stage calculations were performed from the
distillate composition. The computed liquid composition (x2)
of the initial reactive stage is situated within the forward
reaction region, x2: (32, 0, 0). Consequently, the lever rule,
derived from eqs (S25) and (S26) in the Supporting
Information, shows that the vapor composition (y3) passes
the intersection point on the straight line connecting the liquid
composition (x2) and the reactive cascade difference point, and
extends along the straight line originating from the upper feed
composition (xE). Moreover, using a dew point calculation for
the resulting vapor composition (y3) determines the liquid
composition (x3) in the second reactive stage, which also lies
within the forward reaction region, x3: (18, 9, 5). The
examined double-feed column satisfies the requirement for an
adequate level of reaction. Furthermore, the liquid composi-
tion (x4) is located within the reachable region, x4: [16, 11, 5],
which verifies the feasibility of the design. Notably, the
feasibility evaluation including stage calculations of the RD
column required approximately 3.01 s, implying the potential
for conducting a timely feasibility evaluation for double-feed
columns. Similarly, a reverse process can be applied when the
reaction zone is located in a stripping section.

4. CASE STUDIES
4.1. Finite Reaction Difference Point: Methyl tert-

Butyl Ether (MTBE) Synthesis. Methyl tert-butyl ether
(MTBE) is produced in a nonisomolar combination reaction,
where isobutene (IBUT) reacts with methanol (MeOH).55

This reaction presents a finite reaction difference point on the
ternary diagram. The first case study focused on an RD column
designed for MTBE synthesis, comprising two rectifying stages
and six reactive stages (3 to 8 stages).
Figure 13(a) shows the feasibility evaluation result of the

RD column for the production of MTBE. The reactive stages 3
to 8 and liquid composition passing through the reaction zone
are shown. The RD column operates with a reaction zone
located in the rectifying section, employing stage calculations
starting from distillate composition. The liquid compositions
of the first to third reactive stages (x3, x4, x5) are situated near
the distillate composition and are placed within the forward
reaction zone. Furthermore, liquid compositions (x6, x7, and
x8) in the remaining reactive stages, as shown in Figure 13(a),
exist within the forward reaction region. It is noteworthy that
the liquid composition (x9) also falls within the reachable
region, confirming the feasibility of the RD column design.
The detailed pixel recognition results for the MTBE synthesis
are listed in Figure 13(b). The result was further validated
through rigorous simulation using Aspen Plus.
Figure 13(c) presents a comparative analysis of the liquid

profiles between the simulation results and the calculated
results. Detailed conditions (thermodynamic model, binary
coefficients, reaction kinetics, and chemical equilibrium
constant) for the rigorous simulation in Aspen Plus are
provided in the Supporting Information (Section S7.1).
Remarkably, the calculated results closely aligned with the
simulation results obtained using Aspen Plus. Furthermore,

Figure 12. Feasibility evaluation of a double-feed RD column including 2 rectifying reactive stages: (a) schematic diagram of the RD column and
(b) visualization of the feasibility evaluation result (feasible). Blue circle: liquid composition in the forward reaction region and shaded area:
reachable region from the distillate product.
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during the column simulation, a bottom product with an
MTBE purity of over 99.5% was achieved, thereby providing
confirmation of the design feasibility through rigorous
simulation.
4.2. Infinite Reaction Difference Point: 2-Pentene

Metathesis. The second case study involved the feasibility
evaluation of an RD column for the metathesis reaction of 2-
pentene. The reaction entails the metathesis of 2-pentene (2
mol) into 2-butene and 3-hexene, each with a stoichiometric
ratio of 1 mol, representing an isomolar metathesis reaction.56

Consequently, the system exhibits an infinite reaction differ-
ence point. The metathesis reaction of 2-pentene occurs in the
stripping section, and the design feasibility of an RD column
with four stripping stages and seven reactive stages was
assessed.

Figure 14(a) shows the result of the feasibility evaluation for
the RD column, highlighting the reactive stages (10 to 16
stage) and vapor composition (y10), representing the graphical
information. Starting from the bottom composition, tray-by-
tray calculations progress upward with the liquid and vapor
compositions in the stripping section following the reaction
equilibrium curve, and the liquid compositions (x10 to x16) in
the reactive stages indicate a similar shape along the reaction
equilibrium curve. Based on the results of the region
recognition, it was observed that all liquid compositions of
the reactive stages reside within the forward reaction region
and the vapor compositions (y10) also fall within the reachable
region. The detailed pixel recognition results for the 2-pentene
metathesis are shown in Figure 14(b). Therefore, it can be

