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Abstract

Reactive distillation (RD) is an efficient process intensification technique that integrates chemical reaction and
distillation in a single apparatus. The process is also known as catalytic distillation when a solid catalyst is used.
RD technology has many key advantages such as reduced capital investment and significant energy savings, as
it can surpass equilibrium limitations, simplify complex processes, increase product selectivity and improve
separation efficiency. However, RD is also constrained by thermodynamic requirements (related to volatility
differences and heat of reaction), the need to align the reaction and distillation operating conditions, and the
availability of catalysts that are active, selective and with sufficient longevity.

This paper is the first to provide an overview and insights into novel integrated reactive distillation technologies
that combine RD principles with other intensified distillation technologies — e.g. dividing-wall column (DWC),
cyclic distillation, HiGee distillation, heat-integrated distillation column (HIDiC), and membrane-, microwave-
or ultrasound-assisted distillation — potentially leading to the development of new processes and applications.

Keywords: hybrid process, dividing-wall column, cyclic distillation, high gravity, heat integration, green energy

1. Introduction

Reactive distillation (RD) is one of the best success stories of process intensification technology — developed
since the early 1920s — that already made a strong positive impact in the chemical process industries, and has a
great potential for process modularization. Nowadays, RD is considered an established industrial unit operation,
being the front-runner in the PI field with more and more applications reported in literature.'®

RD relies on the synergy generated when combining catalyzed reactions and distillation into a single unit. But,
as both operations take place in the same unit at the same time, there must be a good match between the
operating parameters required for reaction and distillation.” This overlap is usually limited by the properties of
the components (e.g. boiling points), catalytic activity and selectivity, and the equipment design among others.
Usually this leads to a restricted area in which RD is actually feasible, being a trade-off as shown in Figure 1.*
However, this figure does not show the complete picture as there are also other parameters that play a role (e.g.:
mass transfer, residence time, reaction rate) and can be altered by using different equipment of operating mode.
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Figure 1: RD requires an overlap of the operating windows for reaction and separation. The star symbols
illustrate cases where standalone separation and reaction are preferred, while the plus indicates a match for RD.
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The main research and development (R&D) steps that are used to develop a RD process are illustrated in Figure
2.} Literature data and rigorous simulations are typically used to guide the conceptual process design and the
experimental program, while the lab/pilot-scale experiments serve to validate the simulation model. Afterwards,
the experimentally validated model is used for process scale-up, sensitivity studies, optimization, and economic
evaluation. The approach aims to reduce the uncertainty and increase the knowledge about the process to allow
reliable design and construction of realizable RD processes.

Process Modeling and Experimental work
estimates simulation (lab & pilot scale)

' ¢

Literature data VLE and LLE +3 Validation & regression
l ....................... t’ l

Estimated data Chemical equilibrium <5 Reaction profiles, kinetics
‘ ' }
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| |
|—> Conceptual design <+— Lab/ pilot-scale testing

| |

Sensitivity studies <+«——  Pilot-scale validation

| |

. Process optimization <——  Demo unit (optional)
Time & knowledge 1 1

(reduced uncertainty) : :
Economic evaluation — Full-scale plant

Figure 2: Research & development steps for a RD process development based on simulation and experiments

Reactive distillation allows chemical reaction and separation to take place simultaneously inside the column,
thus providing a valuable synergistic effect that overcomes the equilibrium limitations of many reactions, e.g.:
(trans-)esterification, etherification, hydrolysis, (de-)alkylation, (de-)hydration, (de-)hydrogenation, amination,
amidation, aldolization, chlorination, condensation, isomerization, dimerization, and oligomerization.g’12 RD can
be also used for fast reactions where the high concentration of one of the products or reactants may lead to
undesired side reactions, hence the strong need to reduce their concentration in the reacting phase to minimal
levels in order to hinder the undesired side reactions. RD can be also used to separate azeotropes, based on the
difference between the reaction rates of the substances forming the azeotrope with another reactant. For instance,
one compound from an azeotrope could be reacted to form products that are easier to separate (by distillation)
from the other substances in the azeotrope. Furthermore, the products could undergo a reversible reaction to
form the original substance using a RD process to achieve the desired separation of the azeotrope mixtures.'* "

