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ABSTRACT: This study is the first to provide a systematic approach Design Synthesis methodology
to assessing the potential of advanced reactive distillation technologies problem « Thermodynamics @
to expand the applicability of reactive distillation. The work presented L> Advanced reactive . Kinetics [ ]
here focuses on the synthesis of advanced reactive distillation distillation technologies '+ Heuristics O
technologies, proposing a conceptually based methodology for early- Reastve —I— Imensiiication -

. . . distillation techniques
stage screening. The methodology uses basic thermodynamic and

i . . o | | v o dividing wall Potentially
kinetic data to navigate a decision-making flowchart in four steps: | « high-gravity fields advantageous
compositions and splits, basic properties and operating windows, « vapor recompression technologies
kinetics, and phase equilibria. The results qualify advanced reactive * ﬁ:’:r':b?;’:;a"o" « Operating conditions

distillation technologies as advantageous, technically feasible, or not s « Process flowsheet
applicable. Five industrially relevant case studies illustrate the

application of the methodology to develop preliminary process flowsheets. The proposed methodology aims to guide technology
selection using basic data while providing flexibility to meet the objectives of the design problem. This methodology contributes to
integrating a technology-oriented approach normally followed in process intensification studies into a process systems engineering
approach by developing a conceptual flowsheet in the early stages of process design.

1. INTRODUCTION overlap between reaction and separation while decreasing the
Traditional approaches for chemical process synthesis and number of units due to the integrated functions.” The ARDT in
design typically rely on the use of conventional unit operations scope are reactive dividing-wall column (R-DWC), catalytic
that perform a single task. This inherent limitation results in cyclic distillation (CCD), reactive internally heat-integrated
configurations containing numerous units and recycle streams. distillation (R-HIDiC), reactive high-gravity distillation (R-
Consequently, processes become complex and costly, often HiGee), and membrane-assisted reactive distillation (MA-RD).
facing difficulties in meeting current and future challenges for This work proposes a conceptually based systematic approach
the chemical and biochemical industries. Therefore, the process for early screening of ARDT. This approach aims to guide the

development community requires novel approaches, especially
in the early stages when numerous processing options need to be
rapidly evaluated with limited data.

Process intensification (PI) adds a disruptive shift toward . ’ . .
innovative technologies by addressing the phenomena at various discussed m th.e problem statement se.ctlon. Then, the main
stages without conﬁnmg the alternatives to the classical “unit features and insights for process synthesis for R-DWC, CCD, R-
operation” concept. Synergy, one of the PI domains, exploits HIDiC, R-HiGee, and MA-RD are described. The research

selection of feasible technologies during the development of
flowsheets to address the design problem for a specified
chemical system. Challenges for the application of ARDT are

the interactions of combining two or more functions in a single approach includes the development, scope, structure, and
processing step, such as reaction and separation in reactive application of the methodology, including interpretation of
distillation (RD). A synergistic effect occurs when the reaction results. Finally, five case studies demonstrate the application of
improves separation by overcoming azeotropes, while the the methodology to identify potential configurations, and results
separation improves the reaction by increasing reaction rates, of rigorous simulations available in the literature serve to
overcoming chemical equilibrium and improving selectivity.” confirm their feasibility.

Other benefits of RD include capital and operating cost savings,
reduced plant footprint, and better environmental performance
when compared to a conventional reactor distillation sequence.”
However, RD requires that the reaction and separation
operating conditions overlap, which restricts its wider use.”
Advanced reactive distillation technologies (ARDT) integrate
the benefits of RD and additional PI features, which can enlarge
the range of potential operating conditions, enabling a larger
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2. PROBLEM STATEMENT

Industrial applications of ARDT are extremely scarce. Although
conventional RD is established for equilibrium-limited reaction
systems,”” the lack of robust methods and tools for process
design and simulation and of pilot and industrial tests limits the
uptake of ARDT." Synthesis methods that result in a conceptual
flowsheet, following a process systems engineering approach, are
also lacking.* Methods for evaluating the feasibility of RD in a
given context are limited to standalone units’~"" or reactive
separation systems, including conventional and intensified
units.'>'®> However, synthesis and design of processes that
apply ARDT have hardly been explored. In this work, the
research question relates to whether a structured flowchart can
be developed to identify which, if any, ARDT are best suited to
exploit a given chemical reaction to produce a desired product.

Previous studies to develop reaction or reaction—separation
processes on a laboratory scale or through simulation tend to
oversimplify complex features that can potentially affect
operation. These features include impurities that interact with
other species, dilute feeds, constraints for materials of
construction, thermal and chemical stability of the participating
components, undesired side reactions, and azeotropes. How-
ever, by generalizing features of the operation and equipment,
the methods and results of earlier studies can highlight decision
points and relevant characteristics of the process system that
could guide the selection of technologies.

This study proposes a systematic conceptually based
methodology for initial evaluation of ARDT during flowsheet
development. The methodology uses basic thermodynamic and
kinetic properties, applying first principles and heuristics to
qualitatively assess the application of ARDT. Overall, it aims to
enable informed decisions prior to detailed process design.

3. ADVANCED REACTIVE DISTILLATION
TECHNOLOGIES: MAIN FEATURES AND INSIGHTS
FOR PROCESS SYNTHESIS

3.1. Reactive Dividing-Wall Column (R-DWC). A reactive
dividing-wall column combines already intensified technologies:
a dividing-wall column and reactive distillation in a single
vessel.'* Figure la illustrates the concept of an R-DWC
containing one reactive section in the feed side and a dividing
wall located in the middle. Other arrangements concerning the
location and number of feed streams, dividing walls, and reactive
sections are possible."”'> R-DWC allows at least three outlet
streams, facilitating removal of intermediate-boiling compo-
nents and recycling of reactants both internally (via reflux and
boil-up) and externally in the draw stream when conversion is
incomplete. The dividing wall and side streams change the
composition profiles within the column, compared to a
conventional RD column. Therefore, a reaction could be
promoted or prevented because of the change in composition
on that stage relative to RD. This is relevant when undesired
parallel reactions reduce selectivity toward the main product. R-
DWC can operate under vacuum, at and above atmospheric
pressure,'® allowing for a wide range of conditions that could
favor reactions in the liquid phase, although operation at a single
pressure can limit the application of R-DWC. Technology
readiness based on pilot and industrial experience is
intermediate.”

3.2. Reactive High-Gravity Distillation (R-HiGee).
Reactive high-gravity distillation combines intensified gravita-
tional force to enhance mass, heat, and momentum transfer to
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Figure 1. (a—e) Main features of five advanced reactive distillation
technologies.

favor phase separation and reaction (Figure 1b).'” Conse-
quently, the required residence time and holdup volumes are
reduced, resulting in smaller equipment. Rotating packed beds
have been identified as a suitable HiGee contactor to perform
RD.*'”"® This technology is particularly suitable for diffusion-
limited systems (e.g., high viscosity) and when the reaction
network includes series reactions, where desired products could
be transformed into unwanted byproducts.'” Therefore, a
narrow residence time distribution helps to achieve high
selectivity to the desired product. The features of chemical

https://doi.org/10.1021/acs.iecr.2c04540
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systems that are suited to R-HiGee are diffusion-limited liquids
and fast reactions with secondary reactions in series. Rotatin
packed beds can be advantageous for high-pressure operation”
and vacuum distillation.”" Although the industrial application of
arotating packed bed (RBP) for the production of hypochlorous
acid has reached a high technology readiness level, R-HiGee is
not yet considered a mature technology.'®

3.3. Reactive Heat-Integrated Distillation Column (R-
HIDIC). Reactive heat-integrated distillation columns (R-
HIDiC) combine the benefits of reactive distillation and
internally heat-integrated distillation columns applying vapor
recompression and heat integration. The stripping section,
operating at a lower pressure, acts as a heat sink. Vapor exiting
the stripping section is pressurized with a compressor and then
enters the rectifying section that acts as a heat source,
schematically represented in Figure 1c. Using different pressures
in the column sections could potentiallZ increase the range of
operating conditions, compared to RD.”* From a practical point
of view, equipment realization is challenging, and the literature
about nonreactive HIDiC presents various design alternatives.””
In a configuration that has been successfully applied industrially,
SuperHIDiC, heat exchange is realized in a limited number of
side heat exchangers, where the stages are not necessarily at the
same elevation.”” In nonreactive HIDIC, the pressure ratio
between the stripping and rectifying sections can vary between
1.3 and 3 to avoid a costly compression task.””** As a rule of
thumb, the temperature difference between the lightest and
heaviest compounds (ATb) should not exceed 60 °C.** Thus,
the feasibility of R-HIDiC is evaluated using boiling points at
different pressures while considering a suitable compression
ratio.

