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existing RD using special designs for such cases, such as removing the product in the side
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tion and separation efficiency. Response surface methodology handling both structural and

stream: this enables more flexibility in design and allows more chances for improving reacDebottlenecking

operating variables simultaneously was used for optimizing the proposed configuration. An
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industrial case was simulated to demonstrate the proposed configuration. Furthermore, a

Reactive distillation

novel dual-effect side stream RD was proposed to improve energy performance. As a result,

Side stream reactive distillation

the proposed retrofitted sequence could enhance energy efficiency up to 54% and reduce CO2
emissions of up to 52% compared to that for the existing sequence. This work also showed

Retrofit

that this solution can bring an increase in capacity up to 15% with a small investment and
short payback period.
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1.

Introduction

intermediate boiling components. In a conventional RD column, the
reaction section is located in the middle section, and lighter and heav-

same unit is one of the most promising and proven intensified con-

ier reactants are fed into the lower and upper sections of the column,
respectively (Luyben and Yu, 2008).

figurations (Keller, 2014). RD processes can remove products from the
reactive section leading to higher reaction conversion and selectivity as compared to conventional sequences including reaction and

However, in many real cases, the volatilities of reactants and products are unfavorable for separation and purification. This is true in a
case where the reactants are the lightest or heaviest component while

distillation (Lutze and Górak, 2013). In addition, these processes
can circumvent/overcome distillative separation boundaries, such as
azeotropes (Lutze and Górak, 2013; Kiss, 2013; Long et al., 2016), which
leads to reduced investment and operating costs (Keller, 2014). Many

the product is an intermediate boiling component (Tung and Yu, 2007;
Zhang et al., 2015). To address these cases, other alternatives of the conventional RD column should be considered. To determine a suitable

studies focus on a conventional RD column, in which the products
are the lightest and heaviest components while the reactants are

lyzed and evaluated because the location of the reactive zone depends
on them. The reactive section should be placed in the column where the

Reactive distillation (RD) combining reaction and distillation in the

alternative, the volatilities of reactants and products should be ana-
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Fig. 1 – Conceptual retrofit of reactive distillation with a total reflux design.

Fig. 2 – Conceptual retrofit of reactive distillation with a total boil-up design.
concentration of limiting reactant gains maximum value (Subawalla
and Fair, 1999; Long and Lee, 2017a). In particular, when the limiting

retrofit design involves a new RD column using excess water (instead
of excess propylene). Recently, Long and Lee (2017a) have proposed

reactant is the lightest component in the system, the reactive section
should be placed toward the upper section of a RD column (Subawalla

various solutions including modifying the existing RD or applying integrated, intensified and hybrid configurations. Most recently, the retrofit
for FA process using RDWC has been simulated and optimized to assess

and Fair, 1999). Reactive distillation with a total reflux design, shown in
Fig. 1a, can satisfy this requirement. Similarly, RD with a total boil-up
design can be considered when the limiting reactant is the heaviest
component in the system. This is shown in Fig. 2a.
An RD configuration with total reflux on the top was designed for

their techno-economic feasibility, which has shown that retrofit via
RDWC is profitable (Cunha et al., 2018). To the best of our knowledge,
there is no previous study to retrofit a RD with a total reflux design or
a total boil-up design

the methyl acetate hydrolysis process (Fuchigami, 1990). The reactive
zone extends to the top of the column and reflux drum, and therefore a much larger holdup can be expected. With this configuration,

water at the top of the column. Many energy-saving configurations
utilizing the heat from the top vapor stream such as feed preheat, heat-

Most of the energy added to a reboiler is removed by the cooling

the limiting reactant methyl acetate discharged from the bottom was

pump-assisted distillation, and multi-effect distillation were proposed

practically negligible. Xiao et al. (2001) explored the effects of feed ratio

(Cheng and Luyben, 1985; Long and Lee, 2014). Among them, multi-

of water to methyl acetate, recycle flow rate, and catalyst holdup to the
overall conversion when using the same RD configuration with total

effect distillation, which means that the column pressures are adjusted
such that the cooling (energy removal) in one column can be used

reflux. Furthermore, Lin et al. (2008) and Lee et al. (2010) also studied

as heating (energy input) in another column (Engelien and Skogestad,

an RD configuration with total reflux for the same system. Because
there is negligible methyl acetate in the bottom product stream, which
is the feed stream to the downstream system, the separation could be

