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a b s t r a c t

Advanced reactive distillation technologies (ARDT) are often overlooked during process

synthesis due to their complexity. This work proposes the use of operating windows with

additional features to identify suitable operating limits for ARDT. Data needed to con-

struct the operating windows are thermodynamic properties, kinetic parameters, con-

straints of materials and experimental methods, and heuristics. In addition, two new

concepts are proposed to represent complex features: representative components and a

sliding window. Results include the identification of suitable operating limits for ARDT to

help assess their feasibility early in process design. The proposed approach is demon-

strated by case studies. Methyl acetate production can be carried out at low pressures

(0.5–3.6 atm), while lactic acid purification requires vacuum conditions (0.3–0.8 atm) to

avoid thermal degradation. Tert-amyl methyl ether production was evaluated in two

scenarios where the effect of side reactions is evidenced in a reduction of the reaction

window due temperature limits to favour the main reaction over side reaction. This study

is the first to evaluate advanced reactive distillation technologies using a graphical re-

presentation in an operating window to aid process synthesis, where the results provide

key selection insights.

© 2022 The Author(s). Published by Elsevier Ltd on behalf of Institution of Chemical

Engineers. This is an open access article under the CC BY license (http://creative-

commons.org/licenses/by/4.0/).

1. Introduction

Sustainable development is essential for the progress of
chemical process industries. The search for efficient che-
mical processes looks beyond revenue and quality to con-
sider environmental and social impacts (Azapagic et al.,
2006). Therefore, innovation is needed in process design
practice. Process Intensification (PI) can substantially im-
prove energy and material efficiency, costs, process safety

and waste reduction (Moulijn and Stankiewicz, 2017). PI
theory and guidelines in design and innovation can con-
tribute to the realisation of the Sustainable Development
Goals (Harmsen and Verkerk, 2020). Reactive distillation (RD)
is a successful example of PI that combines reaction and
separation in a single unit. The separation is improved as
reaction overcomes azeotropes, and the reaction improves
because the separation helps overcome chemical equilibrium
and improves reaction rates, conversion, and selectivity due
to the constant removal of the reaction products. The
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advantages of RD include capital and operating cost savings,
smaller plant footprint, fewer recycled streams, and better
environmental performance (Sundmacher and Kienle, 2003;
Kiss, 2017). However, RD requires that the reaction and se-
paration take place under similar operating conditions, re-
presented using ‘operating windows’ (Luyben, 2013; Orjuela
et al., 2016). Advanced reactive distillation technologies
(ARDT) combine the principles of RD and additional in-
tensification techniques that could extend the range of op-
erating conditions and expand the applicability of RD (Kiss
et al., 2019).

An operating window is a graphical representation that
links material streams’ properties and process units to
identify feasible operation regions. Typical operating window
boundaries include pressure, temperature, pH value, re-
sidence time or concentration (Schembecker and Tlatlik,
2003; Recker et al., 2015). The combination of pressure and
temperature allows evaluating equilibrium data associated
with separations, reaction kinetics and the mechanical de-
sign of equipment. Operating windows are commonly used
to identify potential economic trade-offs and to reduce the
design space (Tylko et al., 2006; Recker et al., 2015). Limiting
the number of process alternatives can inform future ex-
perimental and modelling work (Leng et al., 2012; Steimel
et al., 2014) or help define design specifications for evolu-
tionary search optimisation (Steimel et al., 2013). Regarding
existing processes, operating windows allow to evaluate the
flexibility of boundary conditions to meet production targets
safely (Leng et al., 2012; Riese and Grünewald, 2020). For
combined reaction-separation operations, operating win-
dows have been used to evaluate the feasibility of RD (Orjuela
et al., 2016; Kiss, 2019).

Operating windows are built using basic information ty-
pically accessible in the literature (Tylko et al., 2006), such as
experimental data, shortcut or rigorous models (Steimel
et al., 2014). Holtbruegge et al. (2014) and Kraume et al. (2022)
agree that experts’ experience is fundamental to establish
operating windows, particularly regarding pressure limits.
Although engineers’ knowledge can significantly reduce the
effort of gathering information to support decision-making,
Steimel et al. (2014) showed that the use of operating win-
dows facilitates the collaborative collection of information.

The overlap between the reaction, separation and appa-
ratus operating windows determines the feasibility of a
flowsheet (Schembecker and Tlatlik, 2003; Kiss, 2019). Tylko
et al. (2006) provide a graphical description of the level of
integration of functionalities based on the overlap of the
reaction and separation windows (Figure S1, Supplementary
Information). A downside of high integration of functionalities
is the loss of degrees of freedom, such as requiring the re-
action and separation pressures to be the same
(Schembecker and Tlatlik, 2003; Tylko et al., 2006). Other
trade-offs include increasing temperature to enhance the
reaction, which could be detrimental to the catalyst (Hessel
et al., 2014), and reducing pressures to avoid thermal de-
gradation but requiring larger equipment (Kiss, 2019). The
most common approach to expanding operating windows is
to adjust operating conditions to create an intersection that
can lead to a partially integrated configuration. For example,
Steimel et al. (2013) proposed the introduction of a ‘virtual’
unit to change temperature or pressure to allow more over-
lapping between functions. Exploring more extreme process
conditions, Hessel et al. (2014) proposed the ‘novel process
windows’ concept that uses dimensions such as length and

time and is particularly suited for microreactors and spin-
ning disc reactors. Other efforts to expand operating win-
dows of RD include additional driving forces (membranes),
novel catalysts (enzymes) and alternative forms of energy
(microwaves) (Werth et al., 2015).

Focusing on the development of generalised design tools
for reactive-separation systems, an earlier attempt to tackle
multicomponent systems was based on the element concept,
proposed by Pérez Cisneros et al. (1997). The element concept
considers repetitive parts of a molecule as one element, and
these elements are used instead of components to find si-
multaneous chemical and physical equilibrium. Li et al.
(2016) proposed a modified fixed-point method using the
element concept as a simplification strategy to allow a gra-
phical representation of systems containing four elements
(which could include an inert) taking into consideration the
effects of temperature on reaction and separation. The
modified fixed-point method is applied for conventional RD
design, where input values such as operating pressure,
Damköhler number, inlet and outlet streams are required.

This work is the first to expand the boundaries of oper-
ating windows for RD by incorporating new features to as-
sess ARDT and potential operating conditions in the early
stages of process design. A simplification strategy termed
‘representative component’ is proposed to analyse multi-
component mixtures and identify the components that can
potentially affect the operation. The vapour pressure curves
of the lightest and heaviest representative components pro-
vide boundaries for the operating window. Another concept
proposed to construct the operating window is the addition
of a ‘sliding window’ of fixed width that moves along the
temperature axis to mark potential operating points.