3.4. Catalytic Cyclic Distillation (CCD). Catalytic cyclic
distillation (CCD) exploits the synergies of combined reaction
and separation by manipulating the duration of an event (e.g,
residence time) in a cyclic operation. The two-step cycle consists
of a vapor-flow period where vapor travels upward while the
reaction occurs in the liquid phase and a liquid-flow period
where the liquid flows downward from one tray to the next,
avoiding remixing (Figure 1d).”° The residence time can be
enlarged by manipulating the duration of the vapor flow period.
Therefore, CCD is especially suited for systems featuring
reactions with an intermediate to slow reaction rate but not too
slow that it is better to use a conventional reactor—separator
sequence. As a result, CCD may be indicated if the reaction rate
is intermediate to slow. Unique internals suited for cyclic
operation are not suitable for vacuum operation.”” Technology
readiness based on pilot and industrial experience is low."

3.5. Membrane-Assisted Reactive Distillation (MA-
RD). A membrane module coupled to an RD column helps
overcome thermodynamic limitations by introducing a separa-
tion mechanism based on the difference in chemical potential,
using partial pressures. Membrane separation methods that can
complement separations by distillation are pervaporation or
vapor permeation.”*”” The membrane module can be located
on an inlet stream to selectively remove impurities or
prefractionate the mixture or on an outlet stream to break
azeotropes or recover homogeneous catalysts, where the latter
typically applies nanofiltration (Figure le).”® In this method-
ology, MA-RD is suggested when a problematic azeotrope is
present at a similar temperature to those of the components to
be separated and obtained as an outlet stream. Operating
pressures above atmospheric are preferred for the reactive
distillation column because the flow across the membrane is
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driven by the pressure drop, so a stream at subatmospheric
pressure entering the membrane module may lead to engineer-
ing challenges.

4. RESEARCH APPROACH

4.1. Development of the Synthesis Methodology. This
work used data and results (e.g., feed and product specifications,
types of reactions and kinetic models, type of catalyst, and
operating conditions) from reports, patents, and published
studies focusing on a specific technology. These studies cover
diverse scopes (e.g., technical, economic, and environmental),
which were used as a basis for identifying which characteristics
favor the use of a particular technology. The secondary research
data and results were organized and compared to find
commonalities that could aid flowsheet development, where
technical feasibility is an essential preliminary checkpoint for
further design. High-level questions based on thermodynamic
and kinetic parameters were formulated in a conceptual
framework.” In this work, these high-level questions are
organized systematically in a decision-making flowchart to
identify the characteristics that distinguish the advantages and
disadvantages of different ARDT following a knowledge-based
approach based on first principles, heuristics, and process
intensification principles.31

4.2. Scope of the Synthesis Methodology. This work
focuses on a subset of the design problem for rapid evaluation of
ARDT (i.e, R-DWC, R-HiGee, R-HIDiC, MA-RD, and CCD).
The methodology covers equilibrium-limited reactions in the
liquid phase, heterogeneously catalyzed, as are typically the case
in RD processes.”” Application of the synthesis methodology to
homogeneously catalyzed reactions should be done with
caution. This is because homogeneous catalysts tend to be
more active than heterogeneous catalysts, so different ranges of
reaction rates could apply. Additionally, it should be ensured
that the homogeneous catalyst is sufficiently available within the
liquid phase, and this could be included when evaluating
operating windows.

A special case applied to fluid separations is the introduction
of a “reactive separation agent” (RSA) (analogous to a mass
separation agent used to facilitate separations) that promotes a
reversible reaction, where the forward and reverse reactions are
needed to achieve the desired separation. With an appropriate
RSA, the products from the forward reaction can be easily
separated, and the reverse reaction is finally used to recover the
original target component. In addition, fast solid-catalyzed
reactions of a stripping gas absorbed in the liquid phase could be
explored for suitability where rapid removal of reaction products
is needed."”

This general methodology accounts for features relevant to
large-scale industrial applications. These features include
azeotropes, impurities, multicomponent mixtures, difficult
separations, and types of utilities, while laboratory-scale
investigations and simulation-based studies often do not
consider them.

This methodology is proposed for the early stages of process
design when information about the chemical system is often
limited. However, complex feeds, such as biomass-derived oils
for biodiesel production that have highly variable compositions
and are difficult to characterize, are out of scope. While a model
compound could be used to represent the feed, results are
expected to depend significantly on which model compound is
selected as well as availability of data.”>** In addition, complex
reaction networks that increase the number of interdependent

https://doi.org/10.1021/acs.iecr.2c04540
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interactions cannot be assessed in the methodology, as identified
for the production of iso-octane where two main reactions
(dimerization and hydrogenation) compete with the formation
of various oligomers of iso-butene,” >’ nor does this synthesis
approach account for possible miscibility gaps because of the
sensitivity to composition and operating conditions. Given the
exploratory nature of the proposed methodology, capital costs
and opportunities for heat integration are not investigated, being
outside the scope. However, efficient use of energy is partially
addressed when evaluating operating windows.

4.3. Decision-Making Flowchart. The methodology is
organized into four steps that group different aspects of the
chemical system assessed: (1) compositions and splits, (2) basic
properties and operating windows, (3) kinetics, and (4) phase
equilibrium. Each step contains one or more high-level
questions denoted as the “starting question” that invites the
user to collect information about the chemical system to identify
potential interactions and their effects. These “starting
questions” were organized systematically, maintaining a balance
between the depth and breadth of chemical system features to
facilitate analysis and focus on those features that could
significantly affect flowsheet development. This is important
when realistic features that increase the complexity of the
problem are included.

The “decision points” refine the queries posed by the high-
level questions to distinguish between interactions that may (or
may not) affect the operation. Potential decisions include
options for selection of technologies, yes/no answers, or ranges
of values. Figure 2 shows the color code used to denote the

Advanced RD technology

Starting question Not

applicable

Y

Technically
feasible

Y

Decision points

Advantageous

Considerations for
operation

) ' Additional technology
{ suggestions

Figure 2. Color code used in the decision-making flowchart.

sequence of actions aiding decision-making and the results of the

methodology.

e Options for the selection of technologies are presented
with a traffic light system. Green indicates that the
technology is advantageous, amber indicates that it is
technically feasible with no particular advantage, and red
eliminates a technology due to hardware or operating
specification limitations. Additional units that could be
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explored beyond the scope of the methodology are
presented in dashed line blocks. Actions that can be
solved within the scope of the methodology when
evaluating another starting question are presented with
a solid line block.

e Yes/no answers can lead to another decision point, a
range of values, or a particular technology. In some cases,
both yes and no answers may be valid, for example, when a
feasible range of operating pressures spans both above and
below atmospheric pressure. In these cases, two different
paths may be followed in the flowchart.

e Ranges of values are used for reference only and do not
represent a hard limit. These values can fluctuate
depending on the system and operating conditions, so
more than one option can be selected.

4.3.1. Step 1: Compositions and Splits. Identifying
components and compositions, particularly for the feed and
main product, is essential to define the design problem.
Components can include reactants, products, byproducts,
catalysts, and impurities.

e Reactants and products are target components of the
operation as they are involved in the main reaction.

e Byproducts result from parallel or series reactions, which
are usually nondesired because they consume valuable
raw materials and complicate downstream processing.

e Impurities accompanying the main reactants are
evaluated based on their quantity and their chemical
interactions (whether reactive or inert) to identify
potential effects on process performance. Reactive
impurities could add or remove energy due to heat of
reaction, and inert impurities in large amounts increase
the material recycle in the system. This evaluation is
important as, from the beginning, it is possible to identify
potential increase in costs due to changes in energy use
and large equipment.”**”

A special case for a feed is when it is an intermediate process
stream that contains a large number of components. Listing all
the impurities and choosing only those representing a light inert,
heavy inert, or potentially reactive compound can help
characterize their impact while facilitating analysis. Different
scenarios can be established (stoichiometric vs excess reactant,
partial vs complete conversion, series reactions, and byproduct
formation) to identify potential impacts. Figure 3 presents the
decision-making flowchart to evaluate compositions and splits.

4.3.1.1. Inlet Stream Composition. The feed stream
composition considers (1) the main reactant and (2) “other
components” that are in large quantities or that may interact
with critical reactants or solid catalysts. Relevant interactions
may arise when an inert component is present in significant
amounts, when a reactive component induces side reactions, or
when a component can deactivate a solid catalyst. The decision-
making procedure uses these interactions to suggest actions or
other decision stages in the methodology. An explanation of
these actions is provided hereafter:

o Inert: These could be removed in a preconcentration
stage when present in large amounts. However, inert
compound concentrations can sometimes be adjusted to
favor conversion, selectivity, and yield. For example, on
the one hand, more inert material is advantageous to
achieve a dilution effect that suppresses reaction rates and
dampens the effect of the heat of reaction. Conversely, a
lower inert concentration can reduce byproduct for-

https://doi.org/10.1021/acs.iecr.2c04540
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1. COMPOSITIONS AND SPLITS
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Figure 3. Step one: composition and split flowchart.

used to define splits: the nature of the component and the
boiling point order.

The nature of the component refers to the role of each
component in the reaction—separation system following the
definition provided in our work about operating windows:’
reactants, products, intermediate products, byproducts, or
impurities (which could be reactive or inert). Then, boiling
points at a specified pressure (e.g., atmospheric) allow the
components to be arranged from the lightest to the heaviest. If
the operating pressure is likely to differ significantly from
atmospheric, the boiling point order may need to be revisited. At
this point, azeotropes are not considered because they are
analyzed in the phase equilibrium step.