2005), is the most effective method in the industry because it saves a
substantial amount of energy by supplying heat from a high-pressure
column to a low-pressure column while not having some problems

easy because there is no azeotrope in the ternary system of acetic acid,
water, and methanol (Lin et al., 2008; Lee et al., 2010).

related to using a compressor. It often used for sea water desalination
(Veolia website; Wabag website), methanol production (Zhang et al.,

Tang et al. (2003) and Tang et al. (2005) suggested a new process

2010; Sun et al., 2012; Cui et al., 2017a), and styrene purification process

including two columns: a RD and one stripper to produce high-purity
ethyl acetate and isopropyl acetate. The RD only contains a reactive
zone and a rectifying section instead of having reactive, rectifying, and
stripping sections in a typical RD column. With this configuration, reactive section is extended to column base leading a much larger holdup.
This can be advantageous from a reaction perspective because a large
reactor with high reaction temperature can be formed (Lai et al., 2007).
This can be referred to RD configuration with a total boil-up design.
It is clear that the topic of RD is not new, and there have been
many studies on RD. Nevertheless, many of them are focused on grass-

(Cui et al., 2017b).
Although multi-effect distillation has many benefits, it also has
some application limitations (Long et al., 2018). The operating pressure
in the high pressure column needs to be increased, which has some
adverse effects such as more difficult separation owing to a decrease in
relative volatility and increased heating temperature, in which a more
expensive heat source is needed in the reboiler; moreover, the column
shell may need to be thicker to withstand the changed pressure. Therefore, engineers should check the mechanical durability of the existing

roots design (Niu and Rangaiah, 2016; Long and Lee, 2017a). Very few
papers study the retrofit of an existing RD process. Niu and Rangaiah

column shell when the operating pressure is increased in a retrofit. Furthermore, operation and control of these sequences are more difficult
compared to a conventional column sequence. Decreasing the pressure

(2016) have analyzed the isopropanol (IPA) process based on RD using
excess propylene and propylene-propane separation column (splitter)

in a low pressure column causes an increase in the cooling medium in
the condenser owing to a reduction in the top temperature difference.

to identify its limitations, and then suggested two retrofit designs. One

In addition, engineers should avoid the use of refrigeration.
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Composition of intermediate component

Stage

(b)

Fig. 3 – Composition profile of RD with (a) a total reflux design and (b) a total reflux design.
The objective of this work is to determine when RD with a total
reflux design and a total boil-up design can be considered for use,
and to determine what possible disadvantages the designs may create. To overcome those disadvantages of existing RD with these special
designs, a novel side-stream reactive column (SSRC) that generates
multi-feed streams in which there is only one top or bottom product stream was proposed. This configuration of removing product as a
side stream has been suggested, which generates more flexibility in the
design and brings more opportunities for improving the reaction and
separation efficiency. One industrial case was performed to demonstrate the proposed configuration. The response surface methodology
(RSM) handling both structure and operating variables simultaneously
was employed for retrofit design optimization with particular emphasis on simple and efficient implementation. Furthermore, a novel
dual-effect side stream reactive distillation (DESSRC) was proposed to
significantly enhance energy efficiency. Carbon dioxide (CO2 ) emissions
were investigated to show another benefit when retrofitting an existing
RD with special design to the proposed sequences. Process modification and payback period were evaluated when capacity of the existing
process is required to increase.

2.

Proposed configurations

The volatilities of the reactant and product affect the location of reactive zone (Tung and Yu, 2007; Long and Lee, 2017a).