The basis for constructing the operating window com-
prises thermodynamic and kinetic data (e.g., vapour pres-
sure, reaction rates), heuristics (e.g., avoid refrigeration) and
constraints of material and experimental methods (e.g., de-
gradation temperatures), previously proposed in a con-
ceptual framework (Pazmiño-Mayorga et al., 2022). Findings
of operating windows include identification of suitable
ranges for operating conditions and insights to appraise
ARDT during process synthesis. Results from the application
of this study contribute to development of novel efficient
processes, while engineering time could be reduced by ra-
pidly analysing the design space and providing initial values
that could be used in detailed models, rigorous simulations
or superstructure optimisation approaches.

Firstly, this paper briefly reviews five ARDT in scope.
Then, it describes the construction of the operating window,
including the selection of ‘representative components’ and
the use of a ‘sliding window’. Finally, case studies for methyl
acetate production, lactic acid purification and tert-amyl
methyl ether production demonstrate the application of the
operating windows.

2. Technical overview of advanced reactive
distillation technologies

Reactive distillation is generally classified in the functional
domain as an example of synergy generated by the combi-
nation of reaction and separation. Additional intensification
features of ARDT provide new capabilities that can be cate-
gorised in other PI domains: spatial, temporal, thermo-
dynamic and functional (Stankiewicz et al., 2019). Fig. 1
highlights the additional governing PI domains for five ARDT,
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along with a brief description. Key attributes of each ad-
vanced technology that could expand the applicability of RD
are summarised as follows: a) In a reactive dividing-wall
column (R-DWC), the location of a side stream in different
stages allows the composition of the liquid phase to be ad-
justed, hence changing the driving forces for reaction and
separation. It also allows the recovery of unreacted compo-
nents in side streams. b) In catalytic cyclic distillation (CCD),
longer residence times can significantly help relatively slow

reactions and operation at milder temperatures. c) In re-
active high-gravity distillation (R-HiGee), short residence
times can avoid undesirable series of reactions. d) In reactive
internally heat-integrated distillation (R-HIDiC), the stripping
section at low pressure (heat sink) and the rectifying section
at high pressure (heat source) allow significant heat in-
tegration, by partitioning and shifting the pressure window.
e) In membrane-assisted reactive distillation (MA-RD), the
membrane overcomes azeotropes or miscibility gaps to aid
separation.

3. Methodology and approach

This section first proposes the ‘representative components’
and the ‘sliding window’ as new features to assess advanced
reactive distillation technologies. Then, the procedure for
building and interpreting the operating window over a tem-
perature vs pressure diagram is presented. Finally, the scope
and limitations of the proposed approach are discussed.

3.1. New features for advanced reactive distillation
assessment using operating windows

3.1.1. Representative components
A new concept, ‘representative components’, is proposed to
account for relevant species while facilitating analysis of
process options because of the complexities of multi-
component mixture behaviour. In order to identify the ‘re-
presentative components’, three parameters are used for
evaluation: nature of the component, amount, and vapour-
liquid equilibrium data (if available). Finally, the lightest and
heaviest ‘representative components’ are identified as the
'light representative' (LR) component and the 'heavy re-
presentative’ (HR) component, respectively, whose vapour
pressures provide boundaries to the operating window.

3.1.1.1. Nature of the component. Components in the feed
and produced by reactions can interact. To find a balance
between representing the complexity of a multicomponent
system and ease of analysis, the nature of the component
helps identify interactions (e.g., reaction, dilution)
considering their potential effects. All the components
participating in the system need to be identified and
categorised as reactants, products, intermediate products,
byproducts or impurities (whether reactive or inert) using the
following guidelines:

• Reactants and products are those involved in the principal
reaction, meaning that they are the basis to provide rev-
enue, or they are the target components of the operation.

• Intermediate products occur when the main product is
produced after a series of reactions. Therefore, inter-
mediate products could be assumed to remain within the
reaction-separation system and excluded from the com-
position of outlet streams. This is to ensure that inter-
mediate products can be obtained in the liquid phase
when producing the main product. A special case of in-
termediate products is when the forward and reverse re-
actions are needed in an equilibrium-limited reaction;
hence the initial reactant is also the product of interest.

• Byproducts result from parallel or series reactions, which
are typically undesired.

• Impurities can be identified as reactive or inert. When
present in large quantities, they usually increase costs as

Fig. 1 – Advanced reactive distillation technologies and
their governing process intensification domains.
Adapted from Quarderer et al. (2000); Lutze and Gorak
(2013); Kiss et al. (2019).
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larger equipment is needed and more energy is used for
separation (Smith, 2016). Substituting for the complexity
of multicomponent mixtures, some impurities could be
discarded and lumped with others to denote a light inert, a
heavy inert, or a potentially reactive component. Different
scenarios could then be established to evaluate different
assumptions (e.g., stoichiometric vs excess reactant, par-
tial vs complete conversion, side reactions, byproduct
formation) because their interactions could influence the
location of the operating window boundaries.

3.1.1.2. Amount of component. If byproducts or impurities
are present in a relatively large amount to that of the main
components, they are identified as representative
components because of their potential impact on heating/
cooling duties and the size of equipment. In contrast, if a
component is expected to appear in a low quantity (e.g., an
inert trace component, a limiting reactant that is largely
consumed or a byproduct of slow side reactions), its potential
interactions need to be further evaluated using the vapour-
liquid equilibrium criterion.

3.1.1.3. Vapour-liquid equilibrium. Gaseous components are
disregarded when identifying the representative
components because they are not likely to condense and
only participate in the reaction while in the liquid phase and
in contact with the catalyst. Therefore, the vapour pressure
of a gaseous component does not provide boundaries for the
region where liquid and vapour can coexist. Regardless of the
nature and amount, the remaining components are
evaluated to determine whether they affect the relative
volatility (e.g., promoting azeotropes). If so, these
components are identified as representative components.

3.1.1.4. Selecting the light and heavy representative
components. The decision-making flowchart in Fig. 2
suggests how to identify the ‘representative components’.
The lightest and heaviest are categorised as the ‘light
representative (LR)’ and the ‘heavy representative (HR)’
components, respectively, whose vapour pressures provide
boundaries for the operating windows. The identification of
the light and heavy representative components is relevant
because it allows understanding the complexity of the
system and then facilitates a more accessible
representation for further analysis. As such, the
temperature difference between the LR and HR components
defined for a reference pressure (denoted by ΔTb) becomes
characteristic of the chemical system. The ΔTb can provide a
benchmark to construct the operating window (i.e., sliding
window in the next section), identify the hot and cold
boundaries of the system and guide the selection of
technology. The procedure for identifying the
representative components uses three relevant
characteristics: nature of the component, amount, and
vapour-liquid equilibrium data. Note that other issues such
as thermal and chemical stability and safety hazards are not
considered; therefore, constraints related to materials and
experimental methods are introduced later.

