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This study reexamined the possibility of improving the separation of binary azeotropic mixture containing tetrahy-
drofuran (THF) and ethanol from previous work (J Chem Technol Biotechnol 2015; 90: 1463-1472) that rely on
the extractive distillation (ED) using ethylene glycol (EG) as solvent. Here, dimethyl sulfoxide (DMSO) is pro-
posed as an alternative solvent for the ED, and its feasibility is preliminary screened and compared against the
usage of EG. The conceptual ED using DMSO is designed by manipulating all the design variables until the min-
imum product specifications (i.e. purity) are achieved. Then, the conceptual design is further optimised using
particle swarm algorithm to obtain the ideal column configuration and the performance is compared against the
ED using ethylene glycol (EG) and pressure swing distillation (PSD) (i.e. best process) from previous work based
on economic and CO, emission. Overall, the optimised ED using DMSO provides 36% and 37% lower economic
and CO, emission with respect to the ED using EG. In comparison to PSD (i.e. best process) from previous work,
it provides 24% and 25% reduction in TAC and CO, emission. Lastly, a control structure is developed for the
proposed ED using DMSO that can effectively handle + 10% throughput and + 5% feed composition disturbances

without the need of a composition controller as in the case of previous work.

1. Introduction

Tetrahydrofuran (THF) is commonly employed as organic solvent
in the chemical industries such as for the manufacturing of adhesives
and polyvinyl chloride (PVC). It is also an important raw material for
the production of adipic acid. Ethanol, on the other hand, is commonly
used in the pharmaceutical industries such as for the manufacturing of
drugs and medicines. In addition, both THF and ethanol are sustainable
biomass energy sources (Luis et al., 2014; Wang et al., 2015a). There-
fore, the recovery of these two valuable components help to safeguard
the environmental and facilitate a sustainable resource recovery pro-
cess. One common source of THF—ethanol mixtures is the synthesis of a
liquid crystal monomer (Wang et al., 2015a) or from the norgestrel man-
ufacturing process (Zhao et al., 2017a). However, the mixture of THF
and ethanol forms a minimum-boiling azeotrope in the binary system
when the mole fraction of THF is 0.8582 at atmospheric pressure. The
azeotropic mixture complicates the separation process between the in-

dividual components, meaning that the azeotropic mixture cannot be ef-
fectively separated by using ordinary distillation process. Several other
distillation-based techniques have been devised such as extractive dis-
tillation (ED) (Yang et al., 2022b), pressure swing distillation (PSD)
(Yang et al., 2022a), or the recently emerging hybrid reactive-extractive
distillation (Kong et al., 2022b, 2022c; Yang et al., 2023) to overcome
this bottleneck.

Today, our literature survey has revealed that there is an increasing
interest on the recovery and separation process of THF and ethanol, as
reflected by the increasing number of publications in the last 7 years
(Li et al., 2019; Su et al., 2020; Tang et al., 2013; Wang et al., 2015a,
2015b; Yang et al., 2020, 2019; Zhang et al., 2019, 2018; Zhang et al.,
2021; Zhao et al., 2018, 2017b, 2017a). Majority of these studies rely
on the ED while a few studies relied on the PSD for the separation and
recovery of THF and ethanol. These studies are categorised according to
the binary and ternary azeotropic mixture that contains THF and ethanol
in Fig. 1, the details of which are covered in our previous review paper
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Nomenclature

ED extractive distillation

EG ethylene glycol

EDC extractive distillation column
DMF dimethylformamide

DMAC dimethylacetamide

GA genetic algorithm

IMC internal model control
MINLP mixed integer nonlinear programming problem
MADS  mesh adaptive direct search
NHV net heating value

PSD pressure swing distillation
PSO particle swarm optimisation
PP payback period