In other words, the boiling point ranking is an essential factor in conceptual design for the reactive zone. The reaction
section should be placed where the concentration of limiting reactant is at maximum (Subawalla and Fair, 1999). When
the limiting reactant is the most volatile component in the
system, the reactive zone should be located toward the top
of a column and in a reflux drum. In those cases, the reflux
drum having a large holdup (5–10 min) can contain a substantial amount of light reactant and catalyst. This configuration
can be referred to RD with a total reflux design with the upper
section of this column dedicated as a reaction section. Reactants are fed to the top of the column while excess reactants
and products are removed from the column bottom and transitioned into another column for separation and purification.
This sequence is considered an example of a direct reactive
configuration. This configuration can achieve higher thermodynamic efficiency in cases involving endothermic reactions.
The common principle behind this configuration is that the
rectifying section is usually a potential heat source and the
stripping section a potential heat sink (Dhole and Linnhoff,
1993). For a reactive distillation column involving reactions
with a highly thermal effect, the improvement of thermodynamic efficiency sometimes appears still possible by seeking
further internal heat integration between the reaction oper-
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Table 1 – UNIQUAC model parameters.
(i,j)

aij (K)

aji (K)

bij (K)

bji (K)

cij (K-1 )

cji (K-1 )

(1,2)
(1,3)
(1,4)
(2,3)
(2,4)
(3,4)

−0.9704
0.4364
0.05101
0.7101
−3.1453
−0.01014

2.0346
−1.1162
0.2936
−0.7248
2.0585
−0.9630

−390.26
62.19
−422.38
−62.97
575.68
−593.70

−65.245
−81.848
98.120
−326.20
−219.04
265.83

0.003061
−0.0002724
0.0002402
−0.001167
0.006071
0.002161

−0.003157
0.001331
0.00007674
0.002355
−0.007015
−0.0002013

1: HAc; 2: MeOH; 3: MA; 4: H2 O. UNIQUAC 
model.
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ation and separation operation (Huang et al., 2005; Long and
Lee, 2017a). The heat of reaction can be used effectively as a
heat sink in case of endothermic reactions to drive the separation operation in the rectifying section. Thus, RD with a
total reflux design with the upper section of this column can
achieve higher thermodynamic efficiency in cases involving
endothermic reactions. This configuration is also suitable for
ternary reactions in which two light reactants react with each
other to form a heavy product.
Similarly, when the limiting reactant is the least volatile
component in the system, the reactive zone location is located
toward the bottom of the column. This is based on the fact
that the column base and reboiler have a large holdup with a
substantial amount of heavy reactant (column base 5–10 min
holdup). This can be called RD with a total boil-up design; in
this configuration, the entire lower section of the column is the
reaction section. Note that in process simulation, this implies
the reactive holdup in the column base is 10 times that of a
tray (Luyben and Yu, 2008). Reactants are fed to the bottom of
the column, while excess reactants and products are taken out
from the distillate stream and separated into another column.
This sequence is considered an indirect reactive configuration.
This configuration can achieve higher thermodynamic efficiency in cases involving exothermic reactions. This is because
the heat of reaction can be used effectively as a heat source
in case of exothermic reactions to drive the separation operation in the stripping section. This configuration is also suitable
for ternary decomposition reactions in which a heavy reactant
decomposes into lighter products.
However, an RD with a total reflux design and a total boil-up
design has only one outlet stream. This property is not favorable for reaction and separation. Furthermore, this creates a
remixing phenomenon in the RD column, which shows a low
separation efficiency. In particular, Fig. 3 shows the composition profile of an intermediate component in the RD with a
total reflux design and a total boil-up design. Normally, in the
RD with a total reflux design, the composition of the intermediate components in the RD increases from the top section
to several trays in lower section. There, it begins to decrease
again as the composition of the heavy components increases.
As a result, there is a peak in the intermediate components in
the composition profile, as shown in Fig. 3a.
Similarly, in the RD with a total boil-up design, the composition of the intermediate components first increases from
the bottom section to a maximum point, then has a reduc-