3.1.2. Sliding window
The ‘sliding window’ concept is drawn from the idea of a
window containing two panels, one fixed and the other that
slides horizontally. The value of ΔTb defines the width of the
sliding window, as illustrated in Figure S2 in the

Supplementary Information. The intersection of the sides with
the vapour pressure curve of the light (or heavy) re-
presentative components allows detecting suitable operating
points. The ΔTb is important because it is a characteristic of
the chemical system and could be used while searching for
suitable operating regions for reaction and separation.

3.2. Operating windows to evaluate advanced reactive
distillation technologies

3.2.1. Input data required to construct the operating windows
3.2.1.1. Physical property data for the components in the
chemical system. The driving force for separation in
distillation is the difference in volatility of different

Fig. 2 – Flowchart to identify the representative
components.
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components. The volatility is characterised by the K-values
of each component, which depends on pressure and
temperature. Thus, boiling points can be used as a proxy to
assess the ease of separation. Initially, boiling points at a
single pressure (e.g., atmospheric or other reference
pressure) are collected to facilitate analysis, arranging the
components in order of increasing boiling point. For non-
ideal systems, the order may change with pressure.
Therefore, this step may need to be revisited later if a
different pressure is identified as more suitable. Vapour
pressure data at different temperatures are collected for
the light and heavy representative components. These
values provide boundaries for the region where liquid and
vapour coexist and separation could occur. The critical
temperature and pressure provide boundaries for the
operating window only when the operating points are
located near the critical region. Otherwise, these
boundaries are not relevant.

3.2.1.2. Kinetic parameters for the main and side
reactions. According to the Arrhenius law, reaction rates
depend heavily on temperature. This is relevant for liquid
phase reactions involved in RD because of the overlap
needed with the separation window. A special case
considered in this work is the occurrence of undesired side
reactions, which need to be prevented. During process
synthesis, obtaining kinetic data is challenging because of
the variables involved (e.g., catalyst type and formulation,
experimental conditions) and the variety of experimental
methods, analytical techniques and regression models used.
As a result, kinetic parameters can be expressed in different
dimensions or bases, making comparison difficult. To
represent the main and side reactions in the construction
of the operating window, the reaction rate constant is
selected using the mass of catalyst as a basis to facilitate
comparison. Kinetic parameters – pre-exponential factor and
activation energy – are used to determine the reaction rate
constant at different temperatures. Reaction rate constants
for the main and side reactions are plotted using a secondary
vertical axis when building the operating windows. An
intersection between the reaction rate curves could help
identify a temperature boundary to enhance the main
reaction while preventing byproduct formation.

3.2.1.3. Material constraints and limitations of experimental
methods. In addition to the separation and reaction
windows, thermal resistance and pressure rating of
materials must be considered when constructing the
operating windows. Here, materials refer to the
components (e.g., reactants, products), catalysts and
materials of construction (e.g., for vessels, column
internals, membranes). Thermal degradation (or
decomposition) is evaluated experimentally. For
commercial catalysts, the decomposition temperature is
usually provided by the vendor. For catalysts under
development and chemical compounds, thermal
decomposition studies could provide a reference
degradation temperature. In terms of the operating
window, this means that the lowest degradation
temperature in the system restricts the operating points.
To identify the operating limits for materials of construction,
process design guidelines are used (e.g., operating pressure
between 1 and 10 bar, temperatures between 40 and 260 °C)
(Turton, 2018). Operation outside these ranges is possible, but

operational and economic trade-offs need to be considered.
In addition, atmospheric pressure is denoted on the
operating window because it facilitates identifying
restrictions to operate under vacuum. Among the
technologies evaluated, CCD cannot operate below
atmospheric pressure due to restrictions inherent to the
construction and operation of the internals (Kiss, 2013;
Maleta et al., 2015, Patrut et al., 2014). The design of
internals for HIDiC might constrain pressure drop
allowances; however, vacuum operation could be
performed (Campbell et al., 2008).

Experimental methods constraints involve models used to
describe kinetics and phase equilibria. These models are ty-
pically produced following laboratory procedures within a
range of validity (e.g., temperature, concentration). Working
outside these ranges could lead to unfeasible operating
points, hence providing misleading outcomes to guide the
selection of technologies.

3.2.2. Construction of the operating windows
Relationship between the input data and a systematic guide
for constructing the operating window is explained graphi-
cally in Figure S3 in the Supplementary Information, and the
main features of the operating window are illustrated in
Fig. 3. Once the information regarding the system is gath-
ered, vapour pressures of the light and heavy representative
components are plotted over the temperature vs pressure
diagram. Points between these two curves represent condi-
tions where vapour-liquid separation could complement a
liquid-phase reaction. Critical temperature and pressure
could be added if necessary.

A secondary axis is used to represent the reaction rate
constant of the most relevant main and side reactions. This
is important because a temperature limit where one reaction
is enhanced over the other could be identified, which would
suggest potential boundaries for the reaction window. This
limit is represented as a vertical line at the intersection be-
tween the two reaction rate curves indicating the tempera-
ture where a shift occurs.

Materials constraints and experimental methods limits
are presented as straight lines. Vertical lines indicate the
degradation temperature for the catalyst or components and
the range of validity of models to estimate vapour pressures
or reaction kinetics. Horizontal straight lines denote opera-
tion above and below atmospheric conditions or limitations
of the apparatus.

The sliding window – a dashed box with two panels –
moves along the temperature axis. The location of the left
side is set by the use of cooling water at approximately
20–30 °C, which is orders of magnitude cheaper than re-
frigeration, whereas the right side aims to avoid thermal
degradation while using typical steam levels: low-pressure
steam (3–6 bar) at 120–150 °C, medium-pressure steam
(10 bar) at 180 °C and high-pressure steam (40–50 bar) at
250–265 °C (Smith, 2016). The flowchart and explanation in
Figure S4 in the Supplementary Information provide further
information.

Finally, the operating window is presented as a shaded
region in Fig. 3, including the main features providing
boundaries and regions that could aid the selection of tech-
nologies. Values for operating conditions that can be read
from the operating window are:
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• Operating pressure: Found at the intersection of the left
side of the window and the vapour pressure curve of the
light representative component.

• Condenser temperature: Typically, this value lies between
40 and 60 °C based on the use of cooling water unless an
alternative boundary is more favourable.