If an intermediate boiling component is to be removed, two
splits around the component are necessary to ensure the

Recover
and recycle

Yes—p]

No

3 Non-sharp
No split

Yes—»] Sharp split

3

Does not
Yes——»] leave the
system
Leaves the
No— system with
other
Components|

Figure 4. Flowchart to identify splits.

mation by shifting the equilibrium away from the
undesired byproduct from side reactions.””*’ Finally,
inert compounds need to be considered when defining the
output streams for their removal.

e Reactive: The component promotes side reactions that
can impact yield, selectivity, and operating costs. Side
reactions are considered when evaluating kinetics.

e Catalyst deactivation agent: Whether the deactivation is
temporary or permanent, the feed could be pretreated in a
guard bed. If the deactivation is permanent, noncatalytic
routes or more robust catalysts may need to be explored.

4.3.1.2. Splits and Product Specifications. Splits and
product specifications are used to determine the number of
outlet streams and the location of the product stream. A split
refers to the action of separating the components of a mixture
into two products, which could be either pure or a mixture.*’
Depending on the component distribution, a split can be sharp
(each component appears only in one product) or nonsharp
(each component appears in both products).”” Two criteria are

required specification. Figure 4 and the following guidelines help
to identify the splits (number of streams).

e Reactants in excess need to be recovered and recycled. A
nonsharp split suffices as long as there is no substantial
recycling of components that can build up in the system.
Incomplete conversion due to the equilibrium limitations
could also be considered.

e To meet the product specifications, when high purity is
required, one should aim for a sharp split; otherwise, a
nonsharp split may suffice. Determining the type of split
can guide the definition of operating parameters or design
specifications when performing a detailed design, in a later
stage.

e Limiting reactants and intermediate products remain
inside the ARDT device.

e Byproducts and impurities could be removed together.

Two product streams are easily managed in R-HiGee, R-
HIDiC, and CCD, whereas an R-DWC or MA-RD allows
withdrawal of three product streams. If the system has four or

https://doi.org/10.1021/acs.iecr.2c04540
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more streams, additional separation may be needed to achieve
all the splits.

Finally, the location of the product cut can influence the
selection of technologies because the withdrawal of a
concentrated stream of the middle-boiling component in an
R-DWC avoids remixing effects and results in higher purities
compared to a conventional RD."

4.3.2. Step 2: Basic Properties and Operating Windows.
Two data sets required for the second step include saturation
temperatures at different pressures and materials and exper-
imental method constraints. These data are used to evaluate
ARDT, as detailed in a previous study that introduces the
concept of “representative components” and the use of “sliding
windows” to add flexibility to the boundaries of the operating
window.” Among the “representative components”, the lightest
and heaviest are the light representative and the heavy
representative components; these define boundaries to the
operating window. Also, the reaction rate constant (discussed in
detail in Step 3) is included when building the operating window
to identify temperature limits that might help prevent undesired
side reactions.

The main findings of the operating windows are the operation
boundaries for pressure and temperature and the definition of
the temperature difference between the light and heavy
representative components (ATb) as a characteristic value for
the chemical system (Figure 5). Results guiding the selection of
technologies are based on the operating pressure and ATb.

Operation below atmospheric pressure is not possible for R-
HIDiC and CCD because of hardware limitations. For MA-RD,
operation at or above atmospheric pressure is preferred because
a stream at subatmospheric pressure may lead to engineering
challenges for membrane operation. Regarding ATb, heuristics
from applications in nonreactive distillation technologies are
used to provide reference values to navigate the decision-making
flowchart. When ATDb is lower than 60 °C, vapor recompression
and internal heat integration could prove advantageous for close
boiling component systems because economic compression
costs could be achieved.”” When ATb varies between 60 and
150 °C, MA-RD, CCD, R-HiGee, and R-DWC could potentially
cover the range of temperatures required. However, when ATb
is larger than 150 °C and a relatively large amount of light
components is present (~25%), an additional separation unit at
different pressures may be needed to avoid incurring excessive
costs due to a refrigerated condenser.”'

4.3.3. Step 3: Kinetics. The kinetic parameters, i.e., the pre-
exponential factor and activation energy, are used to determine
the forward reaction rate constant of the main and relevant side
reactions (Figure 6).

4.3.3.1. Forward Reaction Rate Constant at the Reaction
Temperature. Evaluating reaction rates is challenging due to
factors influencing their values (e.g., initial concentrations, type
of catalyst, solvents used, kinetic experiments, and regression
models). Using absolute reaction rates does not allow
performing a fair comparison between different chemical
systems because reaction rates depend on concentrations (e.g.,
molar concentration, mole fraction, and activities), order of the
reaction, and the basis used, such as the reaction volume or mass
of the catalyst. Therefore, the reaction rate constant expressed in
SI units (kmol, kg, and s) is used as a reference to classify
reactions as relatively slow, intermediate, or fast. The cutoff
values were defined after a survey of previous works performed
on RD* and ARDT to establish a range of reaction rates.
Chemical systems tested in R-HiGee provided reference values
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2. BASIC PROPERTIES AND OPERATING WINDOWS
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Figure S. Step two: basic property and operating window flowchart.

for relatively fast reactions,””** while chemical systems tested in

CCD provided reference values for relatively slow reactions.*
Initially, the reaction rate constant of the main reaction is
evaluated at a given reaction temperature or at a reference
temperature (e.g, a temperature that enhances the main
reaction, maximum reaction temperature).

Fast reaction rates can take advantage of the short residence
times in R-HiGee enabling quick product removal,'”** while
slow reactions are suited to CCD where the duration of the
vapor flow period, when the reactions take place in the liquid
phase, can be extended.***’

4.3.3.2. Side Reactions. Side reactions can occur in parallel or
in series. Impurities, which normally accompany the main
reactant in the feed stream, can promote parallel reactions when
reactive. Series reactions depend on the chemical stability of the
reaction products and can consume valuable products from the
main reaction. Some parallel reactions can be avoided by
adjusting the composition of the liquid phase. This modification
is possible by locating feed and draw streams appropriately,
taking advantage of the features of an R-DWC. For example,
byproduct formation can be inhibited through recycling some
byproduct or allowing buildup in the system, hence shifting the

equilibrium.*” Some series reactions can be prevented by rapid
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Figure 6. Step three: kinetic flowchart.

removal of reaction products, such as in an R-HiGee. However,
the poor heat transfer in R-HiGee may not allow high heats of
reaction to be accommodated.*®

A special application of RD for fluid separations is when a
“reactive separating agent” is introduced to promote an
equilibrium-limited reaction, where the products of the forward
reaction are easy to separate; the reverse reaction can then be
promoted to recover the component of interest.” Such a dual
reactive separation system can be engineered to provide
sufficient residence time taking into account the volume
occupied by the catalyst. R-HiGee is unlikely suited to the use
of reactive separation agents due to its short residence times.

4.3.4. Step 4: Phase Equilibrium. Especially in systems with
nonideal liquid-phase behavior, separations may be difficult
(e.g., azeotropes may form). Data about azeotropes that form
can provide insights into the thermodynamic constraints of a
given system. RD technologies offer advantages in such nonideal
systems, compared to a conventional reaction—separation
flowsheet, because azeotropes can be “reacted away”, facilitating
required separations.”

This work compares data about azeotrope temperatures to
boiling temperatures of the pure components, all arranged in the
order of increasing boiling point at a reference pressure (i.e.,
atmospheric). If the required split, identified in Step 1, is away
from the azeotrope, it is likely that the azeotrope could be
reacted away if the reactive zone is located around the azeotrope
temperature, hence facilitating separation. If the desired split is
close to the azeotrope temperature, it is likely that the output
stream contains the azeotrope, which would require additional
techniques to break the azeotrope. In these cases, the azeotrope
could be separated by using a different driving force. For
example, MA-RD could be used, if a suitable membrane is
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available. The flowchart in Figure 7 helps to identify azeotropes
that can undermine the purity of the products; hence, they need
to be treated further.

4. PHASE EQUILIBRIUM

. Extractive/ |
\ Azeotropic ,
. distillation ;

No

Membrane
available?

Azeotropes

e L Ves ’Occur close to

a split? " Yes—>

No No

Pervaporation;

. Vapor )
! permeation |

R-DWC
R-HiGee
R-HIDIiC

CCD

YVY

Figure 7. Step four: phase equilibrium flowchart.

In this work, systems with two or more liquid phases are not
taken into account, given the sensitivity of liquid-phase splitting
to composition and operating conditions. Distillation regions
and reactive azeotropes are not considered despite their
relevance.” This is because more detailed information regarding
azeotrope compositions and their variation with operating
conditions and experimental data or methods to identify reactive
azeotropes are limited. A deeper examination of these
characteristics is recommended after initial screening has
revealed potential advantages and shortcomings.