In spite of the remarkable developments during the past decades, the potential of RD technology has not been
fully tapped yet, and there is still undergoing research to improve it further by various process intensification
means: e.g. use of dividing-walls, cyclic operation, internally heat integration, high-gravity fields, or coupling
RD with other operations (membrane separations), or use of alternative energy (ultrasounds or microwaves).
This review paper — invited for the special issue of Industrial & Engineering Chemistry Research about Frame-
works for Process Intensification and Modularization — aims to provide an insightful overview of recent novel
RD technologies that combine the principles of reactive distillation with other intensified technologies, leading
to new hybrid processes (amenable to modular manufacturing) such as:
* Reactive dividing-wall columns (R-DWC) — allows the separation and recycle of a reactant excess, thus
sparing the need for an additional distillation unit.
* Reactive cyclic distillation or catalytic cyclic distillation (CCD) — offers larger liquid holdups and residence
time, making it suitable for slow reactions.
* Reactive (internally) heat-integrated distillation column (R-HIDiC) — provides different operating pressure
and temperature for reaction and separation in the stripping and rectifying sections.
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* Reactive HiGee distillation (R-HiGee) — works at high gravitational forces that dramatically enhance the
mass transfer, although at the expense of reducing the residence time.

* Membrane-assisted reactive distillation (M-RD) — allows additional separations to take place next to RD.

* Microwave-assisted reactive distillation (MW-RD) — can provide targeted energy input (local heating).

» Ultrasound-assisted reactive distillation (US-RD) — improves mass transfer and rates by sonication.
A comparison with classical RD processes is made, where strengths and weaknesses are analyzed, considering
process synthesis and design, controllability and operability, energy efficiency, key benefits and limitations, and
the potential for practical adoption of these technologies by the chemical industry. We also highlight the most
promising of these RD technologies, as well as the research challenges and directions of development that lie
ahead for industrial adoption.

2. Classic reactive distillation

The literature covers a large range of topics about RD technology, including: thermodynamics, feasibility and
applicability, conceptual design, modeling and process simulations, optimal design, design and control, process
configurations, process scale-up, green engineering aspects, industrial perspectives and novel applications.” The
main configurations of classic RD processes are illustrated in Figure 3, ranging from a conventional setup (for
quaternary reactive systems) to azeotropic reactive distillation (column coupled with a decanter to separate the
heterogeneous azeotrope), and RD with pre-reactors,'” and/or side-reactors to increase the residence time.'’

Rectifying zone & Decanter /%
Distillate

Distillate
I(:heeea(tivy) i Feed el By
(heavy) .
Reactive zone >(RX_) :
(catalyst) B PIT TIPS H
Feed Feed - ) --.)( RX ) H
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(light) RDC (light) cbe fbe
Stripping zone
Bottoms Bottoms

Figure 3: Configurations of reactive distillation (RD) processes: classical RD column (left), azeotropic RD
(middle), RD with optional (dashed line) pre- and/or side-reactors (RX) that can increase conversion (right).

From a catalysis viewpoint, several possible situations are envisaged: no catalyst, homogeneous catalyst, or
heterogeneous catalyst. In practice, this means that the catalyst is allowed to leave the RD column in one of the
product streams; or it is neutralized and separated as salt waste; or it is separated and recycled; or no catalyst
separation or recovery is required.® A particular case of catalysis is the use of immobilized enzymes that allow
new possibilities for the application of biocatalysts in organic synthesis, for example in the production of chiral
compounds.