tion as the quantity of the more volatile components grows
(as shown in Fig. 3b). This creates a remixing phenomenon,
which is a quite similar problem in a conventional 2-column
sequence. This remixing phenomenon causes low separation
inefficiency in a distillation column. In such cases, there are
two solutions to improve the separation efficiency: one is to
reduce or eliminate the remixing effect, and the other is to utilize this phenomenon. Reducing or eliminating the remixing
effect can be accomplished with the utilization of a dividing
wall column (Long and Lee, 2013; Lee et al., 2016). Some cases
cannot eliminate the remixing effect or require economical
modification; hence, other alternative solutions are needed.
In such cases, the RD can be retrofitted to an SSRC, in which
a new side stream is withdrawn in the RD column (as shown
in Figs. 1b and 2 b). Adding a new stream to withdraw product
continuously is favorable for reaction. Furthermore, the side
stream has a higher composition of intermediate components
compared to the bottom stream and distillate stream in direct
and indirect reactive configurations, respectively. This stream
is then fed into the separation column with the bottom stream
or distillate stream to purify the product as well as recycle the
excess reactant. By utilizing the remixing phenomenon in the
RD, it is able to reduce the role of the separation column. This
has the potential to lead to significant energy requirement in
the sequence.

3.

Case study

In this section, one industrial case—the methyl acetate (MA)
hydrolysis process—was performed to demonstrate the proposed configuration. As surveyed from the literature, in the
production of polyvinyl alcohol (PVA), a large amount of MA is
produced as a by-product (Lin et al., 2008). To utilize this large
amount of by-product, one suitable solution is to transform
MA back to raw materials of the PVA plant, which are acetic
acid (HAc) and methanol (MeOH) (Lin et al., 2008). Because the
reaction of MA hydrolysis is reversible and equilibrium constant of this reaction is relatively small (Zheng et al., 2015),
high energy is required in the conventional process.

3.1.

Phase equilibrium

In the existing reactive distillation–separation distillation system, there are two reactants and two products. MA and water
(H2 O) are the reactants and HAc and MeOH are the products
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Fig. 4 – Simplified flow sheet illustrating the existing MA hydrolysis process.

Table 2 – Hayden and O’Connell association parameters.
Component

HAc

MeOH

MA

H2 O

HAc
MeOH
MA
H2 O

4.50
2.50
2.00
2.50

2.50
1.63
1.30
1.55

2.00
1.30
0.85
1.30

2.50
1.55
1.30
1.70

(Lee et al., 2010). The UNIQUAC-HOC property method was
used for the prediction of the vapor–liquid equilibrium (Aspen
Technology, 2009; Long et al., 2010). Tables 1 and 2 list all
parameters for the UNIQUAC and HOC models, respectively
(Lee et al., 2010). All simulation work was performed using the
Aspen Plus V8.6 simulator.

3.2.

Reaction kinetics

The hydrolysis of MA is anendothermic reversible reaction as
follows:
MA + H2 O ⇔ HAc + MeOH

(1)

The kinetic reaction of the above reaction (Popken et al.,
2000) are shown in the following:

R = mcat ×



kf aMA aH
a’MA + a’H

2O

2

− kr aHAc aMeOH

’
’
O + aHAc + aMeOH



Ki ai

2 ; ai = M
i

KMA = 4.15; KH2 O = 5.24; KHAc = 3.15; KMeOH = 5.64
kf = 6.127 × 105 exp
kr = 8.498 × 106 exp

 −63730 

(2)

RT

 −60470 
RT

where R is the overall reaction rate, ai is the activity, mcat is
the catalyst weight, Ki is the adsorption equilibrium constant,
Mi is the molecular weight of component i, and kf and kr are

the forward and reverse rate constants, respectively (Lin et al.,
2008).

3.3.