PVC polyvinyl chloride

SRC solvent recovery column

SI sequential iteration

SQP sequence quadratic programming
SA simulated annealing

SVD singular value decomposition
THF tetrahydrofuran

TAC total annual cost

TCC total capital cost

TOC total operational cost

(Alcantara Avila et al., 2021; Kong et al., 2022a). For the studies that
worked on ternary azeotropic mixture, the third component is water
since all these existing studies focused on recovery of THF and ethanol
from waste effluent. For each category (i.e. binary or ternary), we fur-
ther classify them based on design and control studies. From Fig. 1, it be-
comes apparent that most of the existing studies primarily focused on the
ternary azeotropic mixture, with only three that worked on the binary

Separation of THF/ethanol
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azeotropic mixture of THF and ethanol (Tang et al., 2013; Wang et al.,
2015b, 2015a). Moreover, majority (i.e. 10 out of 13) studies had pri-
oritised (i.e. worked) on the steady-state design without exploring much
on the control performance of the separation process. To this end, this
study aims to focus on both the steady-state design and control perfor-
mance of the ED for the separation and recovery of binary azeotropic
mixture containing THF and ethanol.

In this study, we wish to revisit the previous work that rely on the
ED using ethylene glycol (EG) as solvent (Wang et al., 2015a) because
we realised that there are some interesting observations and hypotheses
that can further improve the separation process performance. In previ-
ous study, Wang et al. (2015a) assssed the performance of the ED using
EG and PSD for the separation of THF and ethanol in terms of total an-
nual cost (TAC). From their steady-state simulation, it was revealed that
the PSD provides a lower TAC in comparison to the ED using EG. In the
following year, Wang’s research group also extended the study by com-
paring the control performance of both PSD and ED using EG, to ensure
that there is no trade-off between economical and control performances
(Wang et al., 2015b). Relative to the ED using EG, the PSD can return
the products purities back to their original specification more quickly
and therefore, resulted in a better control performance. However, both
the ED and PSD rely on the usage of composition controller for main-
taining the two products purities at their desired specification, which is
expensive and difficult to maintain in the industry.

Contrary to previous work (Wang et al., 2015a, 2015b), the main
contribution of this work is to explore an alternative solvent for the ED
that provides a more economical and environmentally friendly separa-
tion process for the separation of binary azeotropic mixture containing
THF and ethanol. Other than steady-state design, another contribution
of this work is to develop a control structure for the proposed ED using
the alternative solvent that provides similar control performance with-
out the need of a composition controller.

The remainder of this paper is organised as follows. First, the ED
using EG from previous work is described in Section 2 to provide our
readers with a clear understanding of the process. Section 3 explains

Binary azeotropic mixture

@ Design OControl

@ Binary BTernary

ODesign B Control

Fig. 1. Summary of recent studies on separation of THF/ethanol.
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Fig. 2. ED using EG (Reproduced from Wang et al. (2015a)).

the methodology that includes the solvent screening, conceptual design,
process optimisation, process evaluation, and dynamic simulation. The
simulation results are elucidated in Section 4 while Section 5 wrap up
this study by providing recommendations for future work.

2. Extractive distillation using ethylene glycol

Fig. 2 shows the ED using EG for the separation of THF and ethanol
reproduced from the work of Wang et al. (2015a). Here, the percentage
difference in the TAC between the reproduced ED (Fig. 2) and previ-
ous work is less than 5%, which reflects the reliability of our repro-
duced model. The fresh feed stream enters the extractive distillation
column (EDC) together with the EG as solvent, which facilitates the bi-
nary azeotropic separation between THF and ethanol. The high purity
THF is obtained from the distillate of EDC while the remainder mixture
containing ethanol and EG solvent are obtained from the bottom of the
EDC and is directed to the solvent recovery column (SRC) for subse-
quent solvent regeneration. In the SRC, high purity ethanol is obtained
from the distillate while the regenerated (i.e. recovered) EG solvent is
obtained at the bottom and cooled before it is recycled back to the EDC.