Enzymatic Reactive Distillation (ERD) is a bio-reactive process, in which enzymes, immobilized on the internal
surface of a column, help to overcome chemical reaction and phase equilibrium limitations."®*! A biocatalytic
hydrophobic silica coating for commercial structured packing can be used to enable enzymatic reactions in RD
columns. Such a continuous ERD process was developed and proven experimentally at pilot scale. However,
ERD processes are somewhat hindered by to the limited temperature interval in which the enzymes are active,
hence the operating window of the ERD process is narrow in terms of temperature and pressure.'®

3. Advanced reactive distillation

Taking reactive distillation to the next level of process intensification requires more advanced configurations,
which extend the range (and overlap) of operating conditions beyond those applicable to classical RD.* Other
variations of RD may include for example: integration with other PI technologies, use of different operation
mode, or membrane- or microwave- or ultrasound-assisted reactive distillation for further energy savings, high
efficiency and environmental friendliness.”>*
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3.1 Reactive dividing-wall columns

RD in a dividing wall column (DWC) was a logical next step waiting to be developed in academia and applied
industrially. Literature reports range from rate-based modeling and simulation of R-DWC processes,* to broad
analysis of the reactive dividing-wall column, its minimum energy demand and the potential for energy
savings,”’ and more recently a comprehensive review on R-DWC.” The R-DWC has been modeled using rate-
based approaches and the performance of R-DWC units has been theoretically studied for different chemical
systems. Some research groups investigated R-DWC using standard routines available in commercial process
simulators (e.g. Aspen Plus), but experimental investigations of R-DWC configurations are still very scarce. The
advantages demonstrated by this highly integrated process, in both modeling and experimental studies are: high
conversion, increased selectivity and product purity, significant energy and cost savings.

Figure 4 illustrates the typical configuration of a generic R-DWC, as well as an application to the dimethyl ether
(DME) process.'® R-DWC applications have been reported (mostly as simulation studies) for the production of
various chemicals e.g. methyl acetate,”" ethyl acetate,’’** dimethyl ether,” fatty acid methyl esters (FAME),*
biodiesel,” diethyl carbonate,”” n-propyl propionate,*® and other industrial applications.”
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Figure 4: Reactive dividing-wall column: generic configuration (left), specific setup for DME synthesis (right)

R-DWC technology has been an active area of research during the past decade, with many studies concluding
that the technology is industrially feasible and ready for implementation at commercial scales. The main
challenges to the commercialization of R-DWC are the lack of experimental results (currently limited to only 5
chemical systems, 2 lab-scale and 2 industrial scale units), uncertainties in R-DWC modeling and simulation,
lack of demonstration of (complex) control schemes (e.g. model predictive control), need for improvement of
dynamic models and shortcut design. Nonetheless, R-DWC technology can add significant value to new
chemical processes, with a strong potential to improve production yields, to save 15-75% in energy usage and
over 20% in capital cost, as compared to conventional processes.”® The design and control of R-DWC can draw
on the extensive experience of RD and DWC, respectively. The key limitations of R-DWC relate to: catalyst
formulation, hold-up & residence time, pressure drop & flooding, and the need for equal pressure drop on the
two sides of the dividing wall. The main potential applications are reversible reactions where the components
have suitable boiling point characteristics (i.e. that allow separation while also being suitable for the reaction).

3.2 Catalytic cyclic digtillation

Cyclic distillation is as a new contender in fluid separations, providing an innovative way of creating contact
between the liquid and vapor phases.'’ Unlike conventional operation, cyclic distillation uses separate phase
movement (SPM) that can be achieved with technology-specific internals and a periodic operation mode.**!
One operating cycle consists of two key parts: a vapor flow period (when the thrust of rising vapor prevents
liquid downflow) followed by a liquid flow period (when the liquid flows down the column, dropping by gravity
from one tray to the tray below). This cyclic mode of operation leads to key advantages, compared to
conventional trayed columns: high throughput and equipment productivity, high separation efficiencies (140-
200% Murphree efficiency), reduced energy requirements (20-35% savings), and increased quality of the
products. The pilot scale implementation of the cyclic distillation technology available at Maleta Cyclic
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Distillation (www.maletacd.com) is expected to be valuable for demonstration of technology-readiness.