Existing process description and analysis

As mentioned previously, the boiling point ranking is an
important factor in the conceptual design of an RD column.
The entire process at atmospheric pressure is represented as
follows:
HAc > H2 O > MeOH > MA > MA/H2 O > MA/MeOH
118◦ C 100◦ C 64.5◦ C 57.5◦ C 56.4◦ C

53.6◦ C

Note that there are two binary azeotropes in the system.
Although one product (HAc) is the heaviest component, the
other product (MeOH) is in the middle of the boiling point ranking and reactant MA is the lightest pure component. Thus, it
is not wise to use conventional RD where the reaction zone is
located in the middle section and two products are collected
at top and bottom streams, respectively. With a low equilibrium constant, it is unlikely that a high-purity MeOH product
will be obtained under a “neat” operation (Lin et al., 2008).
In addition, the reaction section should be located where the
reactant is dominant. Therefore, the total reflux design with
reactive zone located in the top section seems to be reasonable (Lin et al., 2008). Furthermore, because the hydrolysis of
MA is an endothermic reversible reaction, the reaction section should be located in the upper section. This arrangement
allows utilizing the heat of reaction to achieve separation. Lee
et al. (2010) proposed the overall design flowsheet shown in
Fig. 4. This process allows a high methyl acetate conversion
while avoiding the recycling of azeoptropic mixtures. It is noteworthy that the numbers here are the same with the Aspen
Plus number. This means that the first stage is counted with
number 2.
The overall flowsheet includes an RD column (shown in
Table 3) and two separation columns for the purification of
HAc and MeOH. The two fresh MA and H2 O reactants are fed
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30

Fig. 5 – Composition profile of MeOH and H2 O in RD.

Table 3 – The existing RD’ hydraulics and energy
performance (Lee et al., 2010).
Existing RD
Number of trays
Number of trays in reaction section
Number of trays in stripping section
Reactive trays
Catalyst in reflux drum (m3 )
Catalyst in each tray/sum (m3 )
Column diameter (m)
Max flooding (%)
Energy requirement of condenser (kW)
Energy requirement of reboiler (kW)

31
22
9
22
2.85
0.089/1.95
1.57
70
3077
3396

into the reflux drum of the RD column, which has only one
outlet bottom stream. This bottom stream containing all products and excess H2 O then enters the downstream separation
system consisting of two columns. With this design, because
there is negligible MA in the feed stream to the downstream
system, there is no azeotrope in the ternary system of HAc,
H2 O, and MeOH leading to an easy separation. The role of the
first separation column is to obtain 99 mol% HAc in the bottom stream, while that of the second separation column is to
achieve 99 mol% MeOH in the top stream and recycle excess
H2 O and some HAc back to the RD. This process allows a high
MA conversion while avoiding the recycling of azeoptropic
mixtures.
In this study, the catalysts at each reactive tray and reflux
drum were assumed to occupy half of the holdup volume.
Reactive reflux drum was designed with five minutes of residence time. A bulk catalyst density of 770 kg/m3 is used to
convert into a volume-based rate equation for Aspen Plus reaction setup (Lin et al., 2008). The reboiler duty is used to adjust
the conversion of methyl acetate of 99%.

3.4.

Proposed sequences for retrofit

As mentioned previously, because the MA hydrolysis reaction is reversible with relatively small reaction equilibrium
constant, high energy is required in the existing process. Fur-

thermore, the RD with a total reflux design has only one outlet
stream, which is not favorable for reaction and separation.
Thus, in this section, the purpose of this retrofit study was
performed to improve the performance of the MA hydrolysis
process.

3.4.1.

Side stream reactive distillation column

Fig. 5 shows the composition profile of intermediate components, including MeOH product and excess H2 O reactant in the
existing RD. The composition of these intermediate components in the RD column increases below the reactive section.
The composition then reaches its peak from the 23rd to 31st
tray before decreasing again with a growth of the heavy component (HAc) composition. Such a remixing of intermediate
components leads to another separation in the downstream
section, which causes low separation efficiency for the entire
process.
In that case, SSRC is considered as a promising retrofit
solution to utilize this phenomenon for improving the energy
performance. In particular, one side liquid stream is collected
at the tray where the total composition of MeOH and excess
H2 O reaches the peak. This side liquid stream is then fed into
the first separation column. Thus, the proposed solution generates multi-feed streams for the next column in the most
efficient way. Moreover, the first separation column can take
advantage from the prefractionated multi-feed streams. In
particular, there are two feed streams fed into the separation
column including the side stream, which is rich with MeOH
and excess H2 O, and the bottom stream, which contains a
large amount of HAc. Thus, the role of the downstream is
simplified compared to when only one feed stream is present.
Additional savings can be achieved with a suitable optimization approach. To optimize the proposed retrofitted SSRC,
the location and flow rate of the side liquid stream in SSRC
were considered as the main variables. In addition, because
this side stream is then fed into the first separation column,
its location needs to be optimized. Normally, the best location
has composition, which is matched to the side stream composition to minimize the mixing effect in the first separation
column. Fortunately, because there is only one suitable loca-
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Fig. 6 – (a) Three-dimensional response surface plot and (b) contour plot of interaction between N1 and N2.