• Reboiler temperature: Typically, this value lies between
150 and 245 °C based on the use of different steam levels
unless the degradation temperature of a component pro-
vides a boundary at a lower temperature.

• Maximum temperature in the reactive section: Defined by
the degradation temperature of the catalyst, or the
thermal degradation of a component (if lower than the
former).

• Rectifying and stripping sections: Identified towards the
cold and hot ends of the window. The reactive section
could be located in either or both sections.

A special case, when ΔTb is less than 60 °C, can exploit
vapour recompression within economic limits for non-re-
active HIDiC (Kiss and Olujić, 2014). This heuristic is extended
to assess R-HIDiC by using two sliding windows at different
pressures to identify a stripping section bounded by a low
pressure and a rectifying section by a high pressure. The
right side of the first sliding window – to locate the stripping
section – uses the intersection between atmospheric pres-
sure and the vapour pressure of the heavy representative
component. To locate the rectifying section, a second sliding
window is defined by applying a pressure ratio of 1.3–3 to
avoid excessive compression costs (Suphanit, 2010). A de-
tailed flowchart for the location of the two sliding windows is
shown in Figure S5 in the Supplementary Information. The
operating conditions that could be identified from the two
operating windows are:

• The stripping section at low pressure is associated with
the reboiler temperature to complement heating, if re-
quired.

• The rectifying section at high pressure is associated with
the condenser temperature to complement additional
cooling.

• The reactive section is identified using the degradation
temperature boundaries.

These operating conditions can be used to initialise de-
tailed models to assess the performance of a technology in a
later stage of process design.

3.3. Scope and limitations of the operating windows

The operating windows are used to expand the applicability
of reactive distillation through advanced technologies, fo-
cusing on systems featuring an equilibrium-limited reaction
in the liquid phase or fast solid-catalysed reactions where a
stripping gas reacts in the liquid phase and rapid removal of
reaction products is needed. A special application for fluid
separations occurs when adding a suitable ‘reactive separ-
ating agent’ – analogous to a (non-reactive) mass separating
agent typically used in fluid separations – that promotes an
equilibrium-limited reaction that facilitates the separation.

Considerations that are not captured when constructing
the operating windows include the inability to fully explore
the heat integration opportunities (Steimel et al., 2014),
miscibility information (particularly for liquid-liquid sys-
tems) and economic assessment (Kraume et al., 2022). Also,
the application of operating windows is typically limited to
processes without recycles (Recker et al., 2015; Steimel et al.,
2013), hence the iterative nature of the procedure to devise a
feasible solution (Schembecker and Tlatlik, 2003). The pro-
posed methodology does not cover the potential for foaming,
corrosion and polymerisation, which could be assessed in a
later stage of detailed design. Collectively, the technical
feasibility and economic benefit of a configuration elucidated
in an operating window is not guaranteed, hence the need
for further evaluation of the overall process performance.

4. Case studies to illustrate the construction
of operating windows

Three case studies are used to demonstrate the proposed
approach. Basic information data, boiling points and critical
properties may be retrieved from Aspen Plus databanks.
Details are presented in the Supplementary Information. To
provide a simple way to verify the outcomes of the operating
windows, results from studies in the literature are used for
comparison. Single values from various experimental, mod-
elling, simulation and optimisation studies are compared

Fig. 3 – Main features of the operating windows.
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with the range of operating bounds found from the operating
windows. This is particularly relevant for novel technologies
where pilot or industrial scale data are sparse, and isolated
efforts studying individual technologies were not clearly
linked to process synthesis.

4.1. Case study 1: methyl acetate production

4.1.1. Description of the methyl acetate system
Methyl acetate production represents an industrially re-
levant esterification process with azeotrope formation,
which has been widely studied. Methyl acetate is the lightest
organic ester, soluble in most common organic solvents.
Applications include use as a process solvent and precursor
in the synthesis of pharmaceutical intermediates (Berre
et al., 2014). Eastman developed industrial production of
methyl acetate production by RD in the early 1990s. This case
study explores the esterification of methanol and acetic acid
using a solid catalyst (Amberlyst 15). The feeds are pure
acetic acid and methanol. Reactions involved in the system
include the esterification of acetic acid with methanol (1) and
the dehydration of methanol into dimethyl ether (DME) (2).
Table S1 in the Supplementary Information presents the kinetic
parameters for both reactions. The system exhibits two low
boiling azeotropes: methyl acetate–methanol and methyl
acetate–water. The ester product is usually removed as the
methanol–methyl acetate azeotrope that needs further pro-
cessing. Methyl acetate is sold at different specifications (97
%wt., 99.5 %wt., 95 %wt.) depending on the application
(Wacker, 2022).

+ +C H O CH O C H O H O
acetic acid methanol methyl acetate water

2 4 2 4 3 6 2 2

(1)

+CH O C H O H O
methanol dimethyl ether water

4 2 6 2

(2)

4.1.2. Operating windows applied to methyl acetate
production
Table 1 presents basic property data and the nature of the
five components in the system, listed in increasing boiling
point order. DME is not identified as a representative com-
ponent due to its low boiling point. The next low-boiling
component, methyl acetate, is identified as the light re-
presentative component, while acetic acid is the heavy re-
presentative component. The reaction rate constant for DME
production is lower than that for methyl acetate, hence the
reaction rate curve for the side reaction briefly appears in
Fig. 4, indicating that DME will form at low rates. Additional
boundaries are the degradation temperatures of the catalyst
at 120 °C and of acetic acid at 230 °C. As a result, 120 °C is the

maximum reaction temperature, although separation could
occur at higher temperatures. The temperature difference
between methyl acetate and acetic acid is approximately
61 °C. The left side of the sliding window (represented with a
vertical dashed line in Fig. 4) starts at 40 °C and moves up to
60 °C. The final position of the right side is the maximum
reaction temperature (120 °C). However, the sliding window
can still move rightwards because higher temperatures could
be exploited for separation only, for example, up to 160 °C, so
that low-pressure steam can be used.

The intersection between the vapour pressure curve of
the light representative component and the left sides of the
sliding window suggests a range of operating pressure be-
tween 0.53 and 3.57 atm. The condenser temperature ranges
from 40° to 99 °C, and the reboiler temperature from 101° to
160 °C. All boundaries needed to identify the operating
window are shown in Fig. 4, where the reactive and non-re-
active sections are shaded. The operating bounds for the
methyl acetate system are summarised in Table 2.

4.1.3. Verifying operating bounds for the methyl acetate
system
The results of this case study indicate that simultaneous
reaction and separation for methyl acetate production can be
carried out under conventional operating conditions, with
only part of the range of pressures requiring vacuum. These
findings, while preliminary, provide initial estimations about
utilities and construction arrangements that may be con-
sidered in detailed designs. In addition, an opportunity to

Table 1 – Methyl acetate production: basic property data and nature of the components.