3. Methodology

The work procedure of this study is arranged as follows: Firstly, we
reproduced the ED using EG from the work of Wang et al. (2015a),
which will be used as base case for subsequent comparison against the
proposed ED using the alternative solvent. Next, a suitable alternative
solvent is selected to replace EG solvent in the base case using ternary di-
agram and residue curve map(s). Then, we conceptually develop the ED
using the alternative solvent by manipulating the design variables until
the minimum product specifications (i.e. purity) can be met. Following
this, the conceptual (i.e. initial) design of the proposed ED is optimised
to obtain the optimum column configuration. The performance of the
optimised ED using alternative solvent is compared against the ED us-
ing EG and the PSD (i.e. best process) from previous work based on the
economic and environmental perspectives, which are represented using
TAC and CO, emission. Lastly, we also proposed a control structure for

the ED using the alternative solvent without the use of the composition
controllers and the control performance is also compared against the
base case. Fig. 3 graphically summarised the methodology used in this
work.

3.1. Solvent screening

Fig. 4 shows the ternary diagram for the binary azeotropic mixture
containing THF and ethanol with the solvent (S) that belongs to the Ser-
afimov’s class 1.0—1a (Gerbaud et al., 2019). In Fig. 4, the uni-volatility
line (i.e. red dash line) in between two components (i.e. THF and sol-
vent S) is marked as xp, which is used to evaluate the efficiency of the
different solvent. The solvent with a smaller value of xp (i.e. intersec-
tion point closer to the target component) generally represent a lower
amount of solvent flowrate required, which translates to lower TAC.
Here, we only compared the performance between using EG and DMSO
for the binary azeotropic separation of THF and ethanol because previ-
ous studies have shown that these two solvents are better than some of
the commonly used solvents for ED such as dimethylformamide (DMF)
and dimethylacetamide (DMAC) (Chen et al., 2022; Zhao et al., 2017b).

3.2. Conceptual design

Once the suitable solvent has been selected, the conceptual ED is
designed by varying the design variables until all the design specifica-
tions can be met. The design variables used in this work include the
total stages in both EDC and SRC, locations of feed and solvent inlet,
distillate rate, reboiler duty, reflux ratio, and solvent flowrate. These
design variables are commonly used by the existing studies in this area
(Chen et al., 2022; Wang et al., 2012). The ED is simulated using As-
pen Plus V11 and UNIQUAC was used as the thermodynamic package
(Table S1), identical to previous work (Wang et al., 2015a). The fresh
feed flowrate is 100 kmol hr~!, which contains equimolar of THF and
ethanol. The desired product purities for the THF and ethanol are both
99.9 mol.%.
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Fig. 3. Methodology for developing ED using DMSO employed in this work.
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B (Ethanol) S (Solvent)
Fig. 4. Ternary diagram for binary azeotropic mixture with uni-volatility line
(Serafimov’s class 1.0 — 1a).

3.3. Process optimisation

In this section, the conceptual design from Section 3.2 is optimised
to obtain the optimal configuration for improving the separation pro-
cess performance. The proposed process in this study contains different
discrete and continuous decision variables, which forms a mixed integer
nonlinear programming problem (MINLP) that is difficult to handled by
using the conventional sequential iterative (SI) or sequential quadratic
programming (SQP) algorithm (Yang et al., 2022b). To overcome this
issue, various stochastic optimisation algorithms can be employed such
as genetic algorithm (GA) (Sun et al., 2020), mesh adaptive direct search

(MADS) algorithm (Li et al., 2020; Yang et al., 2022b), particle swarm
optimisation (PSO) (Yang et al., 2022c), and simulated annealing (SA)
algorithm (Yang and Ward, 2018). Among the different optimisation al-
gorithm, PSO has a shorter computational times, which makes it a very
popular approach for optimising advanced distillation-based processes
(e.g. ED and RED) (Kong et al., 2022c; Yang et al., 2023). Therefore,
PSO is used in this work for solving the MINLP problem, given by:

min f(x) = TAC
x€R

R={d &}

Subject to{Pi > plesired ; _ 1 o .. n} )

The optimisation objective, f(x), is to minimise the TAC at a re-
stricted products purity specification (Pdesired). The d and ¢ represents
the discrete and continuous decision variable, respectively. The design
variables used for optimisation are similar to those listed in Section 3.2,
including the initial values that were used for the optimisation. The Ac-
tiveX technique is employed in this study to link the TAC (i.e. objective
function), purities constraint, design variables, and initial values in As-
pen Plus with the optimisation algorithm in MATLAB (You et al., 2018)
and the overall optimisation methodology is graphically represented by
Fig. 5. The parameters of the PSO algorithm is given in Table S2.