Table 4 – Factors’ coded levels.
Levels

Factor

Location of the side stream (N1)
Flow rate of the side stream (N2)

−1

0

1

25
140

27
150

29
160

tion for that stream in the first separation column, there is no
need to optimize this variable.
RSM, which can find the relationship between objective
and main varibles (Long and Lee, 2012), was used to optimize
the proposed configuration. To highlight the optimal use of
the existing columns, this study assumes no change in the
diameter or the total number of stages of each column. After
a preliminary design for the SSRC column was developed,
the main design variables including the location (N1) and the
flow rate (N2) of the side liquid stream were then optimized.
Table 4 lists the factors and levels used in this case study.
MINITAB software was used to generate the simulation runs
under central composite design needed for response surface
fitting. Corresponding to the changes in the factor value, the
response values (reboiler duty) was recorded. Based on these
results, MINITAB software was then employed to generate the
three-dimensional response surface plot and contour plot of
the interaction between the main design variables as well as

Fig. 7 – Optimization plot by the RSM.

determine the values variables, which can achieve the smallest total reboiler duty of RD and the first separation column.
Fig. 6 shows the three-dimensional response surface plot
and contour plot of the interaction between the main design
variables: N1 and N2. The smallest total reboiler duty of RD and
the first separation column was found at the coded levels of
the location and flow rate of the side liquid stream of 0.6566,
and 0.2121, respectively (Fig. 7). In particular, the minimum
total reboiler duty achieved by the retrofitted SSRC and the
first separation column was predicted to be 5822 kW.
Fig. 8 shows a simplified flow sheet illustrating the
retrofitted sequence. The simulation also showed that the
SSRC and the first separation column consume 5809 kW, which
matches well with the results predicted by the RSM. As can be

60

Chemical Engineering Research and Design 1 4 5 ( 2 0 1 9 ) 53–63

Fig. 8 – Simplified flow sheet illustrating the retrofitted MA hydrolysis process using SSRC.
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Fig. 9 – Composition of components in retrofitted RD.
seen in Fig. 9, the MeOH peak occurs at the 25th tray, while that
of H2 O occurs at the 29th tray. Thus, the side stream should
be located at the tray between the 25th and 29th tray. It is
in good agreement when the found optimal location for the
side stream is 28th tray. As a result, the operating cost can be
saved up to 15% as compared to the performance of the existing arrangement. Note that the prices of cooling water and the
low-pressure steam used in this study correspond to 0.35 $/GJ
and 13.28 $/GJ, respectively (Turton et al., 2012).
Thus, through simple but effective modification, the RD
column with a side stream proposed in this paper was able to
continuously withdraw MeOH and excess H2 O from the middle of the RD, reduce energy requirements, and intensify a
reversible chemical reaction. This decreased the overall energy
requirement of the MA hydrolysis process. Furthermore, the
CO2 emissions estimated by using Gadalla’s method (Gadalla
et al., 2005) were also accessed to evaluate another benefit of

retrofitting of existing RD to SSRC. As a result, a CO2 emissions reduction of 14% was achieved when simply generating
another feed stream for the first separation column at the peak
of the existing RD process.

3.4.2.