Components Nature NBP
(°C)

Critical temperature
(°C)

Critical pressure
(atm)

Degradation temperature
(°C)

Dimethyl ether Byproduct -24.8 127.9 53.3 –
Methyl acetate (LR) Product 56.9 233.4 46.9 727a

Methanol Reactant 64.7 239.4 79.8 –
Water Byproduct 100.0 373.9 217.8 –
Acetic acid (HR) Reactant 117.9 318.8 57.1 230b

a Porterfield et al.(2017).
b Li et al. (2017).

Fig. 4 – Operating windows for the methyl acetate system
(Pv LR: vapour pressure of the light representative
component, Pv HR: vapour pressure of the heavy
representative component, R1: reaction rate constant for
main reaction, S1: reaction rate constant for side reaction,
Rx: reactive zone, Non-Rx: non-reactive zone, PH: high-
pressure boundary, PL: low-pressure boundary, Tmax:
maximum reaction temperature).
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expand the reaction window is easily identified from Fig. 4,
where catalysts offering greater thermal stability could shift
the temperature limit imposed by degradation. The oper-
ating bounds found are consistent with the pressure of
1.2 atm reported by Al-Arfaj and Luyben (2002), while Pöpken
et al. (2001) used pressures of 0.2–0.98 atm. In the latter case,
the lower boundary is slightly outside of the suggested range
and may need the use of a cold utility supplied at 8 °C, as-
suming a minimum temperature approach of 10 °C. Setting
the operating pressure to atmospheric is preferred for dis-
tillation; hence other studies reported atmospheric pressure
for a RD unit with extractive distillation (Zuo et al., 2014), a
reactive dividing wall column (An et al., 2015) and mem-
brane-assisted RD (Babi et al., 2014). It is easily identified
from Fig. 4 that using atmospheric pressure allows the use of
cooling water. No published studies are known to have
considered R-HIDiC. However, as ΔTb is close to the 60 °C
limit, the potential of exploiting R-HIDiC using two different
pressures is presented in the Supplementary Information.

Comparison of the operating bounds found with the op-
erating points identified in studies focusing on conventional
RD and ARDT confirms that the proposed approach allows
the identification of operating points using readily available
information of a well-studied chemical system. At the same
time, opportunities to expand the operating window are ea-
sily identified even though the industrial process is well es-
tablished.

4.2. Case study 2: lactic acid concentration and
purification

4.2.1. Description of the lactic acid system
Lactic acid is a bi-functional molecule highly soluble in water
with many commercial applications, including food, phar-
maceuticals, personal care, biodegradable polymers and as a
building block molecule (Miller et al., 2017). The most
common route to produce lactic acid is the biotechnological
fermentation of sugars with microorganisms (Alves de
Oliveira et al., 2018). Downstream processing of the fermen-
tation broth includes liquid-liquid extraction, membranes
with electrodialysis and anion exchange to remove residual
sugars and organic nitrogen (Khunnonkwao et al., 2012; Starr
and Westhoff, 2014). A dilute aqueous solution containing
lactic acid and other organic acids needs to be purified. This
feed is considered a candidate for RD because an esterifica-
tion reaction can be promoted by adding alcohol (a reactive
separating agent), and then esters can be separated more
easily than their corresponding acids (Joglekar et al., 2006).

This case study considers a dilute aqueous mixture con-
taining lactic acid and succinic acid, a reactive impurity. The
esterification reaction is promoted by methanol using a solid
catalyst (Amberlyst 35). Once the heavier succinates are re-
moved by separation, methyl lactate is hydrolysed into the
acid form to obtain food-grade lactic acid at 88 %wt.

This system features the following reactions: esterifica-
tion of lactic acid (3), esterification of succinic acid into
monomethyl succinate (4) and dimethyl succinate (5) and
oligomerisation of lactic acid into dilactic acid (6) and trilactic
acid (7).

+ +C H O CH O C H O H O
lactic acid methanol methyl lactate water

3 6 3 4 4 8 3 2

(3)

+ +C H O CH O C H O H O
succinic acid methanol monomethyl water

succinate

4 6 4 4 5 8 4 2

(4)

+ +C H O CH O C H O H O
monomethyl methanol dimethyl water

succinate succinate

5 8 4 4 6 10 4 2

(5)

+C H O C H O H O
lactic acid dilactic acid water
2 3 6 3 6 10 5 2

(6)

+ +C H O C H O C H O H O
dilactic acid lactic acid trilactic acid water

6 10 5 3 6 3 9 14 7 2

(7)

4.2.2. Operating windows applied to lactic acid concentration
and purification
The system consists of eight species listed in increasing
boiling point order in Table 3, together with their nature,
critical properties, and degradation temperature. The pro-
cess needs to promote, separately, both the forward and re-
verse reactions. Therefore, lactic acid is characterised as both
reactant (for esterification) and product (of hydrolysis), while
methyl lactate is an intermediate product. In addition, water
contained in the feed mixture is identified as an impurity
that is also produced in the esterification reaction. When
identifying the representative components, succinic acid, a
heavy impurity, is present in small quantities and does not
modify the relative volatility of the mixture, so it is not in-
cluded among the representative components. The oligo-
mers of lactic acid – byproducts – are likely to appear in low
quantities and are therefore excluded from the list of re-
presentative components. Finally, monomethyl and di-
methyl succinates (MMS & DMS) are identified as
representative components because they form azeotropes
with lactic acid, although they are likely to appear in low
quantities. Hence the LR and HR components are methanol
and MMS, respectively. However, MMS is not well docu-
mented: its property data are scarce. Therefore, lactic acid –
the second heaviest representative component – and me-
thanol are used to provide boundaries to the operating
window as heavy and light representative components, re-
spectively. The temperature difference between methanol
and lactic acid at atmospheric pressure is 152 °C. The kinetic
parameters for the system are listed in Table S2 (Supplemen-
tary Information). The main reaction for the production of
methyl lactate production is plotted in the operating window
diagram (Fig. 5), together with the side reaction for the for-
mation of MMS, because the latter is the first parallel reaction
that competes to consume methanol. The intersection be-
tween the curves representing the reaction rate constant for
the main and side reactions produces a temperature limit of
190 °C, above which side reactions are enhanced.

Regarding material constraints, the degradation tem-
perature of the catalyst (150 °C) and succinic acid (235 °C) are
represented in the diagram. Therefore, the maximum reac-
tion temperature is 150 °C, but separation could occur at

Table 2 – Operating bounds for the production of methyl
acetate.

