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A B S T R A C T

This study explores the design of a reactive distillation system and that of a heterogeneous azeotropic
system by incorporating dividing-wall column (DWC). The first system involves the esterification of
mixed acid (acetic acid and propionic acid) with methanol. Simulation studies are carried out for
conventional reactive distillation sequence as well as for reactive dividing-wall distillation system. Both
systems are optimized by an iterative optimization procedure. Optimal design results show that the
reactive dividing-wall system saves steam consumption by 45.2% and reduces total annual costs (TAC) by
34.5%. The second case investigated is a heterogeneous azeotropic distillation system involving
dehydration of crude isopropyl alcohol with cyclohexane as entrainer. Two optimal separation systems
are generated, including one with a single-dividing wall column and one with a double-dividing wall
column. In comparison with an energy-efficient azeotropic distillation sequence containing two
stripping columns by Chang et al. (2012) [1], simulation results show that the former two systems can cut
steam usage further by 6.0%. The two systems save about 5.4–6.1% in terms of TAC. DWCs prove to be
superior to the convention distillation systems with respect to both cost and energy efficiency.

ã 2014 Elsevier B.V. All rights reserved.

1. Introduction

Process intensification is a design philosophy that deliberately
integrates different processes into a single operation to reduce
energy consumption and capital investment, as well as to achieve
environmental and safety benefits. It represents an important
trend in chemical engineering and process technologies and has
attracted increasing attention in the industry and research
community. Due to dwindling energy supplies and fluctuating
oil prices in recent years, the development of energy-saving
processes has become an important issue. In the chemical process
industry, distillation is undoubtedly the most energy-intensive
separation process utilized in practice. It consumes approximately
3% of the energy in the world [2]. Motivated by this large energy
requirement for distillation, much research effort has been focused
on the thermal coupling between the distillation columns in series
for the separation of multi-component mixtures. Thermally
coupled distillation provides potential energy saving of around
30% with respect to conventional distillation trains by

implementing the interconnection of liquid and vapor streams
between two columns. Capital cost can be further saved if these
two columns with thermal coupling are integrated into one shell.
This alternative to conventional columns is recognized as a
dividing wall column (DWC). A DWC is achieved by inserting a
vertical partition wall in a column shell. It is thermodynamically
equivalent to the Petlyuk distillation column. Because of the
considerably low requirement on capital investment and operating
cost, the DWC has received increasingly more attention since the
world’s first DWC was successfully established by BASF in 1985
[3,4]. Recently, Dejanovi�c et al. [5] gave a comprehensive overview
of DWCs, covering both the theoretical description and the patent
area. Yildirim et al. [6] reviewed current industrial applications of
DWCs and related research activities. According to Schultz et al. [7],
the DWC will become a standard distillation tool in the next
50 years.

Reactive distillation (RD) has attracted much attention in the
last two decades due to its potential for improved capital
productivity, improved selectivity, increased reaction conversion,
and reduced energy usage by combining reaction and separation
into a single column. Research on RD has been comprehensively
reviewed [8–10]. More than 100 industrially or potentially
important reactions for RD applications were surveyed [9]. From
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the book of Luyben and Yu [10], there were 1105 related
publications and 814U.S. patents between 1971 and 2007. Luyben
and Yu also highlighted 236 reaction systems, which can be
designed by RD configurations. The above references show the
importance of RD technology in industrial applications. This useful
technology is now being applied for any scale of operation from
manufacture of fine chemicals to that of bulk chemicals.

RD and dividing wall distillation are two promising technolo-
gies achieving substantial economical benefits from process
intensification. Recently, a new intensification scheme known as
reactive DWC (R-DWC) has been proposed by combining these two
technologies. R-DWC represents a combination of a reactor and a
separation unit in one DWC. It is a highly integrated operation and
has been investigated in numerous reaction systems, such as fatty
ester synthesis [11–15], transesterification reactions [16–21], ethyl
acetate synthesis [22], isopropyl acetate synthesis [23], DMC
synthesis [24], methyl acetate hydrolysis [25]. In reactive DWCs,
reactive systems with more than two products, non-reacting
components or excess reactants can be separated.

Heterogeneous azeotropic distillation is commonly used in
industries to separate close boiling point mixtures and azeotropes
by using an additional entrainer to alter the relative volatility of the
components to be separated. The conventional heterogeneous
azeotropic distillation sequence usually includes an azeotropic
column and a recovery column. In principle, it is possible to
combine heterogeneous distillation with the DWC concept. Up to
now, only few papers about azeotropic DWC (A-DWC) have been
published [26–28].

With the continued growth of the chemical industry, disposal
of an increasing quantity of hazardous industrial wastes
oftentimes poses a challenge. In some cases, industrial wastes
may contain appreciable concentration of mono-carboxylic acids
such as acetic acid (HAc) and propionic acid (HPr). There is, in fact,
a dire need in a local chemical plant to remove these substances.
To efficiently recover these two acids from a waste stream in the
plant, RD is used as the first investigated case in the study to yield
methyl acetate (MeAc), methyl propionate (MePr), and water by
reacting these two acids and methanol (MeOH). Simulation
studies are carried out for conventional RD sequence as well as for
reactive dividing-wall distillation system. Both systems are
optimized by an iterative stepwise optimization procedure. The
second case being investigated is the heterogeneous azeotropic
distillation for the dehydration of crude isopropyl alcohol (IPA).
IPA is widely used in the semiconductor industry as a cleaning
agent, thus its recovery from a waste solvent stream is worthy of
detailed study. This waste solvent stream contains mainly IPA and
water which form a minimum-boiling azeotrope and, thus, is
difficult to separate. In the heterogeneous azeotropic distillation,
cyclohexane (CyH) is used as an entrainer. Two optimal
separation systems are generated in a manner similar to that
used for the RD system, including one with a single-dividing wall
column and one with a double-dividing wall column. Our
simulation results will demonstrate that a R-DWC and an A-
DWC by incorporating dividing wall concept in a RD and an
azeotropic distillation, respectively, are superior to their corre-
sponding conventional distillation systems with respect to both
cost and energy efficiency.

2. Case 1: design of a mixed acid esterification and purification
system

2.1. Problem statement

The first process being looked into involves the esterification of
amixed acid feedwithMeOH to yieldMeAc,MePr, andwater (H2O)
through a conventional RD sequence system and a R-DWC system. Ta
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