Dual effect side reactive distillation column

Heat integration was considered for further improvement of
the proposed configuration. Among the many available heat
integration techniques to select from, the dual-effect distillation system allowing thermal integration between condensers
and reboilers of different columns shows the most promise.
The top vapor of the first separation column was utilized as
a heat source for the reboiler of the SSRC (shown in Fig. 10),
which forms the DESSRC configuration. To achieve that, the
pressure of the first separation column was set by the bubble
point pressure of the overhead distillate at a temperature 10 ◦ C
higher than the bottom temperature of the SSRC. The sav-
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Fig. 10 – Simplified flow sheet illustrating the proposed retrofitted MA hydrolysis process using DESSRC.
ings in operating costs obtained from the retrofitted DESSRC
configuration is calculated as 54% when compared to that
of the current sequence. The decrease in CO2 emissions is
another benefit when retrofitting an existing reactive distillation sequence to DESSRC. In particular, CO2 emissions can be
reduced up to 52% after retrofitting the MA hydrolysis process.
The hydraulic performance of the proposed configuration
needs to be estimated and evaluated. KG-TOWER® software
was used to rate the columns. Fortunately, the maximum
flooding of existing RD and the first separation column can
reduce from 70% to 60% compared to the existing columns.
In case the capacity of the process is required to increase
up to 15%, the second separation column can be bottlenecked. To overcome the bottleneck problem in the second
separation column, the sieve tray from stage #1 to stage #14
should be replaced with a high performance tray, such as
TRITON® , SUPERFRAC® or ULTRA FRAC® , in which the downcomer, active area, and inlet area are enhanced (Long and Lee,
2017b). As a result, the maximum flooding of the retrofitted
column is significantly decreased from 82% to around 50%,
which leads to a chance of capacity increase in the second
separation column. A 499,332 USD investment is required to
achieve both higher energy efficiency and capacity. A simple
payback period was also considered to evaluate the possibility of the proposed sequence. The result shows that a short
and attractive payback period of 4 months is needed for this
retrofit project.
Note that several existing MA hydrolysis processes that
position the reaction section in the middle of the column (Li
et al., 2016) can be modified with an addition of solid catalyst in
several trays above the reaction section. These processes can

also be retrofitted by dividing the feed into two feed streams
including one placed in the same location and another entering the tray above that feed (Long and Lee, 2017a). In addition,
both solutions could be employed to utilize the internal heat
integration between the reaction and separation to enhance
energy efficiency. Furthermore, adding catalyst on several
trays in the top and in reflux drum to form multiple reaction sections can be considered. By adopting these solutions,
the reactive section can be extended to the rectifying section,
which can enhance energy and reaction efficiency. This can
lead to a reduction in the energy requirements in the downstream where the product is purified and where the reactants
are recycled.

4.

Conclusions

This work determined when RD with a total reflux design and
a total boil-up design can be considered for use in a process
involving RD. Its potential disadvantages were also discussed
to show that this configuration would be otherwise unfavorable for performing reaction and separation processes. A novel
SSRC, which allows for the generation of multi-feed streams
as a simple and economical solution for retrofitting a RD process in which there is only one top or bottom product stream,
was economically and effectively proposed. This configuration also removes product in the side stream (which generates
more flexibility in the design), creates more opportunities to
improve separation efficiency, and enhances the reaction. Furthermore, the proposed configuration does not eliminate the
remixing phenomenon, but it can utilize this phenomenon
in RD to reduce the role of the downstream separation col-
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umn. After a preliminary design was created, the proposed
SSRC configuration was then optimized by simple and efficient RSM implementation using Aspen Plus and Minitab.
The use of SSRC can have many benefits, such as decreasing the energy requirement in RD and the separation column,
intensifying a reversible chemical reaction, and reducing CO2
emissions. This SSRC was then integrated efficiently using the
dual-effect concept. Notably, the retrofitted DESSRC sequence
could achieve savings of 54% and 52% in terms of operating
cost and CO2 emissions, respectively, compared to the existing
sequence. This work also showed that this solution can bring
an increase in capacity up to 15% with a small investment and
short payback period.
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