Parameter Units Value

Operating pressure atm 0.53–3.57
Condenser temperature °C 40–99
Reboiler temperature °C 101–160
Maximum reaction temperature °C 120

492 Chemical Engineering Research and Design 189 (2023) 485–499



higher temperatures. The sliding window has a width of
152 °C, the boiling point difference between methanol and
lactic acid. The left side moves from 40° to 60°C. The right
side exceeds the maximum reaction temperature but marks
a temperature below the degradation temperature of suc-
cinic acid. These limits define the operating window, as
shown in Fig. 5. The operating bounds obtained from the
operating window are summarised in Table 4. The tem-
perature limit for the reactive section is 150 °C, while the
temperature range is 40–60 °C for the condenser and
192–212 °C for the reboiler. Pressures below the atmospheric
are required to avoid exceeding temperature limits.

4.2.3. Verifying operating bounds for the lactic acid system
An initial objective was to identify guidelines for the selec-
tion of technologies. An important finding that contributes to
this objective is that the range of operating pressures iden-
tified suggests operation at vacuum conditions only.
Following Fig. 3, suitable technologies could include R-DWC,
R-HiGee and MA-RD. Another finding indicates that the
temperature limit where the side reaction is enhanced over

the main reaction lies inside the separation window. This
observation is important because it could have implications
when operation at higher temperature is possible in case
catalysts with better thermal resistance are available. Re-
garding limitations due to unavailability of data, using lactic
acid as the light representative component instead of MMS
allowed the operating bounds to be identified. This case
study was successful as it was able to identify the ranges of
operating conditions despite of missing information, and the
results are verified with studies from the literature. Our
previous study for the conceptual design of a dual R-DWC
accounted for succinic acid as a reactive impurity and tem-
perature limits to avoid lactic acid oligomerisation and suc-
cinic acid degradation (Pazmiño-Mayorga et al., 2021). The
operating pressure selected after a sensitivity analysis was
0.5 atm, and the condenser and reboiler temperatures were
58 °C and 183 °C, respectively. These results lie within the
range of operating conditions identified in this work.

Other simulation studies for the purification of lactic acid
accounted for complex feed mixtures containing succinic
acid, but they dismissed the effect of the esterification of
succinic acid (Su et al., 2013; Kim et al., 2017). Su et al. (2013)
evaluated a sequence of reactive and conventional distilla-
tion columns. The operating pressure for the RD column
performing esterification is ∼0.2 atm, and the distillate tem-
perature reported is 39 °C. These set of results must be in-
terpreted with caution as they cannot be read from the
operating window, as the composition of the distillate
stream is a mixture of methanol, water and methyl lactate.
The reboiler temperature slightly exceeds the degradation
temperature of succinic acid, although a temperature of
105 °C is set for the lowest reactive stage as a design speci-
fication. Kim et al. (2017) presented partially and fully ther-
mally coupled configurations, where the latter is equivalent
to a reactive dividing wall column. The operating pressure for
the esterification section is 1 bar, and the reboiler tempera-
ture is ∼230 °C. The operating conditions of these two studies
are outside the ranges obtained in this work. This dis-
crepancy could be attributed to the effect of how byproducts
are distributed in the outlet streams and the degradation
temperature of succinic acid, which was not considered.
Most operation bounds identified in the operating window
are related to temperature constraints, which suggest that
prior knowledge of the system (e.g., physiochemical proper-
ties, degradation temperatures) is fundamental to identifying
feasible regions of operation. The results of this case study
suggest that data of a well-studied compound could replace

Table 3 – Lactic acid purification: basic property data and nature of the components.

Components Nature NBP
(°C)

Critical
temperature (°C)

Critical
pressure (atm)

Degradation
temperature (°C)

Methanol (LR) Reactant 64.5 239.4 79.8 –
Water Reactive impurity/

Intermediate product
100.0 373.9 217.8 –

Methyl lactate Intermediate product 144.8 334.2 41.8 –
Dimethyl succinate Byproduct 196.4 383.9 32.4 –
Dilactic acid Byproduct 215.9 386.9 34.3 –
Lactic acid (HR) Reactant/Product 216.6 401.9 58.8 –
Monomethyl succinate Byproduct 222.9 409.9 38.4 –
Succinic acid Reactive impurity 317.6 564.9 49.3 235a

Trilactic acid Byproduct 345.9 503.9 25.2 –

a Smith and Hong-Shum (2003).

Fig. 5 – Operating window for the lactic acid system (Patm:
atmospheric pressure, TRx: temperature limit for reactions,
TdSA: degradation temperature of succinic acid).

Table 4 – Operating bounds for the concentration of
lactic acid.

Parameter Units Value

Operating pressure atm 0.35–0.83
Condenser temperature °C 40 – 60
Reboiler temperature °C 192 – 212
Maximum reaction temperature °C 150
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those of poorly characterised species to allow analysis in the
event that reliable data is not available.

4.3. Case study 3: tert-amyl methyl ether production

4.3.1. Description of the tert-amyl methyl ether system
Tert-amyl methyl ether (TAME) is a fuel additive produced by
addition of isoamylenes to methanol using two reactors and
a methanol recovery unit (Marcilly, 2005). The feed to the
process is produced in the FCC unit of a petroleum refinery,
which contains isoamylenes in significant quantities, inert
alkanes, olefins, cyclic components from C5 to C8 and sul-
phur (Klöker et al., 2003). This system features three main
reactions that are equilibrium-limited and include the TAME
production from isoamylenes 2M1B (8) and 2M2B (9) and one
isomerisation reaction between 2M1B and 2M2B (10) (Luyben
and Yu, 2008). Possible side reactions include the formation
of dimers (11) and trimers (12) of 2M1B and 2M2B (Cruz et al.,
2007) and methanol condensation to dimethyl ether (13)
(Subawalla and Fair, 1999). The reactions are catalysed by a
solid catalyst (Amberlyst 35). Table S3 in the Supplementary
Information presents the kinetic parameters for the main and
side reactions.