Initially, the particle swarm parameter and position are generated ar-
bitrarily using real numbers within the pre-defined constraint and then
the fitness of each particle is calculated based on economic objective
function (i.e. TAC). The best individual (ppes) and global (gpes) solu-
tion are updated based on two different situations, i.e. when the TAC of
the present particle is lower than that of the previous particle, or when
less than halve of the individual solution did not overrule each other.
The optimisation stops when the difference between consecutive objec-
tive function values is lower than 10~* (i.e. stop criteria is met), else,
the position and velocity of each particle will be updated.
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Fig. 5. The procedure of PSO algorithm employed in this work.

3.4. Process evaluation

The performance of our proposed process is examined based on TAC
and CO, emission which represents the economic and environmental
aspects.

3.4.1. Economic evaluation
The TAC is calculated by using Eq. (2).

TCC

TAC = —5 +TOC (@)

The TCC here refers to the total capital cost which includes the cost
of all major equipment in the process such as the distillation tower, re-
boiler, condenser, and cooler. The TOC, on the other hand, is the total
operational cost that accounts for the cost of different heating and cool-
ing utilities such as pressurised steam and cooling water costs. PP is the
payback period of 3 years. Fig. S1 graphically illustrated all the relevant
equations used for assessing the TCC and TOC of the proposed process
that were obtained from Douglas’ textbook (Douglas, 1988).

3.4.2. Environmental evalation

Other than economic evaluation, we also investigated the environ-
mental performance of the ED using alternative solvent and compared it
against previous work. Note that the environmental performance eval-
uation was not covered in the work of Wang et al. (2015a). Here, CO,,
emission that are generated from the external utilities such as boilers
and furnance used for steam generation, are used to represent the envi-
ronmental emission and it can be calculated using the reboiler energy
consumption, similar to method employed by existing study (Yang et al.,
2022b), given as:

Qtuet , C
(COZ)emission = (N]—l;:/' x m ¢ (3)

Here, Eq. (4) is used to estimate the consumption of fuel (Qy,e); @ is
the ratio of molecular weight of CO, to carbon; NHYV is the net-heating
value of 39,881 kJ kg~1; and C is the carbon content, respectively.

T, - T,
T —Ts

Q
quel = h_p(Es - 419) X
s

“@

The Q, here refers to the energy consumed by the reboilers in the
process (kJ hr~1); hy and E; are the latent heat of steam and enthalpy
of the steam, respectively (kJ kg™1). The Ty, T,, and T, refers to the
flame, stack, and ambient temperatures, respectively. These parameters
are obtained from previous study by Su et al. (2020).

3.5. Dynamic simulation of the SSED

The steady-state simulation of the proposed ED is converted dynamic
simulation via pressure-driven simulation in Aspen Plus. Prior to the
conversion, all the equipment is sized accordingly. The diameter of the
column tray and pressure drop are determined by Aspen Plus. The tray
spacing is 0.6096 m while the weir height used for both EDC and SRC
is 0.1016 m. The volume of the column base and reflux drum were as-
sumed to be half-filled and have a 10-min holdup time. Once the ED
has been successfully converted to Aspen Plus Dynamics, the inventory
control loops are installed as illustrated in Fig. S2. The distillate and bot-
tom flowrate are manipulated to maintain the level of the reflux drums
and bottom of the columns, respectively. The condenser duty is used
to control the pressure of the condenser for both columns. The fresh
feed and solvent flowrate entering the columns are flow controlled. A
flow ratio is additionally implemented to maintain the solvent to fresh
feed flowrate. Lastly, the cooler temperature for solvent is controlled by
using the cooler duty.