4.4. Selection of Advanced Reactive Distillation
Technologies. The results of the steps in the synthesis
methodology are summarized in a decision-making matrix to
facilitate analysis collating all aspects in a single view. This allows
a quick evaluation, categorizing the methodology outcomes
qualitatively as advantageous, technically feasible, or not
applicable. Decision points aiding the selection of technologies
are listed horizontally (e.g, the number of outlet streams,
product cut location, vacuum operation, ATb, reaction rate
constant, side reactions, and azeotropes), while ARDT options
are listed vertically.

The applicability of each technology is indicated using a traffic
light system according to the properties of the chemical system
of interest and allows justifying important conditions to support
the selection of technologies (Figure 2). Those technologies that
have only green and amber indicators are identified as
potentially advantageous, while those with mainly amber
indicators are identified as technically feasible. Technologies
with mainly red indicators are deemed to be not applicable. In
the case that two technologies are deemed equally advantageous,
they could be ranked by assigning a weight to each color (e.g,,
green = 2, amber = 1), where the highest ranked are candidates
for further investigation. Due to the qualitative nature of the
approach, the results are not conclusive, but they provide a basis
for further evaluation that is supported with a sound theoretical
basis (thermodynamic properties and kinetic parameters) and
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heuristics as opposed to other more rigorous approaches, which
are generally more complex and time-consuming.*’ A
conservative approach would have more stringent criteria, e.g.,
all indicators must be green, while a less conservative approach
could shortlist both “advantageous” and “technical feasible”
technologies. Additional technologies that could complement
ARDT operation are suggested in dashed-lined boxes, which are
indicated in an additional column in the decision-making matrix.

5. CASE STUDIES TO DEMONSTRATE THE
APPLICATION OF THE SYNTHESIS METHODOLOGY

The synthesis methodology is applied to five case studies, aiming
to identify suitable ARDT using basic thermodynamic proper-
ties and kinetic parameters. The results are compared to
flowsheets studied quantitatively in the literature, in order to
check whether the outcomes of the methodology, using only
basic information, are potentially realizable. Background
information required to answer high-level questions is provided
in the Supporting Information for each case study. The
outcomes of the methodology are summarized in the decision-
making matrix, which are illustrated in a process flow diagram
(PFD) showing a potential configuration and the range of
operating conditions (obtained from the operating windows).

5.1. Purification of Lactic Acid. 5.1.1. Description of the
Process and the Design Problem. Production of lactic acid has
drawn the attention of academia and industry due to its
applications in the food industry, pharmaceuticals, personal care,
and biodegradable polymers (e.g, polylactic acid) and as a
building block molecule, where lactic acid is produced by
fermentation of sugars.”® This case study focuses on purification
of lactic acid from a mixture containing reactive succinic acid
and water as a solvent.

The required separation is difficult; in this work, a reactive
separating agent—methanol—facilitates the separation by
promoting esterification of lactic acid and succinic acid, where
the products (methyl lactate and dimethyl succinate) can be
separated by distillation. Once the heavy succinates are
removed, the reverse reaction—hydrolysis—uses water to
convert methyl lactate into lactic acid, now free from the
impurity. Problem data are provided in the Supporting
Information in Table S1 and eqs S1-SS.

5.1.2. Methodology Application and Outcomes. The feed
consists of lactic acid, substantial amounts of water, and succinic
acid as a reactive impurity (Table S2 in the Supporting
Information).

e Step 1: Water is inert; it acts as a solvent and can be
partially removed. The remaining water must be removed
to meet product specifications while adjusting the
composition of the liquid phase to promote hydrolysis
to obtain lactic acid back after the impurity has been
removed. Succinic acid is prone to side reactions and
needs to be considered because it is a reactive impurity.
Table 1 lists the components in the order of increasing
boiling point, their nature, and the desired splits:
methanol is recycled; water is removed in preconcentra-
tion and downstream steps; byproducts and unreacted
succinic acid are removed before hydrolysis, where methyl
lactate is the dominant species; lactic acid is recovered
after hydrolysis. The flowchart identifies R-DWC and
MA-RD as potentially attractive candidates, but addi-
tional separation units would be needed to obtain the
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Table 1. List of Components, Nature, and Splits for the Lactic
Acid System

NBP output
component nature (°C) stream”
methanol (LR) reactant 64.5 8
water reactive impurity/intermediate 100.0 2,9
product
methyl lactate intermediate product 144.8 -
dimethyl succinate  byproduct 196.4 7
dilactic acid byproduct 2159 7
lactic acid (HR) reactant/product 216.6 6
monomethyl byproduct 222.6 7
succinate
succinic acid reactive impurity 317.6 7
trilactic acid byproduct 345.9 7

“Stream numbers correspond to the flowsheet in Figure 8.

required product streams. R-DWC enables removal of
intermediate-boiling lactic acid as a side stream.

Step 2: Methanol and lactic acid are identified as the light
and heavy representative components, respectively.” The
suggested operating pressure ranges from 0.35 and 0.83
atm to avoid degradation of succinic acid. Technologies
suitable for vacuum operation are R-DWC and R-HiGee,
while MA-RD presents challenges. R-HIDiC and CCD
are not applicable for vacuum operation. The ATD is
about 152 °C at atmospheric pressure. Therefore, R-
DWC, R-HiGee, CCD, or MA-RD would need additional
separation units.

Step 3: Methyl lactate production (main reaction) has an
intermediate-to-fast reaction rate, while the reaction
producing succinates (byproducts) is slower. Hence, the
intermediate and fast ranges are selected. The side
reaction between methanol and succinic acid occurs in
parallel, which consumes the reactive separating agent. To
suppress the esterification of succinic acid, side draws in
an R-DWC can be advantageous to modify the
composition of the liquid phase in a given stage, hence
modifying the driving forces for the reaction. The
oligomerization of lactic acid occurs in series, where R-
HiGee could potentially hinder this reaction. However, in
the special case where the forward and reverse reactions
are required, R-HiGee may not be able to provide enough
residence time.

Step 4: The system contains five homogeneous
azeotropes (Table S3 in the Supporting Information).
Azeotropes between lactic acid and succinates are
potentially problematic. However, succinates are pro-
duced in parallel with methyl lactate, and the heavier
succinates can be removed before hydrolysis. Then, lactic
acid is produced in the absence of succinates. Azeotropes
that are away from the splits can be consumed within the
reactive section of R-DWC, R-HiGee, CCD, and R-
HIDiC. Figure S1 in the Supporting Information
illustrates the application of the flowchart; the outcomes
are summarized in the matrix presented in Table 2.

The flow diagram in Figure 8—an R-DWC with auxiliary
units—is proposed, based on the above findings. The method
identifies the range of operating conditions: maximum temper-
ature in the reactive section of 150 °C, operating pressures
between 0.35 and 0.83 atm, a condenser temperature between
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Table 2. Decision-Making Matrix for the Lactic Acid System
o Number of Product Vacuum Reaction Side ARDT selectwn‘ from Additional
Criteria outlet cut . ATb rate . Azeotropes the synthesis p
. operation reactions technology’
streams location cons tant methodology
R-DWC 0 [] (] D D [ ] [1] Advantageous i, iii, iv
R-HiGee (%] 1] a [x] o Not applicable i, iii
R-HIDIC a a y] ! Not applicable i, iii
CCD a ! a Not applicable iiv
MA-RD ! ! Feasible i, iil, iv

(i) Preconcentration, (ii) catalyst safeguarding technologies, (iii) additional separation for extra streams, (iv) additional separation at different
pressures, (v) azeotrope-oriented technologies, and (vi) membrane module.
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Figure 8. PFD for the lactic acid system including additional equipment (indicated with dotted lines).

40 a;nd 60 °C, and a reboiler temperature between 192 and 212
OC‘;

R-DWC is deemed potentially advantageous: the side draw
provides the main product, operation is under vacuum, and
undesired parallel reactions are hindered. The need for
additional separation units is identified, to meet product
specifications and to remove impurities and water. These
preliminary results clearly identify the ARDT with the best
potential to satisfy the design problem among the technologies
studied because the synthesis methodology was able to eliminate
those potentially unfeasible from the evaluation.

5.1.3. Comparison of the Results of the Methodology with
the Literature. The advantages of R-DWC agree with those
observed in earlier studies. For example, simulation studies
found that R-DWC and thermally coupled arrangements are
advantageous in terms of energy use when compared to
conventional RD.>"*? In addition, our previous conceptual
design study helped identify the benefits of a dual R-DWC by
using detailed kinetics for the main and side reactions in a
rigorous simulation. The configuration im<proved energy use,
material intensity, and water consumption.”> MA-RD could be
used but with no specific advantage, except for the case where an
azeotrope needs to be dealt with and if a suitable membrane
exists.
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R-HiGee, CCD, and R-HIDIC are discarded. Gudena et al.>*
evaluated methyl lactate hydrolysis in an R-HiGee stripper-
membrane process, so this study is used to verify the outcomes
of the methodology. The hydrolysis of methyl lactate, which is
needed to recover lactic acid after impurity removal, is slower
than the esterification of lactic acid. Gudena et al.** concluded
that a relatively longer residence time is necessary to achieve a
higher conversion for the substrate. In addition, a decrease in
feed conversion and a marginal increase in operating cost were
observed compared to a conventional reactive stripper coupled
to a membrane. When evaluating kinetics in the proposed
synthesis methodology, both the forward and reverse reactions
were considered, which allowed identifying R-HiGee as
unsuitable for a special case when both reactions are needed.
Finally, the main limitation for applying R-HIDiC and CCD
depends on the inability to operate in a vacuum.