+C H CH O C H O
methyl butene methanol TAME2 1

5 10 4 6 14

(8)

+C H CH O C H O
methyl butene methanol TAME2 2

5 10 4 6 14

(9)

C H C H
methyl butene methyl butene2 1 2 2

5 10 5 10

(10)

+C H C H C H

methyl butene methyl

butene diisoamylene

2 1 2 2

5 10 5 10 10 20

(11)

+C H C H C H
methyl butene diisoamylene triisoamylene2 1

5 10 10 20 15 30

(12)

+CH O C H O H O
methanol DME water

4 2 6 2

(13)

The mixture of reactants, products and inerts exhibits
minimum-boiling azeotropes, mostly between methanol and
inerts entering with the feed (Subawalla and Fair, 1999).
TAME purity is typically larger than 96 % wt., but it could also
be used as a hydrocarbon mixture containing between 10 %
and 30 % wt. (European Commission, 2006). In this work, the
feed is specified using three non-reactive impurities: lightest
and heaviest alkanes (i.e., isopentane, cyclopentane) and one

alkene (1-pentene), following the approach of Klöker et al.
(2003). This approach allows accounting for a realistic feed
containing ∼70 % inerts, which will affect energy use and
equipment size. Furthermore, side reactions – usually dis-
missed in simulation studies – and unwanted byproducts
may have an effect, which will be evaluated using two sce-
narios: Scenario 1 ignores side reactions, while Scenario 2
takes them into account.

4.3.2. Scenario 1: TAME production disregarding side
reactions
Table 5 presents the basic properties and the nature of the
components, listed in increasing normal boiling point order.
Reactants and the product TAME are identified as re-
presentative components, along with all inerts, because they
account for a large proportion of the feed. The lightest and
heaviest components of the system (isopentane and TAME)
are the LR and HR components, respectively, whose tem-
perature difference is slightly below 60 °C. Thus, a special
case with two sliding windows is analysed to identify regions
where the rectification and stripping sections of an R-HIDiC
could operate. The right side of the first sliding window – to
identify the stripping section – is located at the intersection
of the vapour pressure curve of the heavy representative
component and pressure of 1 atm. The corresponding tem-
perature is 87 °C, and the left side marks 28 °C. Then, the
sliding window moves horizontally, adding the value of ΔTb,
which corresponds to 145 °C (Fig. 6, a). The temperature
bounds for the reboiler temperature are 18 and 145 °C. The
intersections of the leftmost and rightmost sides of the
sliding window with the vapour pressure curve of the heavy
representative component mark 0.11 and 4.4 atm as the
pressure bounds for the low-pressure stripping section.

For the rectifying section, the left side of the second
sliding window is positioned at the intersection of the vapour
pressure curve of the light representative component and
1 atm (minimum value assumed for the high-pressure sec-
tion). Then, the window slides up to the intersection of the
vapour pressure curve of the light representative component
and 13.2 atm (calculated using a compression ratio of 3)
(Fig. 6, b). The condenser temperature bounds are 28 and
131 °C, identified by the intersection of the vapour pressure
curve of the light representative component and the left
sides of the second sliding window.

The degradation temperature of the catalyst divides the
operating window into a region where reaction and separa-
tion can take place below 150 °C, and temperatures up to
190 °C could be used for separation only. The reactive zone
could be located in either section of the R-HIDiC. However,
the reaction rate constant data for etherification of 2M2B

Table 5 – Scenario 1 for TAME production: basic property data and nature of the components.

Components Nature NBP
(°C)

Critical temperature (°C) Critical pressure (atm) Degradation temperature (°C)

Isopentane (LR) Inert impurity 27.8 187.3 33.4 –
1-pentene Inert impurity 30.1 191.7 35.1 –
2M1B Reactant 31.2 191.9 34.0 –
2M2B Reactant 38.5 196.9 33.8 –
Cyclopentane Inert impurity 49.3 238.6 44.5 –
Methanol Reactant 64.7 239.4 79.8 –
TAME (HR) Product 86.4 260.9 30.0 326.9a

a Morton et al. (2011)
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indicates that higher temperatures favour the reaction. Thus,
the reactive section is more likely to be in the high-pressure
rectifying section.

4.3.3. Scenario 2: TAME production considering side
reactions
Although the occurrence of side reactions during the pro-
duction of TAME is acknowledged, the unavailability of ki-
netic parameters has limited their inclusion in simulation-
based studies (Subawalla and Fair, 1999; Vanaki and
Eslamloueyan, 2012). Kinetic studies focusing only on oligo-
merisation reactions (Cruz et al., 2006, 2007) and DME pro-
duction (Kiviranta-Pääkkönen et al., 1998) are used to explore
the effect of side reactions in Scenario 2. To exemplify the
effect of additional byproducts, two oligomers are selected
based on availability of thermodynamic data: the dimer
2,3,4,4-tetramethyl-1-hexene and the trimer 2,4,6,6,7,7-hex-
amethylnon-3-ene. Byproducts from methanol condensation
are dimethyl ether and water. The kinetic parameters are
presented in Table S3 in the Supplementary Information Table 6
lists the components - including byproducts of the side re-
actions – and their nature. DME is likely to form at low rates
due to the large activation energy, so water content will be
low too. The pre-exponential factors suggest that the oligo-
merisation reactions are slower than the main reactions.
Therefore, the rate of formation of byproducts is expected to
be low, so byproducts are not considered when selecting

representative components. Thus, isopentane and TAME are
defined as the light and heavy representative components,
respectively.

The reaction rate constants for 2M2B etherification and
triisoamylene production are the largest among the main
and side reactions; these are represented using the sec-
ondary vertical axis in Fig. 7. Note that temperatures below
approximately 110 °C favour the side reaction (S1) over the
main reaction (R1). Therefore, a vertical temperature
boundary is defined where the rate constant curves intersect
to promote the main reaction.

The operating bounds for the stripping and rectifying
sections – pressures, condenser and reboiler temperatures –
are the same for Scenarios 1 and 2, except that the tem-
perature range for the reaction is reduced when side reac-
tions are considered, as summarised in Table 7.

4.3.4. Verifying operation bounds for the TAME system
This case study was devised to identify the effect of side
reactions when constructing operating windows. Although
the additional byproducts do not affect the assignment of LR
and HR components, considering side reactions reduced the
size of the window in which the reaction and separation can
occur simultaneously. While the reaction could take place
throughout the stripping section in Scenario 1, only tem-
peratures above 110 °C favour the main reaction over the side
reaction in Scenario 2. In the rectifying section, the reaction
could occur below 150 °C in Scenario 1, but between 110 and
150 °C in Scenario 2. This finding has important implications
for process design practice, as these results demonstrate that
the effect of side reactions could be identified from basic data
used in operating windows.

Previous simulation studies for R-HIDiC (Pulido et al.,
2011; Vanaki and Eslamloueyan, 2012; Gao et al., 2014) did not
account for side reactions; hence results of Scenario 1 are
used for comparison. Whereas the ranges of pressures for the
stripping and rectifying sections contain the single values
reported in the simulation studies, the location of the re-
active section varies. Pulido et al. (2011) located the reactive
section in the stripping section operating at 4 bar, while
Vanaki and Eslamloueyan (2012) and Gao et al. (2014) located
the reactive section in a rectifying section operating at 4 and
4.7 bar, respectively.