Figure 13. (a) Feasibility evaluation results of the RD column for the production of MTBE, (b) detailed results for the recognized edges of the
liquid compositions of the MTBE synthesis RD column, and (c) comparison of the liquid composition profile between the rigorous simulation and
tray-by-tray (TBT) calculations.
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concluded that the RD column design is feasible, and this
conclusion was further validated through a rigorous simulation.
Figure 14(c) compares the results between the stage

calculations and the rigorous simulation, focusing on the
liquid profile within the column. Detailed conditions of the RD
column with the 2-pentene metathesis reaction for the rigorous
simulation are provided in the Supporting Information
(Section S7.2). The comparison shows a high degree of
agreement between the calculated profiles and the rigorous
simulation result. However, due to the cumulative errors in
stage calculations initiated from the bottom composition (xB),
as the column moved up, the discrepancies in the composition
profile of the reaction zone became more pronounced.
Nevertheless, the overall profile shape remained similar, and
the simulation result confirms that the designed RD column

can produce 2-butene and 3-hexene with purities exceeding
99.5% at the top and bottom of the column, respectively.
4.3. Double-Feed Column: tert-Amyl Methyl Ether

(TAME) Synthesis. The final case study focused on the
feasibility evaluation of a double-feed RD column for the
production of tert-amyl methyl ether (TAME). TAME is
generated through a nonisomolar combination reaction, in
which either 2-methyl-1-butene (2M1B) or 2-methyl-2-butene
(2M2B) reacts with methanol (MeOH) at a 1:1 stoichiometric
ratio.57 We assumed that only a reaction between 2M1B and
methanol occurs within the column in this case study. Since it
is a nonisomolar reaction, it can be interpreted as having a
finite reaction difference point. The feasibility evaluation was
performed on a double-feed column, for which a portion of
2M1B is pre-reacted to form TAME and supplied as the lower

Figure 14. (a) Feasibility evaluation results of the RD column for the 2-pentene metathesis, (b) detailed results for the recognized edges of the
liquid/vapor compositions of the 2-pentene metathesis RD column, and (c) comparison of the liquid composition profile between the rigorous
simulation and tray-by-tray (TBT) calculations.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c08128
ACS Omega 2023, 8, 48413−48431

48427

https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c08128/suppl_file/ao3c08128_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08128?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08128?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08128?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08128?fig=fig14&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c08128?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


feed while pure 2M1B is additionally supplied as the upper
feed of the RD column. The RD column has a rectifying
reaction zone, and it consists of four rectifying stages and four
reactive stages.
Figure 15(a) represents the feasibility evaluation result of

the double-feed column for the production of TAME. The
liquid compositions of the reactive stages (5 to 8 stage) and
liquid composition (x9) passing through the reaction zone are
presented. The evaluation reveals that all of the liquid
compositions (x5, x6, x7, x8) of the reactive stages are located
within the forward reaction zone, and the liquid composition
(x9) also falls within the reachable region. The detailed pixel
recognition results for the TAME synthesis are listed in Figure
15(b). Therefore, the design of the double-feed column for the
production of TAME is feasible.

Figure 15(c) compares the liquid composition profile
obtained from the rigorous simulation and tray-by-tray
calculations. The Supporting Information (Section S7.3)
provides detailed conditions for rigorous simulation. Although
a slight error is observed at the ninth stage, the variations in the
results are insignificant and demonstrate a consistent trend.
The rigorous simulation confirms that the RD design can
produce TAME with a purity of over 99.5% at the bottom of
the column.
Case studies were performed to assess the practical

applicability of the proposed methodology: (1) a finite
reaction difference point for the production of MTBE, (2)
an infinite reaction difference point for 2-pentene metathesis,
and (3) a double-feed column for TAME synthesis. In the case
studies, since the proposed method relies on stage calculations,

Figure 15. (a) Feasibility evaluation results of the RD column for the production of TAME, (b) detailed results for the recognized edges of the
liquid compositions of the TAME synthesis RD column, and (c) comparison of the liquid composition profile between rigorous simulation and
tray-by-tray (TBT) calculations.
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an increase in the number of stages in an RD column led to an
escalation of errors in the composition profile and additionally
presented limitations in terms of evaluation time. However, the
results of feasibility evaluations by the proposed automated
method were validated through rigorous column simulations in
Aspen Plus.

5. CONCLUSIONS
This study automated the feasibility evaluation procedure of
RD columns using an AI-based region recognition approach to
reduce the dependence on expert knowledge and heuristics in
graphical methods. Using a machine learning-based computer
vision algorithm, specifically the k-means clustering-based
image segmentation method, the key topological information
on the reaction and reachable regions was extracted from RCM
images. Subsequently, the extracted information was used in
stage calculations to perform automated feasibility evaluation
of the RD columns. The proposed method was utilized to
evaluate the feasibility of the RD columns with different types
of reactions (nonisomolar combination/decomposition reac-
tion and isomolar metathesis reaction) and feed types (single-
and double-feed). The results were obtained within a few
seconds, demonstrating the efficiency of the proposed
approach. Furthermore, in the case studies, the feasibility
evaluation results for the three examples were validated using
rigorous simulation, confirming the effectiveness of the
proposed method for actual industrial applications. Since the
feasibility criteria proposed in previous studies serve as
necessary conditions, they have limitations when applied to
practical system designs. However, the method proposed in
this study offers the advantage of automatically evaluating the
feasibility within seconds using the simple information on the
reaction equilibrium and phase equilibrium from various
systems. Moreover, it can be applied not only to RD column
design but also to the screening stage of various candidates for
process intensification, and the method enables the expansion
of its utility beyond system design.
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