Adding a catalyst on the trays leads to catalytic cyclic distillation (CCD) that is a novel process intensification
approach in reactive separations.*” Figure 5 illustrates the typical internals used for cyclic distillation. Such a
setup allows control of the amount of liquid on the tray, and thus the reaction time. As the liquid holdup and the
amount of catalyst per tray can be significantly greater than in conventional RD systems, applications to slower
reactions become feasible as well, thus extending the range of applicability of RD.

In terms of design and control, dynamic models are needed, where multiple degrees of freedom require
optimization. Key challenges include: moving parts (especially in the presence of catalyst particles); obtaining
good mixing and turbulence in the liquid phase, to enhance the reaction, without damaging the catalyst particles.
Adding structured catalytic packing or catalytic internals on the tray may overcome this challenge. As with RD
technology, CCD is limited to liquid-phase reactions (i.e. reactions taking place at relatively low temperatures).
Nonetheless, CCD enables good utilization of the column shell (as there is a high ratio of catalyst volume and
liquid hold-up to the space available for vapor flow); potentially CCD has a good range of application (e.g. for
slower reactions). However, there is a need for development and validation of sophisticated process modeling
approaches for design, control and optimization purposes.

| 4+
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Figure 5: Schematics of cyclic distillation internals: (left) Maleta trays and packing; (right) Maleta trays with
solid catalyst — photos courtesy of Maleta Cyclic Distillation (www.maletacd.com).

3.3 Reactive heat-integrated distillation column

The heat integrated distillation column (HIDiC) is a radical approach for applying heat pumping to assist
distillation. The technology makes use of internal heat integration: the whole rectifying section of a column is
the heat source, while the stripping part acts as a heat sink.”* Heat is transferred from the rectifying section
(operated at high pressure) to the stripping section. The heat required for evaporation in the stripping section is
thus obtained from the rectifying section, reducing the heat duty of the reboiler (but shaftwork is needed for
compression). Overall, HIDiC can achieve primary energy savings (and associated CO, emissions) of 70-
90%."**" The industrial implementation of HIDiC (SuperHIDIiC by Toyo Engineering Corporation: www.toyo-
eng.com/jp/en/products/environment/superhidic/) is serving as a valuable demonstrator that could significantly
increase the confidence of industry in the HIDiC technology.*

Combining HIDiC with RD in a single unit leads to a reactive system (R-HIDiC) with potential for industrial
applications. Figure 6 illustrates the concept of reactive HIDiC. Savings would be expected in capital and
energy costs. In addition, R-HIDiC has potential to be applied to azeotrope-forming mixtures where the reaction
can consume the azeotropes. The simulation of this new technology was reported for tert-amyl methyl ether
production,”® ethyl acetate synthesis,””> and EO hydration to ethylene glycol.”” However, to date, only
simulation studies have been reported and experimental validation of the process concept is lacking.

Design and control can benefit in practice from the ‘simplicity’ of the SuperHIDiC concept using two discrete
heat exchangers, which is a good compromise that provides high energy savings at low investment costs, in an
operable configuration. The outlook for R-HIDiC is positive, as the high energy savings of HIDiC provide
strong incentives - although the initial R-HIDiC studies showed only up to 22% savings, compared to classical
RD processes. However, the range of applicability (beneficial to equilibrium-limited reactions) is likely to be
narrower than that for conventional RD, i.e. close-boiling mixtures (to avoid high pressure difference between
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the rectifying and stripping sections). Moreover, the boiling points difference and the compression ratio are key
limiting factors on the applicability of R-HIDIC to various reactive systems.