Other than inventory control, the quality control loop is also essen-
tial to maintain the products purities. Contrary to the ED using EG from
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Fig. 6. Residue curve map(s) comparison for the binary azeotropic mixture containing THF and ethanol using DMSO and EG as solvent.
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Fig. 7. Conceptual design for ED using DMSO.

previous study (Wang et al., 2015b), we intend to limit ourselves to
the usage of only the temperature controller because the composition
controller is less preferred in the industry due to its high prices and
difficulty in maintenance. Before installing the temperature controller,
it is necessary to determine the temperature-sensitive tray in both the
EDC and SRC. Today, several techniques have been devised to determine
the temperature-sensitive tray location such as slope criterion (Li et al.,
2013), open-loop sensitivity analysis (Arifin and Chien, 2008), or us-
ing singular value decomposition (SVD) analysis (Zhang et al., 2021a),
with each technique demonstrating its own distinct feature. In this work,
we used the open-loop sensitivity analysis to locate the temperature-
sensitive stage. The open-loop sensitivity analysis was conducted by ap-
plying a little change (e.g. + 0.1%) to the manipulating variables (e.g.
reboiler duty or reflux ratio) in the EDC and SRC. The stage(s) with the
highest AT (i.e. changes in temperature) is identified as the temperature-
sensitive stage. The relative gain array (RGA) analysis is employed to de-
termine the best controller combination when the specific column con-

tains two or more temperature-sensitive stage. Internal model control
(IMC) tuning rule is used to tune all the temperature controllers in this
study. After all the controllers are installed, the control performance of
the proposed process is tested by using + 10% throughput and + 5%
feed composition disturbances.

4. Result and discussion
4.1. Steady-state simulation

4.1.1. Solvent screening

Fig. 6 shows the residue curve map(s) comparison for the binary
mixture containing THF and ethanol using EG and DMSO as solvent.
From Fig. 6, it appears that using DMSO provides the smallest xp value,
which reflect its superiority over using EG as solvent for the separation
of THF and ethanol. Therefore, DMSO is employed as solvent in the ED
for subsequent simulation.
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4.1.2. Conceptual design

The conceptual design for the ED using DMSO is given by Fig. 7.
The total energy consumption of the conceptual ED using DMSO was
found to be 2299 kW, which represent 37% reduction in comparison
to the ED using EG from previous work (Wang et al., 2015a). Such re-
duction in the energy consumption decreases the TOC as less amount
of heating utilities is required, subsequently translate to 35% decrease
in the TAC (i.e. from $ 1.19 million to $ 0.78 million) relative to pre-
vious work. Note that there is no significant difference caused by the
difference in steam heating utility as the proposed ED using DMSO em-
ployed the same steam grade as the ED using EG from previous work.
Other than that, the decrease in TAC can also be attributed to the de-
crease in TCC where the total number of stages for the EDC decrease by
more than halve from 70 stages to 32 stages in the proposed ED using
DMSO. Then, the proposed ED using DMSO provides 37% lower CO,
emission from 1239 kg hr~! to 777 kg hr~! relative to the ED using
EG from previous work. It should be noted that the magnitude differ-
ences in the CO, emission and the energy consumption are analogous,

Q(=-522.18 kW
T=320K

Digital Chemical Engineering 5 (2022) 100060

Table 1
TAC comparison between ED using DMSO (this work) against ED using EG
and PSD (literature).

Parameters Previous work This work

ED using EG PSD ED using DMSO
Total reboiler duty (kW) 3658 3087 2303 (-37% / —25%)"
TAC ($ Million yr1) 1.1978 1.014 0.77 (—36% / —24%)"
CO, emission (kg hr!) 1236 1044 779 (=37% / —25%)"

1 Percentage differece between (ED using DMSO against ED using EG /
ED using DMSO against PSD).

and this is because the CO, emission are almost directly proportional to
the total energy consumption (Eq. (3)). In essence, a lower total energy
consumption generally signifies a lower CO, emission.