Although operation at 4 bar allows for stripping and rec-
tifying sections to be entirely reactive in Scenario 1, when
side reactions are considered, the range of temperatures
where the reactive section can be placed is reduced.
Regarding the use of operating windows for process synth-
esis, this means that the operating boundaries found could
provide information on the constraints that reduce the de-
sign space. Studies investigating TAME production by RD
reported operation at 4 bar (Subawalla and Fair, 1999; Klöker
et al., 2003). Operation in a single unit is possible, and re-
ference values could be obtained from the high-pressure
operating window in Fig. 7(b), where three regions are evi-
dent: a rectifying section on the left-hand side, an integrated
reaction and separation section in the middle, and the
stripping section on the right-hand side. The range of oper-
ating pressures from 4.9 to 8.8 atm ensures the use of the
largest reactive section within temperature limitations.

The findings of evaluating the same system under two
scenarios have significant implications for understanding
simplifying assumptions, whose effect could be already
identified while constructing operating windows. In turn,

Fig. 6 – TAME case (Scenario 1): operating windows for the
low-pressure stripping section (a) and high-pressure
rectifying section (b) (PH1: high-pressure boundary for the
stripping section, PL1: low-pressure boundary for the
stripping section, PH1: high-pressure boundary for the
rectifying section, PL1: low-pressure boundary for the
rectifying section).
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this will allow strategies (e.g., alternative catalysts, addi-
tional kinetic experiments) to be incorporated to overcome
certain limits of the operating window in preparation for
detailed designs. Further simulation studies taking side re-
actions into account could assess their effect on the reaction
window limits.

5. Challenges and opportunities

The fields of process synthesis, design and intensification are
increasingly integrated through the development of hybrid
methodologies using a range of input data and tools.
Therefore, future challenges to advance the development
and application ARDT include the evaluation of new che-
mical systems and suitable metrics to crtitically evaluate the
performance.

The development of processes that involve new chemical
and biochemical routes or catalysts can make the collection
of physico-chemical data difficult and expensive. Thus, the
lack of data would make it difficult to apply the proposed
methodology for new chemical systems or processes that are
under investigation. At the same time, this offers opportu-
nities for the development of new internals or catalysts with
better characteristics (catalytic, thermal, mechanical), and
promotes the development of new analytical techniques and
methods to aid the identification of basic thermodynamic
properties and kinetics quickly and economically.

Due to the integration of functionalities, quantitative
evaluation is challenging and covers different aspects such
as productivity, economics, safety and environment.
Therefore, metrics that compare new and conventional
technologies are needed to fairly demonstrate the benefits
and drawbacks of novel technologies.

6. Conclusions and future work

This work successfully demonstrated the use of expanding
the boundaries of operating windows for reactive distillation
by incorporating additional features (i.e., representative
components, sliding windows) to help advance the applica-
tion of advanced reactive distillation technologies in the
early stages of process design, along with potential operating
conditions that could be used to initialise design methods
and rigorous simulations. The proposed two new concepts of
representative components and a sliding window facilitate

Table 6 – Scenario 2 for TAME production: basic property data and nature of the components.

Components Nature NBP
(°C)

Critical temperature
(°C)

Critical pressure
(atm)

Degradation temperature
(°C)

DME Byproduct -24.8 127.0 53.0 -
Isopentane (LR) Inert impurity 27.8 187.3 33.4 -
1-pentene Inert impurity 30.1 191.7 35.1 -
2M1B Reactant 31.2 191.9 34.0 -
2M2B Reactant 38.6 196.9 33.8 -
Cyclopentane Inert impurity 49.3 238.6 44.5 275.0a

Methanol Reactant 64.7 239.4 79.8 -
TAME (HR) Product 86.4 260.9 30.0 -
Water Byproduct 100.0 373.9 217.8 -
Dimer Byproduct 155.2 348.8 23.4 -
Trimer Byproduct 256.8 439.9 15.9 -

a Pasetti et al. (2014)

Fig. 7 – TAME case (Scenario 2): operating windows for
single unit operation or rectification section (a) and striping
section (b).

Table 7 – Operating bounds for TAME production for
Scenario 1 and Scenario 2.

Parameter Units Stripping
section

Rectifying
section

Operating pressure atm 0.11–4.4 1–13.2
Condenser
temperature

°C – 28–131

Reboiler temperature °C 28–145 –
Maximum reaction
temperaturea

°C 150 150

a Minimum reaction temperature for Scenario 2 is 110 °C
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the representation of a complex multi-component system
while constructing the operating window. The proposed ap-
proach for constructing operating windows has shown that a
range of operating conditions (e.g., condenser temperature,
reboiler temperature, maximum reaction temperature and
operating pressure) can be identified. Although the scope of
this study was limited to an early-stage assessment, the
findings of this research provide a starting point for further
analysis of ARDT by providing initial values that could be
used in various design methodologies and detailed simula-
tions.

The proposed methodology to build the operating win-
dows was effectively demonstrated in three case studies:
methyl acetate production, lactic acid purification and TAME
production. These case studies illustrate how complex fea-
tures such as multi-component feeds and side reactions can
be represented in an operating window. For example, for
methyl acetate production, it was found that the identified
side reaction is not likely to occur at the operating conditions
identified. In the case of lactic acid purification, a complex
mixture of reactants, products, byproducts and intermediate
products was successfully represented in an operating
window even though no reliable data was available for one of
the by products. One of the more significant findings for
lactic acid production was that operation at vacuum condi-
tions is needed, which provides guidance for selecting RD
technologies. Finally, the effect of side reactions was evi-
denced for TAME production. Considering side reactions re-
duced the size of the reaction window significantly,
demonstrating that the impact of complex features could be
identified at early stages.

The application of the proposed approach in three case
studies has shown that operating boundaries could be
identified using basic data in the early stages of process de-
sign, which is verified by the results of detailed simulation
studies from the literature. The findings of this work provide
well-supported values for the operating regions, which could
be used as a starting point for further evaluation with more
detailed simulations and design methods. The insights
gained from this study may be of assistance to process de-
signers who are screening the design space, and the results
the operating windows assessment could help to system-
atically plan subsequent steps with confidence. In spite of
some limitations, this study contributes to understanding
the factors affecting operating bounds, especially when
considering side reactions and temperature restrictions (e.g.,
degradation) that are typically overseen or simplified during
process synthesis.

The approach proposed here will be complementary to a
ruled-based methodology that will incorporate additional
characteristics of the system, such as the rates of reaction
(e.g., relatively fast or slow) and the impact of azeotropes to
evaluate advanced reactive distillation technologies sys-
tematically during process synthesis.
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