Compressor Compressor
Top
Feed Feed Im
> —> c
R =
ol ) =
& £ 5
Feed R Feed | &
ab= — & | & |
S
c s o
= (7)) é\o
1 & i &
‘JﬂE % ) ‘J;l 2
[} |
_\;/ _\;/
Bottom Bottom

Figure 6: Reactive HiDIC configurations with the reactive zone located in the stripping or rectifying section.

3.4 Reactive HiGee digtillation (R-HiGee)

High-gravity (HiGee) technology replaces the usual gravitational field by a centrifugal field achieved in a
specially shaped rotating device. The high-gravity field (100-1000 g) shifts the flooding limit and allows the use
of dense packing materials with a high interfacial area. For rotating packed beds (as illustrated in Figure 7),
HETP values as low as 2 to 8 cm have been reported, while for rotating zig-zag beds (RZB), a volume reduction
of a factor of 4 to 7 is claimed for certain distillations (compared to conventional columns) thus enabling
process modularization.”* Furthermore, one could also add a catalyst to convert the system into a reactive HiGee
distillation. The two-stage counter-current rotating packed bed (RPB, an upgraded version of RZB) combines
the benefits of the RZB with the capability to use packing and it has been assessed (together with conventional
RPB) to be the most appropriate equipment to perform RD among all HiGee contactors available.”*
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Figure 7: Rotating Packed-Bed (left)'' and Rotating Zig-zag Bed (right)** for (reactive) HiGee distillation.

As early as 1999, Dow Chemicals successfully introduced the reactive stripping of hypochlorous acid as one of
the first commercial applications of RPBs.>* A model of a novel reactive HiGee distillation process has been
developed, and then applied for analysis and optimization of a reactive HiGee stripper-membrane process for
methyl lactate hydrolysis.”>”® Solid-catalyzed reactive stripping has also been reported in a simulation study
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about the production of octyl-hexanoate with simultaneous water removal from the reaction zone of an RPB.”’
While few studies have included solid catalysts in the (wire mesh) packing, published results showed the
potential of HiGee for solid-catalyzed gas-liquid reactions and even for reactive distillation.”®* This potential
mainly results from the intensified gas-liquid mass transfer rates and the good catalyst wetting at high gravity.
But prolonged operation at high gravity also results in erosion of the catalyst entrapped in the internals (e.g. wire
mesh). An important limitation is the very low liquid holdup of RPBs, and the correspondingly low residence
times that limit application of RPBs to reactive systems with very high reaction rates. Therefore, reactive HiGee
technologies need more research to enhance packing design in order to achieve higher liquid-phase residence
times and thus to extend the range of applicability of RPBs. For now, the range of applicability is limited to
liquid-phase reactions only and includes fast reactions with competing serial reactions, to achieve enhanced
selectivity and ensure low yield losses.”

3.5 Membrane-assisted reactive distillation

Membrane-assisted reactive distillation (M-RD) has a high potential for process intensification, as underlined in
a study about recent developments and challenges of M-RD.* Although membrane-assisted separations are
sparsely applied in industry — due to their complexity in design and operation — significant progress has been
made during the past decades in terms of design tools and experimental validation.

An industrial team from Sulzer ChemTech reported a process for the continuous production of fatty acid esters
via a membrane-assisted reactive distillation process — see Figure 8 (left).”” In one example, the esterification of
palmitic acid (PA) with isopropyl alcohol (IPA) is described. The water / IPA mixture that leaves the top of the
RD column is treated in a membrane system, in which water is pervaporated through the membrane while the
dry IPA can be recycled. Similar processes are possible for other esterification reactions of fatty acids.®

A similar membrane assisted RD process was developed for the production of n-butyl acetate by trans-
esterification of methyl acetate with n-butanol.®" A strongly acidic ion-exchange resin (Amberlyst 15) was used
as catalyst in the RD column which was equipped with structured catalytic packing Sulzer Katapak. A Pervap
2255 membrane was used for the pervaporation to separate the methanol - methyl acetate mixture obtained as
the distillate stream of the RD column. The experimental results showed a good agreement with the simulations.
The etherification of tert-amyl alcohol with ethanol has been evaluated by simulation and experimentally in a
RD column which had a zeolite NaA membrane tube inserted — leading to a 10% increase in the yield of tert-
amyl ethyl ether.®” In spite of the multiple assumptions made in the models, there was a good agreement
between the experimental and the simulation results.