4.1.3. Optimised design

The optimisation results for the proposed ED using DMSO is given
by Fig. 8, with the optimised flowsheet displayed in Fig. 9. The total
duration taken for the optimisation process is about 30 h using Intel (R)
Core ™ {7-9700 CPU @ 3.00 GHz and 16 GB memory. After optimisa-
tion, the total number of stages, solvent feed stage, and fresh feed stage
in the EDC (Fig. 9) changed marginally in comparison to the conceptual
design (Fig. 7). As for the SRC, the total number of stages decreased
from 12 stages to 8 stages in the optimised design (Fig. 9) while the
feed location of the SRC in the optimised process remained identical to
the conceptual design.

From Fig. 8, it is apparent that the TAC becomes constant at about
$ 0.7718 million after about 550 iterations, which is about 1% lower
than the initial design (Fig. 7) in Section 4.1.2. The total simulation run
is 700 iterations. The total energy consumed by the optimised process
however is similar to the conceptual design, despite by a higher extent of
about 3 kW. Likewise, similar result was obtained for the CO, emission
where the optimised ED provides identical performance relative to the
ED using EG from previous work.

Altogether, the optimised ED using DMSO provides 37% decrease in
both the energy and the CO, emission relative to the ED using EG from
previous work (Table 1). The TAC for the optimised ED using DMSO
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Fig. 9. Optimum column configuration for the proposed ED using DMSO as solvent.
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Fig. 11. Proposed dual-temperature control structure for ED using DMSO.

also reduced significantly by about 36% from $ 1.197 million to $ 0.771
million with respect to the ED using EG from previous work (Table 1).
In addition to the ED using EG, we also benchmark our proposed pro-
cess against the PSD from previous work (Fig. $3) (Wang et al., 2015a)
since it is the most economical process (i.e. best process) as demon-
strated in previous work. Upon meticulous comparison, it becomes clear

that the proposed ED using DMSO provides 25% reduction in the total
energy consumption and CO, emission. Another interesting observation
was that the high-pressure column of the PSD from previous work only
required medium-pressure steam as heating utility whereas the ED us-
ing DMSO proposed in this work employed high-pressure steam in the
SRC, which provides substantial increase in the unit price for the heat-
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Fig. 13. Tray temperature under + 10% throughput and + 5% composition disturbances.

ing utility by 20% from $ 8.22 per GJ to $ 9.88 per GJ. Note that the
TOC depends on both the reboiler energy consumption and the steam
unit price and in the present case, the decrease in the total energy con-
sumption is much larger than the increase in the steam unit price and
therefore, the proposed ED using DMSO provides a net reduction in the
TOC. In terms of column configuration, it was revealed that the opti-
mised ED using DMSO has less total number of stages for both column,
which provides significant decrease in the TCC. Altogether, the TAC of
the optimised ED using DMSO is lower than the PSD (i.e. best process)
from previous work by about 24%.

Here, it is worth noting that although both the PSD and ED from
previous work have been optimised to their minimum TAC, the op-
timisation algorithm used is different from this work that relied on
PSO, which may affect the result comparison. Nonetheless, we believe
that the difference would be marginal because it has been shown in
Section 4.1.2 that the conceptual design of our proposed process (i.e.
ED using DMSO) is already significantly better than that of the ED from
previous work by about 37%, 35%, and 37% in energy, TAC and CO,
emission, respectively, prior to optimisation.

4.2. Dynamic simulation

The results of the open-loop sensitivity analysis for the ED using
DMSO is depicted in Fig. 10.