5.2. Production of Dimethyl Ether (DME). 5.2.1. Descrip-
tion of the Process and the Design Problem. DME is typically
produced in a catalytic fixed-bed reactor at a high pressure.
Table S4 in the Supporting Information provides an overview of
the DME system. The feed consists of pure methanol, which is
dehydrated to produce DME and water (eq S6 in the Supporting
Information). Numerical values used as inputs for the
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application of the methodology are provided in Table SS in the
Supporting Information.

5.2.2. Methodology Application and Outcomes.

e Step 1: The feed is pure methanol, so no interactions are
expected apart from the main reaction to obtain DME (eq
S6 in the Supporting Information). Two outlet streams
are expected since full conversion of methanol is assumed,
and DME is the lightest compound that could be
recovered from the top of the column. The list of
components in the order of increasing boiling point and
their nature are provided in Table 3.

Table 3. List of Components, Nature, and Splits for the DME
System

components nature NBP (°C) output stream®
dimethyl ether (LR) product —24.8 2
methanol reactant 64.7 -
water (HR) byproduct 100.0 3

“Stream numbers correspond to the flowsheet in Figure 9.

e Step 2: DME and water are the light and heavy
representative components, and their vapor pressure
curves provide boundaries for the operating window.’
Relatively high operating pressures (8.8 to 14.3 atm) are
required because of the high volatility of DME. Therefore,
all ARDT are suited for operation above atmospheric
pressure. The ATb is 125 °C at atmospheric pressure, so
R-DWC, R-HiGee, CCD, and MA-RD could operate
without further separation.

e Step 3: The reaction rate constant at 90 °C indicates that
the reaction is relatively slow, suggesting CCD due to
larger residence times, thus ruling out R-HiGee. The
system does not present side reactions.

e Step 4: The system does not present azeotropes; hence,
there is no restriction for R-DWC, R-HiGee, CCD, or R-
HIDiC. The ternary diagram showed an envelope where
two liquid phases coexist,”> when the mixture is lean in
methanol, which is unlikely. However, the effect of this
miscibility gap could be further explored in a more
detailed study.

The decision-making flowchart is shown in Figure S2 in the
Supporting Information. The decision-making matrix in Table 4
indicates that CCD could be advantageous for the production of
DME due to the relatively slow reaction rate, while R-DWC and
MA-RD are technically feasible. R-HiGee and R-HIDIiC are
discarded.

Figure 9 presents a potential configuration for the production
of DME, including the operating conditions found from the

8.8 - 14.3 atm

40-60°C

D_@__} Product

i DME 99.95 wt%
Feed

100 mol%

Methanol

Top/Bottom temperature
Max. reaction temperature

120 °C

165 - 185 °C

Byproduct
Water

Figure 9. PFD for the DME system.

operating window. The maximum temperature in the reactive
section is 150 °C, and the top and bottom temperatures are 40—
60 and 165—185 °C, respectively. The range of operating
pressures is 8.8 to 14.4 atm.

This case study is relatively straightforward to analyze due to
the small number of components involved, no side reactions,
and no azeotropes. Although the decision-making matrix shows
feasibility for all ARDT in most decision points, the rate of
reactions is decisive in identifying CCD as advantageous and
discarding R-HiGee. R-HIDiC is also discarded as the
temperature ranges may incur high compression costs.

Taken together, these results suggest that CCD is advanta-
geous based on the reaction rate criterion, but R-DWC and MA-
RD are technically feasible based on other characteristics. This
case study raises the possibility of various process alternatives
being suitable if the answers to decision points change. For
example, an accelerated reaction with a different catalyst, partial
conversion where unreacted methanol needs to be recovered,
and the miscibility gap are already identified but not considered
in the analysis.

Table 4. Decision-Making Matrix for the DME System

Number of Product Reaction . ARDT selection from L.
. Vacuum Side . Additional
Criteria outlet cut . ATb rate . Azeotropes the synthesis 4
. operation reactions technology’
streams location constant methodology
R-DWC 1 1 - 1] Feasible -
R-HiGee 1] 1] (1] (1] [x] - (1] Not applicable -
R-HIDiC [1] [1] 1] [%] - [1] Not applicable -
CCD [1] [1] 1] 1] (] - (1] Advantageous -
MA-RD 1 ! - Feasible -

(i) Preconcentration, (ii) catalyst safeguarding technologies, (iii) additional separation for extra streams, (iv) additional separation at different
pressures, (v) azeotrope-oriented technologies, and (vi) membrane module.
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5.2.3. Comparison of the Results of the Methodology with
the Literature. In accordance with these results, previous studies
have shown that different technologies could successfully
produce DME depending on aspects not included in the context
of the proposed synthesis methodology (e.g., retrofit vs new
design), allowing alternative processing options depending on
the context. For example, Bildea et al."’ found RD to be
particularly useful for revamping existing plants.

Conceptual design studies for the production of dialkyl ethers,
including DME, indicated that, compared to conventional RD,
CCD could achieve higher product purities while reducing the
number of stages and the vapor flow rate.””*® Rasmussen et al.*”
analyzed the production of DME using quantitative metrics to
evaluate the performance of CCD, including the mean
Damkohler number, which accounts for characteristics of the
technology.

Conceptual design studies corroborate the feasibility of R-
DWC.>**’ Kiss and Suszwalak™® proposed an R-DWC operating
at 10 bar that showed energy savings compared with
conventional RD. Gor et al.*’ found that RD presents 10.68%
less total annualized costs (TAC) than an R-DWC operating at 9
to 10 bar with two reactive sections, one at each side of the wall.
This apparent discrepancy may be explained by the scope of the
analysis, where Kiss and Suszwalak™® use energy use (ie.
operating costs) as an indicator, whereas Gor et al.”” included
capital costs. In addition, both RD and R-DWC performed
better than conventional configurations.”” A compromise
between the integration of functionalities and the ease of
implementation is still being evaluated for RD, which depends
heavily on the type of catalyst used and hence on the reaction
kinetics."”>”

Regarding MA-RD, a pervaporation-assisted RD configu-
ration presented promising results in terms of TAC compared to
a conventional RD column.”” In summary, the proposed
synthesis methodology suggests technologies that are worth
exploring further, denoting aspects that could be adjusted to
overcome a limitation, such as catalyst robustness. For example,
Su et al.’’ proposed a dual R-DWC that uses two reaction zones
with catalysts that withstand different temperatures to enlarge
the catalyst life.

5.3. Production of tert-Amyl Methyl Ether (TAME).
5.3.1. Description of the Conventional Process. TAME is a fuel
additive produced from the addition of isoamylenes to
methanol. The FCC unit in an oil refinery provides the feed
stream that contains inert alkanes, olefins, cyclic components,
and sulfur. In the Supporting Information, Table S6 presents an
overview of the TAME system, while Table S7 provides
numerical values applied in the methodology, and the reactions
involved are presented in eqs S7—S12.

5.3.2. Methodology Application. The design problem
involves the transformation of isoamylenes into TAME while
dealing with large amounts of inert materials, potential side
reactions, and unwanted byproducts.®> The main reactions are
TAME formation from isoamylenes 2M1B and 2M2B and one
isomerization reaction between 2M1B and 2M2B, which are
equilibrium-limited.*” Possible side reactions include the
formation of dimers and trimers of 2M1B and 2M2B*® and
methanol condensation to DME.** All reactions are given in egs
§7—S812 in the Supporting Information. Most simulation studies
omit side reactions in their models, but investigating the effect of
side reactions is necessary because they can affect operation.
Therefore, two scenarios are evaluated to apply the synthesis
methodology: Scenario 1 considers the main reactions only (eqs
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S7-S9), and Scenario 2 accounts for side reactions also (eqs
S7-S12).

Table S. List of Components, Nature, and Splits for the
TAME System (Scenario 1)

components nature NBP (°C) output stream”

isopentane (LR) inert impurity 27.8 3
1-pentene inert impurity 30.1 3

2M1B reactant 31.2

2M2B reactant 38.6 -
cyclopentane inert impurity 49.3 3
methanol reactant 64.7 4°
TAME (HR) product 86.4 S

“Stream numbers correspond to the flowsheet in Figure 10. “When
methanol is fed in excess.

5.3.2.1. Scenario 1: TAME Production Disregarding Side
Reactions.

e Step 1: Table 5 lists the components in the order of
increasing boiling point, their nature, and notes the light
and heavy representative components. Preremoval of
inert materials is difficult due to their close boiling points,
so the expected outlet streams include impurity removal.
Step 2: The ATb is 60 °C, which indicates that an R-
HIDiC could provide advantages. Our previous pub-
lication about operating windows” found the operating
pressure to be between 0.11 and 4.4 atm for the stripping
section and between 1 and 13.2 atm for the rectifying
section. Although the range of pressures found for the
stripping section covers values below and above
atmospheric, only pressures above atmospheric are
considered here as they account for the largest range of
operating conditions.