Buchaly et al.*® investigated experimentally, at pilot scale, a novel M-RD process to produce propyl propionate
by the esterification of propionic acid with n-propanol. Vapor permeation was applied to separate water by-
product from a heterogeneous, low-boiling ternary azeotrope (between n-propanol, propyl propionate and
water). Similarly, Lv et al.** studied experimentally, at pilot scale, another M-RD process for the esterification
of acetic acid with ethanol to produce ethyl acetate and water. In this case, a pervaporation membrane was
connected to the reboiler to separate water from the ethyl acetate/water mixture.
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Figure 8: Membrane-assisted reactive distillation processes for fatty esters (left) and DMC synthesis (right)
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The synthesis of dimethyl carbonate (DMC) and propylene glycol (PG) — by trans-esterification of propylene
carbonate with methanol — in a new M-RD process has been reported.”” Conversion is limited by chemical
equilibrium, while the purification of DMC is hindered by the formation of an azeotrope with methanol. RD was
used to overcome the limitation of the chemical equilibrium, whereas vapor permeation was used to separate the
azeotrope — as shown in Figure 8 (right). A detailed pilot-scale experimental study was performed to quantify
the synergistic effects between both unit operations, and the experimental results were applied to validate the
model that was used afterwards to analyze the process.

Overall, the M-RD process is similar to an azeotropic RD system with the main difference that it uses a
membrane instead of a decanter for separation thus not being limited to systems forming two-liquid phases. Yet,
the use of membranes also brings into the M-RD process their own advantages (e.g. cheap separation without
evaporation) and drawbacks (e.g. fouling, need for replacement).®® The combination of membrane and RD in
one unit and/or series arrangements has excellent potential to further intensify the performance of RD, e. g. for
the production esters and ethers (e.g. where the timely removal of water by-product is crucial).

3.6 Microwave-assisted reactive distillation

Microwave-assisted distillation is a combination of microwave (MW) heating (a form of electromagnetic
radiation with wavelengths ranging from 1 meter to 1 millimeter) and distillation in the same apparatus, where
microwave is used as an alternative energy source. Selective absorption of energy or use of energy only where is
needed (e.g. relative to conventional heating, partly because energy is not used to heat the equipment), reduction
of greenhouse gas emissions, and high product quality are among the key advantages of microwave heating. For
distillation processes, it has been reported that microwave might enhance the concentration of polar components
in the vapor phase, and may even influence the boiling point and composition of a mixture comprising polar and
non-polar species, where these changes may further promote the distillation process.””® Microwave irradiation
into reactive distillation column could enhance the reaction rate for a slow reaction and simultaneously improve
the efficiency of the distillation process. Gao et al.” investigated experimentally in a DN 100 pilot-scale a
continuous MW-RD process developed for the synthesis of di-2-ethylhexyl phthalate (as illustrated in Figure 9).
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Figure 9: Microwave-assisted reactive distillation.”

However, only few studies on microwave-assisted reactive distillation have been reported, and the underlying
physical principles are not yet well understood. For instance, Altman et al.”' carried out separate experiments on
microwave reaction and microwave distillation for synthesis of n-propyl propionate; they concluded that
microwaves could promote the reactive distillation process. Similarly, bench-scale studies of Werth et al.** also
considered the individual effects of MW on various reactions and phase equilibrium. In contrast to Altman et
al.”' the study of Werth et al.** found no evidence to suggest that microwave irradiation influences reaction or
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separation in a reactive distillation process. Later, batch experimental studies of microwave-assisted reactive
distillation of Ding et al.”* demonstrated that the performance of RD for synthesis of ethyl acetate could indeed
be enhanced in the presence of microwaves, compared to using conventional heating. Recently, a continuous
pilot-scale MW-RD column has been applied for the synthesis of di-2-ethylhexyl phthalate,” in which a model
of the MW-RD process was developed and applied for analysis of the process.