It appears that the EDC has two temperature-sensitive regions
(Fig. 10). The first region is in between stage 3 to stage 12 while the
second region is located below stage 12 (i.e. stage 12 to stage 30). In
the first region, stage 9 displayed the highest change in temperature and
therefore is selected as the first control point. As for the second region,
both positive and negative changes to the reboiler duty and reflux ratio
correspond to an asymmetric profile. It was observed that stage 20 and
stage 24 displayed the highest changes in temperature (Fig. 10) and to
seek balance between both stages, stage 22 was selected as a middle
point for the temperature control using reboiler duty. If the products
purities under both throughput and feed composition is unacceptable,
a more complicated control structure such as dual temperature control
or average temperature control would have to be used. The usage of
composition controller to manipulate the solvent-to-feed ratio as in the
case of previous work can also be considered. To further support the re-
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liability of such pairing, RGA analysis was conducted and results shows
that stage 9 should be paired with reflux ratio and stage 22 should be
paired with reboiler duty. For the SRC, there is only one sensitive tray
temperature and therefore, we decided to control it using the reboiler
duty while the reflux ratio is fixed at their steady-state value. The result-
ing proposed control structure for the proposed ED using DMSO is given
in Fig. 11. The effectiveness of the control structure is tested in using +
10% throughput and +5% composition disturbances and the results are
displayed in Figs. 12 and 13.

From Figs. 12 and 13, all the purities returned to a value close the
original setpoint of 99.9 mol.% under both throughput and feed compo-
sition disturbances in less than 3 h, which reflects the effectiveness of
the proposed control structure. The largest offset occurred in the THF
purity where it drops to 99.87 mol.% during the +10% throughput dis-
turbance but such offset in our opinion was still within the acceptable
range since the proposed control structure does not rely on any compo-
sition controller as in the case of previous work (Wang et al., 2015b).
In terms of tray temperature control, the proposed control structure can
return the temperature back to their desired values under 3 h, which
again reflect the outstanding control performance of our proposed pro-
cess. Here, one observation from Fig. 13 worth pointing out was that
there is a drop in tray temperature at the bottom of the EDC (i.e. stage
22) and SRC (i.e. stage 4) during the +10% throughput disturbance,
which affects the products purities substantially. To maintain the prod-
ucts purities at their desired specification under positive throughput dis-
turbance, the reboiler heat duty must be increased, and this can be per-
formed through the temperature controller. On the other hand, the re-
boiler temperature must be reduced when there is negative throughput
disturbance because such disturbance increases the tray temperature at
the bottom that affects the products purities. For the same reason, sim-
ilar observation was made for the tray temperature on top of the EDC
(i.e. stage 9), although the tray temperature for column top showed a
symmetrical performance relative to the column bottom. Similar obser-
vations were seen when the system is subjected to both positive and
negative feed composition disturbances. Overall, the control structure
is considerably effective since it can withhold the product purities and
temperature very close to their desired value under minimum transient
time.

5. Conclusion

In conclusion, we revisited the ED using EG proposed by previous
work for the recovery of binary azeotropic mixture containing THF and
ethanol and proposed the usage of DMSO as an alternative solvent to im-
prove the economic, environmental, and control performance. The suit-
ability of the DMSO as an alternative solvent was preliminary screened
and compared against using EG from previous work using the residue
curve map(s). Then, the ED using DMSO was conceptually design by
manipulating all the design variables until the minimum product speci-
fications (i.e. purity) are achieved. The proposed design is further opti-
mised using PSO to obtain the optimal flowsheet and the performance
is compared against using EG from previous work based on the TAC and
CO,, emission. Overall, the optimised ED using DMSO provides 36% and
37% lower TAC and CO, emission in comparison to the ED using EG
from previous work. In addition, we also benchmark the proposed ED
using DMSO against the PSD from previous work and concluded that the
proposed process provides 24% and 25% lower TAC and CO, emission
with respect to the PSD (i.e. best process) from previous work. Other
than steady-state simulation, we also developed a control structure that
is capable of handling + 10% throughput and + 5% feed composition
disturbances. The proposed control structure in the present work which
rely solely on the temperature controller is considerably effective in
maintaining the products purities and tray temperature of the columns
in comparison to the control structure for the ED using EG from previous
work, which required the usage of the composition controller. To fur-
ther enhance the performance of the separation process and reduce the
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energy consumption, we recommend to explore on the potential appli-
cation of energy intensified processes for the proposed ED using DMSO
in the future.
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