Step 3: The reaction rate constant at 90 °C has a
magnitude of 107, which allows the application of R-
HIDiC, R-DWC, and MA-RD.

Step 4: Scenario 1 features seven azeotropes detailed in
Table S8 in the Supporting Information. Most azeotropes
occur with methanol, and of particular interest is the low-
boiling azeotrope formed between methanol and TAME.
This azeotrope is problematic because it occurs next to a
desired split so that a membrane module could be used in
an MA-RD column. Several studies applying pervapora-
tion to deal with the methanol-TAME azeotrope have
been investigated.*> ™’

5.3.2.2. Scenario 2: TAME Production Considering Side
Reactions. Scenario 2 considers series reactions producing
dimers and trimers and methanol condensation producing DME
and water. A characteristic dimer is 2,3,4,4-tetramethyl-1-
hexene, which promotes the production of 2,4,6,6,7,7-
hexamethylnon-3-ene (characteristic trimer). The components
in Scenario 2 are shown in Table 6.

e Step 1: Extra outlet streams are needed due to the
additional byproducts. R-DWC or MA-RD allows at least
three outlet streams. Because of heavy byproducts, the
product stream is an intermediate cut, the removal of
which is facilitated in an R-DWC.

Step 2: The light and heavy representative components
identified are isopentane and TAME. Due to the large
activation energy, the reactions producing DME and
oligomers are likely to be slower than the main reactions.
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Table 6. List of Components, Nature, and Splits for the
TAME System (Scenario 2)

components nature NBP (°C) output stream*
DME byproduct —24.8 7°
isopentane (LR) inert impurity 27.8 6
1-pentene inert impurity 30.1 6
2M1B reactant 31.2 -
2M2B reactant 38.6 -
cyclopentane inert impurity 49.3 6
methanol reactant 64.7 8"
TAME (HR) product 86.4 9
water byproduct 100.0 4°
dimer byproduct 185.2 4
trimer byproduct 256.8 4

“Stream numbers correspond to the flowsheet in Figure 11. "When
methanol is fed in excess.

ATD is about 60 °C, which could find advantages in the
application of R-HIDiC.

Step 3: The reaction rate constant is in the intermediate
range, so R-HIDiC, R-DWC, and MA-RD are recom-
mended. Oligomerization reactions occur in series and are
slower than the etherification reaction, so reducing the
contact time will reduce the likelihood of producing
dimers and trimers in an R-HiGee. Conversely,
dehydration of methanol occurs in parallel, and using R-
DWC could be advantageous.

Step 4: Additional byproducts result in additional
azeotropes. Scenario 2 features 17 azeotropes mainly
formed with either methanol or water (Table S9 in the
Supporting Information). Four homogeneous azeotropes
and 13 heterogeneous azeotropes have two or three
components. A membrane, in an MA-RD, could deal with
the azeotropes between TAME and methanol and
between TAME and water that are located near the split
to recover the main product.

5.3.3. Methodology Outcomes. The decision-making
flowchart for Scenario 1 is illustrated in Figure S3 in the
Supporting Information, and the results are summarized in the
decision-making matrix in Table 7. R-HIDiC and MA-RD show
benefits for the system. Particularly, R-HIDiC is able to exploit
the small ATb.

First, Figure 10a presents a potential flowsheet of an R-
HIDiC, including a membrane module to deal with the
methanol-TAME azeotrope in case of excess methanol. The
low-pressure section—stripping section—could operate be-
tween 0.11 and 4.4 atm, and the high-pressure section operates
between 1 and 13.2 atm. The maximum reaction temperature is

150 °C. The range of temperatures in both sections overlaps,
which could initially suggest that heat transfer is not possible.
However, temperature profiles depend on the selected operating
pressure and the pressure ratio. Second, Figure 10b proposes a
potential flowsheet including an MA-RD with operating
conditions evaluated in a single operating window, where the
operating pressure ranges between 1.5 and 7.3 atm. In both
flowsheets, the dotted lines for the membrane module and the
methanol stream indicate that they occur when excess methanol
is fed.

When considering side reactions in Scenario 2, additional
species emerge. The application in the decision-making
flowchart is illustrated in Figure S4 in the Supporting
Information. The outcomes of the methodology are summarized
in the decision-making matrix in Table 8.

Side reactions (both in series and in parallel) and heavy
byproducts make the R-DWC appear as the most advantageous
technology followed by MA-RD, R-HIDiC, and R-HiGee.
Product location and parallel reactions are the main drivers for
the use of R-DWC. Due to the additional streams that need to be
removed and the problematic azeotropes around the product
stream, an additional separation unit and a membrane module
are suggested as auxiliary units, illustrated in Figure 11. Potential
operating conditions are pressure between 2.7 and 10.9 atm,
with a condenser temperature between 60 to 121 °C and a
reboiler temperature between 119 and 180 °C. The reaction
window is reduced since temperatures between 110 and 150 °C
favor main reactions over side reactions.” By analyzing the
lightest components in the system, DME and isopentane could
be easily separated in a flash vessel due to the large temperature
difference between them and the absence of azeotropes. At the
heaviest end of the mixture, separation is more challenging due
to a heterogeneous azeotrope between TAME and water.

DME production, hence water, occurs at high methanol-to-
feed ratios and high temperatures.®® Therefore, operating
close to the stoichiometric ratio could help to avoid producing
DME and water (marked with an asterisk in Figure 11). If
methanol remains in the system, it will need to be recovered and
recycled with additional units (denoted with dotted lines).

This case study was designed to identify the effect of side
reactions on technology selection. First, byproducts require to
be removed; hence, the number of streams and the location of
the product cut change. Second, the decision point accounting
for side reactions suggests technologies that could be advanta-
geous to overcome the challenges in Scenario 2.

5.3.4. Comparison of the Results of the Methodology with
the Literature. R-HIDiC and MA-RD are advantageous in both
scenarios. Although there is no apparent winner for Scenario 1,
R-DWC provides additional features that allow overcoming

Table 7. Decision-Making Matrix for the TAME System (Scenario 1)

Number of Reaction ARDT selection from .
- Product cut Vacuum . . . Additional
Criteria outlet . . ATb rate Side reactions Azeotropes the synthesis a
location  operation technology
streams constant methodology
R-DWC - Feasible vi
R-HiGee - Feasible vi
R-HIDiC (+] - Advantageous vi
CCD - Feasible vi
MA-RD - <] Advantageous

(i) Preconcentration, (ii) catalyst safeguarding technologies, (iii) additional separation for extra streams, (iv) additional separation at different
pressures, (v) azeotrope-oriented technologies, and (vi) membrane module.
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Figure 10. PED for the TAME system (scenario 1) for an R-HIDIC configuration including a membrane module (a) and MA-RD (b) (*when excess
methanol is fed to the system).

Table 8. Decision-Making Matrix for the TAME System (Scenario 2)“

Number of Reaction ARDT selection from "
L Product cut Vacuum . . A Additional
Criteria outlet . . ATb rate Side reactions Azeotropes the synthesis
location  operation technology
streams constant methodology
R-DWC ()] (/] (¥] Advantageous (Rank 1) iii, vi
R-HiGee (4] Advantageous (Rank 4) iii, vi
R-HIDiC (/] Advantageous (Rank 3) iii, vi
CCD 1] Feasible iii, vi
MA-RD a Advantageous (Rank 2) iii

?(i) Preconcentration, (ii) catalyst safeguarding technologies, (iii) additional separation for extra streams, (iv) additional separation at different
% g g g P P
pressures, (v) azeotrope-oriented technologies, and (vi) membrane module.

issues of a more complex system. These findings, along with the the effect of side reactions could be detected in an early stage and
reduction of the reaction window identified,” demonstrate that influence the selection of technologies.
5919 https://doi.org/10.1021/acs.iecr.2c04540
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Figure 11. PED for the TAME system (scenario 2) for an R-DWC including a membrane module and flash separation (*when excess methanol is fed

to the system).

For Scenario 1, R-HIDiC shows advantages due to the small
ATb. The potential of R-HIDiC is corroborated by gublished
simulation studies.”’”"* Babaie and Nasr Esfahany”> added a
pervaporation module to R-HIDiC to overcome the azeotrope
between (unreacted) methanol and isopentane. This result
agrees with the suggestion of an additional membrane module to
complement the operation of ARDT.

When accounting for side reactions in Scenario 2, R-DWC is
suggested as the most advantageous followed by MA-RD, R-
HIDiC, and R-HiGee. To date, no studies have included side
reactions in simulations for conventional RD or ARDT.
Therefore, further rigorous modeling studies for the production
of TAME, including side reactions, are recommended to assess
the impacts of side reactions on process performance.

5.4. Production of Methyl Acetate. 5.4.1. Description of
the Process and the Design Problem. The methyl acetate
industrial process is well-known and has been thoroughly
studied, hence the availability of data and various benchmark
configurations.”* One method for methyl acetate production is
the esterification of methanol and acetic acid. A general overview
of the methyl acetate system is provided in Table S10, numerical
values are included in Table S11, and reactions are given in eqs
S13 and S14 in the Supporting Information.

5.4.2. Methodology Application and Outcomes. The feeds
to the esterification process consist of pure acetic acid and a
slight excess of methanol.”>~"’

e Step 1: Components participating in the system, including
byproducts from dehydration of methanol, are listed in
Table 9. Four outlet streams are expected, thus requiring
an additional separation unit to complement the
operation of R-DWC and MA-RD.

Step 2: The ATDb is about 61 °C at atmospheric pressure.
ATD is slightly larger than 60 °C; hence, three scenarios
were evaluated due to the closeness to the threshold
value: (a) two sliding windows for systems with ATb < 60
°C and one sliding window for systems with ATb > 60 °C
where (b1) operates at vacuum and (b2) operates above
atmospheric pressure.
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Table 9. List of Components, Nature, and Splits for the
Methyl Acetate System

components nature NBP (°C) output stream*
dimethyl ether byproduct —24.8 1
methyl acetate (LR) product 56.9 2
methanol reactant 64.7 3
water byproduct 100.0 4
acetic acid (HR) reactant 117.9

“Stream numbers correspond to the flowsheet in Figure 12.

e Step 3: Reactions involved are the esterification of acetic
acid with methanol and the potential dehydration of
methanol into DME, which are presented in eqs S13 and
S14 in the Supporting Information. The reaction rate
constant for the esterification of acetic acid calculated at
90 and 120 °C (maximum reaction temperature) has an
order of magnitude of 107>, so the technologies suggested
are R-DWC, R-HIDiC, and MA-RD. Dehydration of
methanol occurs in parallel with the esterification of lactic
acid. Thus, R-DWC is recommended to deal with the side
reaction.

Step 4: The mixture is nonideal and exhibits two low-
boiling azeotrog)es: methyl acetate-methanol and methyl
acetate-water.”” The normal boiling point and types of
azeotropes are detailed in Table S12 in the Supporting
Information. As a result, the ester product is usually
removed as the methanol-methyl acetate azeotrope,
whose treatment has been studied in various membrane
applications.*' ~° Hence, MA-RD could potentially be
used.

Table 10 presents three decision-making matrices, denoting
the alternatives found when evaluating basic properties and
operating windows in Step 2.

The three scenarios agree on identifying R-DWC and MA-RD
as advantageous. In addition, case (a) suggests using R-HIDiC
to take advantage of the close boiling components. Case (bl)
operating at vacuum also suggests R-HiGee. Following well-
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Table 10. Decision-Making Matrices for the Methyl Acetate System
a) ATb <60°C
o Number of Product Vacuum Reaction Side ARDT selectlon' from Additional
Criteria outlet cut . ATb rate . Azeotropes the synthesis a
. operation reactions technology’
streams location cons tant methodology
R-DWC (1] @ ! [ ] Advantageous (Rank 1) iii, vi
R-HiGee ! Feasible iii, vi
R-HIDiC [1] [ ] Advantageous (Rank 3) iii, vi
CCD ] Feasible i, vi
MA-RD ! ! [+] Advantageous (Rank 2) il
b1) ATb > 60°C with operation at vacuum
o Number of Product Vacuum Reaction Side ARDT selectwn‘ from Additional
Criteria outlet cut . ATb rate . Azeotropes the synthesis p
. operation reactions technology’
streams location constant methodology
R-DWC 1] (] (] (1] ! [ ] Advantageous (Rank 1) iii, vi
R-HiGee [ ] [1] Advantageous (Rank 3) iii, vi
R-HIDiC [] [] Not applicable iii, vi
CCD [x] 1 Not applicable iii, vi
MA-RD ! ! (] Advantageous (Rank 2) iii
b1) ATb > 60°C with operation above atmospheric
o Number of Product Vacuum Reaction Side ARDT selecnor{ from Additional
Criteria outlet cut . ATb rate . Azeotropes the synthesis a
. operation reactions technology’
streams location constant methodology
R-DWC (] ! (] Advantageous (Rank 1) iii, vi
R-HiGee ! ! Feasible iii, vi
R-HIDiC [1] [x] Not applicable iii, vi
CCD ! ! Feasible iii, vi
MA-RD [+] Advantageous (Rank 2) i

(i) Preconcentration, (ii) catalyst safeguarding technologies, (iii) additional separation for extra streams, (iv) additional separation at different
pressures, (v) azeotrope-oriented technologies, and (vi) membrane module.

known heuristics, avoiding vacuum conditions is desired; hence,
R-HiGee is unlikely to be necessary. Therefore, R-DWC, MA-
RD, and R-HIDiC represent advantageous processing options
that could be further evaluated. Due to the number of outlet
streams required and the azeotrope occurring close to the
desired split, additional separation and the use of a membrane
module can complement the operation.

Figure 12 presents the potential flowsheet configurations,
including auxiliary equipment and operating conditions. The
first ranked is an R-DWC including a membrane module (a),
then an MA-RD including a flash separation unit (b), and finally
an R-HIDIC including a flash separation unit and a membrane
module when exploiting the closeness in boiling points (c).

This case study was proposed to demonstrate the flexibility of
the synthesis methodology as the decision-making flowchart
provides guidelines that could be adapted as the evaluation
progresses. This is important because, from a practical point of
view, the proposed approach allows potential processing options
to be identified systematically. The methodology provides
arguments as to why one technology might be advantageous
while others are discarded according to the context and targets
of the design problem. Although the results from evaluating
operating windows that account for ARDT? are preliminary for
this case study, the observations provide valuable insights for
selecting technologies, and the results are verified with published
studies.

5.4.3. Comparison of the Results of the Methodology with
the Literature. The esterification of organic acids, particularly
acetic acid, has been thoroughly studied in both traditional and
hybrid processes.”* Experimental and modeling studies have
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been performed, including control structures applied for RD
applications.”””>7**>°! Aiming to improve the performance of
RD, an R-DWC at atmospheric pressure presented benefits in
terms of TAC compared to a sequence of RD and conventional
distillation and showed better dynamic performance than a
single RD using a stoichiometric feed ratio.”” Integration of a
membrane module to RD to overcome the methanol-methyl
acetate azeotrope has not been described in the literature,
although independent membrane studies have been per-
formed.*"**7>%" Babi et al.”" presented a synthesis-intensifica-
tion framework that emphasizes the importance of membranes
to improve sustainability. However, ARDT were not included in
the framework. Therefore, an interesting next step will be the
study of an MA-RD for the production of methyl acetate, which
could be compared with various configurations (conventional
and intensified) to assess its benefits.

Finally, R-HIDiC was deemed advantageous when consider-
ing the closeness of boiling points. However, published
studies””~”* have applied R-HIDiC to the hydrolysis of methyl
acetate, which is the reverse reaction. The decision-making
process for the hydrolysis of methyl acetate is detailed in the
Supporting Information, including the decision-making matrix
and flowchart, highlighting decision points (e.g., the change in
the product cut location, no side reactions, and the azeotrope
located far from the split) that drive the selection of technologies
in a different direction. From the comparison, the occurrence of
DME with the esterification of acetic acid could affect the
temperature profile along the column. Therefore, a light
component could present challenges for the operation of the
compressor. Further studies are recommended to assess the

https://doi.org/10.1021/acs.iecr.2c04540
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Figure 12. PEDs for the methyl acetate system: R-DWC (a), MA-RD (b), and R-HIDIC (c).

applicability of R-HIDIiC for the esterification of acetic acid to
assess the impact of the dehydration of methanol.
5.5.Production of Cyclohexane. 5.5.1. Description of the
Process and the Design Problem. Cyclohexane is an important
raw material in the petrochemical industry, mainly obtained
through benzene hydrogenation.”® Separating benzene from
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cyclohexane is challenging because of their close boiling points
and azeotrope. Various techniques have been investigated for
the separation of the benzene—cyclohexane mixture.”’ "%
Therefore, this case study explores the application of ARDT

for a typical hydrogenation reaction. An overview of the

https://doi.org/10.1021/acs.iecr.2c04540
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ranges between 1.13 and 14.22 atm, so the ARDT
evaluated could operate at these conditions. As for ATb,
R-DWC, R-HiGee, CCD, and MA-RD could cover those
temperature ranges without needing additional units.

cyclohexane system is summarized in Table S15 in the
Supporting Information.

5.5.2. Methodology Application and Outcomes.

e Step 1: The benzene feed contains a considerable amount
of C5—C9 paraflins and other aromatics, as detailed in
Table S16 in the Supporting Information. The feed is also
likely to contain sulfur compounds, so a guard reactor can
be used. Inert paraffins need to be removed, which is
considered when defining the splits, while cumene tends
to react with hydrogen—a side reaction. Table 11 lists the

Step 3: Hydrogenation of benzene to produce cyclo-
hexane could be accompanied by hydrogenation of
toluene into methyl cyclohexane (parallel reaction) and
isomerization of cyclohexane into methyl cyclopentane
(series reaction), eqs S15—S17 in the Supporting
Information. Kinetic data are scarce, particularly for the
reaction in the liquid phase and the type of catalyst, where
the latter is usually kept as a trade secret, according to
Mahindrakar and Hahn.'®' Reaction rate values at

Table 11. List of Components, Nature, and Splits for the
Cyclohexane System

components nature NBP (°C)  output stream® different temperatures are provided in Table S16 in the
hydrogen reactant —252.8 1 Supporting Information. The reaction rate order for the
n-pentane (LR) inert impurity 36.1 2 hydrogenation of benzene, which is within the temper-
methyl cyclopentane  byproduct 71.8 2 ature range evaluated in the operating window, fluctuates
benzene reactant 0.1 3t between 10~° and 10™*, which can be favored with the use
cyclohexane product 80.7 5 of CCD. Regarding side reactions, reference values are
2,3-dimethyl pentane  inert impurity 89.8 4 provided but under conditions outside the range of
n-heptane inert impurity 98.4 4 pressures identified in the operating window. However,
methyl cyclohexane byproduct 100.9 4 Campbell'” provided a qualitative reference for the
toluene reactive impurity 110.6 4 isomerization reaction, which could be slow enough if
m-xylene inert impurity 139.1 4 temperatures are controlled. Although the side reactions
cumene (HR) inert impurity 1524 4 cannot be represented in the operating windows due to

the lack of data in the required conditions, identifying the
types of reactions could provide guidance to select R-
DWC and R-HiGee since they could help prevent side
reactions.

“Stream numbers correspond to the flowsheet in Figure 13. “When
benzene is not fully converted.

components in the order of increasing boiling point and
denotes their nature. The most difficult split is to separate
benzene and cyclohexane due to their close boiling points.
Benzene can be fully or partially converted. If full

Step 4: The system exhibits two homogeneous azeotropes
(Table S17 in the Supporting Information). The most
problematic azeotrope occurs between benzene and

conversion is achieved, no benzene will exit the system.
However, if benzene is not fully converted, it is expected
to exit the system along with cyclohexane. Due to the
number of streams that need to be removed, an additional

cyclohexane, which is pressure-sensitive and disappears
above two atmospheres. A membrane module could be
added to overcome the azeotrope in case benzene is not
fully converted and exits the system.

separation unit could complement the operation of
ARDT. The product stream, cyclohexane, is mid-boiling,
so the use of an R-DWC helps its removal as a side draw.

Results of the methodology are summarized in Table 12,
where R-DWC is ranked as the most advantageous technology
followed by MA-RD and CCD. Additional separation is needed
to obtain all the streams. Two additional units—a guard bed
reactor and a membrane—are included to deal with sulfur
compounds in the feed and the azeotrope between benzene and
cyclohexane, respectively. The application in the decision-
making flowchart is illustrated in Figure S7 in the Supporting
Information.

A potential process flowsheet is presented in Figure 13,
including potential operation conditions. The guard bed reactor

Step 2: Hydrogen is not considered as a representative
component because it is a gas that will not condense, and
its boiling temperature is far from that of other
compounds. As a result, the light and heavy representative
compounds are n-pentane and cumene, respectively. The
ATb is about 116 °C at atmospheric pressure. The
reaction section is limited by the thermal degradation of -
pentane at 260 °C. The suggested operating pressure

Table 12. Decision-Making Matrix for the Cyclohexane System

Number of Product Reaction . ARDT selection from ..
. Vacuum Side . Additional
Criteria outlet cut . ATb rate . Azeotropes the synthesis
. operation reactions technology’
streams location cons tant methodology
R-DWC Q [1] [ ] Advantageous (Rank 1) i, iii, v
R-HiGee [1] [x] [ ] Not applicable ii, ii, vi
R-HIDiC [] Not applicable ii, ii, vi
CCD 1] (] Advantageous (Rank 3) i, iii, vi
MA-RD [+] Advantageous (Rank2) i, iii, vi

(i) Preconcentration, (ii) catalyst safeguarding technologies, (iii) additional separation for extra streams, (iv) additional separation at different
pressures, (v) azeotrope-oriented technologies, and (vi) membrane module.
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and the membrane module are denoted with dotted lines to
indicate that they are optional.

This case study aimed to demonstrate the application of
ARDT in a system where one reactant is a gas that reacts in the
liquid phase while in contact with a catalyst. This is important
because a range of systems with a gaseous reactant, typically
requiring high temperatures and pressures, could be explored
and be benefited from the simultaneous reaction and separation
in RD at less severe conditions. Additionally, this case study
demonstrated that a small number of kinetic data points or
qualitative information is valuable in providing guidance for the
decision-making flowchart, at least at an early stage.

5.5.3. Comparison of the Results of the Methodology with
the Literature. Hydrogenation of benzene in RD is reported in a
few studies regarding process control and one patent.'*"'*>'%*
However, studies are yet to be performed to evaluate ARDT.
Although preliminary, having identified R-DWC, MA-RD, and
CCD as advantageous provides a good starting point not only
for embarking on more rigorous simulations but for identifying
additional studies needed to complement the evaluation,
particularly regarding kinetics and the types of catalysts.

6. CONCLUSIONS

This work successfully proposed and validated a systematic
synthesis methodology to assess ARDT to identify features to
qualify them as advantageous, technically feasible, or not
applicable. This methodology allows the evaluation of different
scenarios to understand the effect of operating conditions, side
reactions, dilute feeds, and azeotropes, which are typically
overlooked in the early stages of process design. The results can
be presented in a process flowsheet including units to
complement the operation of ARDT to solve the design
problem. Thus, this study strongly contributes to integrate the
evaluation of intensified units, whose evaluation is normally
technology-oriented, into the process systems engineering
approach to obtain an initial process flow diagram.

The methodology was successfully applied and demonstrated
in five case studies that are industrially relevant. From a practical
point of view, testing different chemical systems demonstrates
the robustness and flexibility of the methodology to provide a
basis for the selection of technologies. From a methodological
point of view, this is the first time that ARDT are considered in a
systematic synthesis methodology using a combination of first
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principles (thermodynamic properties and kinetic parameters)
and heuristics. The results from the synthesis methodology are
verified with results from other published studies. The main
findings of each case study are as follows:

e Durification of lactic acid: It is a special case where a
reactive separating agent is introduced to promote a
reversible reaction to overcome a difficult separation. It
also demonstrates the effects of a reactive impurity. R-
DWC was the most advantageous technology because it
favors the removal of various outlet streams, particularly
the product cut, and could potentially help prevent side
reactions.

Production of dimethyl ether: CCD is deemed potentially
advantageous because of the large residence times
provided. However, R-DWC and MA-RD were also
identified to be feasible and were also evaluated in
published studies. Thus, complementary studies are
recommended to allow a more quantitative comparison.

Production of tert-amyl methyl ether: This case study
evaluated the effect of side reactions. While R-HIDiC and
MA-RD are identified as equally advantageous when side
reactions are not considered, R-DWC offers more
advantages when accounting for side reactions because
of the additional outlet streams, the location of the
product cut, and the need to inhibit undesired reactions.
In this manner, the methodology provided guidance for
selecting technologies accompanied by insights about the
parameters influencing the selection, which could inform
further kinetic and catalytic studies.

Production of methyl acetate: This case study demon-
strated the flexibility of the methodology that could be
adapted according to the objectives of the design
problem. R-DWC was identified as the most favorable
technology in all scenarios, but the next best technologies
varied based on considerations or assumptions tailored to
a particular application.

Production of cyclohexane: This case study investigated a
system that includes a gaseous reactant, where R-DWC
was found to be the most advantageous. It is worth noting
that additional units are also suggested throughout the
decision-making flowchart to complement the operation
of ARDT and provide a potential process configuration.

https://doi.org/10.1021/acs.iecr.2c04540
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For the case studies evaluated, R-HiGee is either considered
not applicable or is ranked after other more advantageous
technologies. This could be attributed to the fact that the
reaction systems evaluated presented slow to intermediate
reaction rates, while R-HiGee is deemed advantageous for very
fast reactions (where side reactions must be avoided).
Therefore, applications featuring relatively fast reactions could
potentially find advantages in the use of R-HiGee.

The proposed synthesis methodology finds limitations when
complex feeds and reaction networks increase the number of
interdependent interactions that cannot be evaluated. Despite
the exploratory nature of the methodology, its guidelines assist
the selection of technologies and contribute to the development
of basic process flowsheets that include ARDT that have not
been considered in previous approaches.

Further research should be carried out to understand the
interplay of mass and heat transfer and miscibility gaps in ARDT.
These investigations will contribute to the future development
of methodologies to assist in process synthesis and design. For
example, introducing dimensionless numbers, such as the
Damkohler and Hatta numbers, will allow operating parameters
and hardware characteristics of ARDT to be considered. In
addition, cost estimates, which cannot be done at this stage due
to the screening nature of the methodology, could be introduced
to provide a quantitative measure for comparison. Opportunities
for heat integration could be explored by introducing more
complex configurations, such as heat integration in thermally
coupled reactive distillation sequences, in later stages of the
(detailed) process design.
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