The main potential applications for MW-RD are reactions where the chemical products have high dielectric
constant characteristics that allow the products to absorb the MW and separate quickly from reactive system.
Hence the applicability of MW-RD is severely limited to the chemical systems on which MW have an influence
(besides local heating), and this is still a debated topic as the underlying science is not fully understood.
Currently, the lack of fully mature devices to facilitate the microwave use at large scale and to mitigate the MW
penetration depth issue is a key barrier to commercial uptake of MW-RD technology.

3.7 Ultrasound-assisted reactive distillation

The field of sonochemistry has established that ultrasound (US) creates acoustic cavitation in liquids (i.e. the
formation, growth, and implosive collapse of bubbles), resulting in the initiation or enhancement of the chemical
activity in the solution. Benefits of using US in other operations (e.g. liquid-liquid extraction, crystallization,
reactive distillation) include: high energy-density source (of lower volume), operational flexibility, fast response
time to variations in inlet conditions, and low operating costs.”” However, due to the technical and operational
limitations to scale up US systems, the transition from the lab to industrial scale has been hindered so far.
Activation of enzymes by ultrasound leads to ultrasound-assisted ERD (US-ERD), with concomitant benefits,
including reduced energy (utility) requirements, related to significantly increased reaction rates. Enzymatic
reactions are often limited in conversion and are rather slow but can be intensified by using ultrasound (US)
which leads to increased reaction rates, while distillation increases conversion via in-situ product removal. The
beneficial effects of US on the rate of the enzymatic reaction of the trans-esterification of ethyl butyrate have
recently been reported,'® e.g. 50% increase in the reaction rate, compared to the unsonicated system. Wierschem
et al."® designed and optimized a US-ERD process for the synthesis of butyl butyrate (10,000 t per year, 99 wt%
purity) to minimize the total annual costs (process shown in Figure 10). The techno-economic evaluation found
that the US-ERD process and the ERD process have very similar costs. While installation costs of the US
equipment are high, they are compensated by the reduced height of the ERD column associated with the reduced
height of its reactive section. Cost advantages are expected if a sufficiently high increase in the reaction rates is
obtained by applying US, such that the additional costs required for US equipment are overcompensated by the
process improvements obtained by the use of US.” For now, the application of US-RD remains limited due to
the lack of large scale US devices, although a roadmap has been proposed for its industrial implementation.”

Ethyl- US-assisted
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Figure 10: US-ERD process using enzyme coated packing placed in a reactive section.
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4. Comparison of reactive distillation processes

Table 1 provides a convenient comparison of the RD processes discussed in the previous sections. This analysis
is based on industrial and academic experience, as well as on the information available in literature. This
summary captures only qualitatively the current situation, while research, development and novel applications in
the coming years are expected to provide additional understanding and insights.

Table 1. Comparison of RD processes combined with other process intensification technologies

RD R-DWC CCD R-HIDIC R-HiGee MW-RD USRD

Process design & simulation +++ +++ ++ ++ + ++ ++
(availability of methods & tools)

Process dynamics and control +++ ++ ++ + + ++ ++
(availability of methods & tools)

Practical challenges +++ ++ ++ + + ++ ++
(ease of implementation)

Range of applicability +++ ++ ++ + + +++ ++
(variety of chemical reactions)

Technology-readiness +++ ++ + n/a n/a + +
(pilot & industrial experience)

Energy savings 15-80% 15-75% 20-35%  50-90% n/a 5-25% 5-25%
(compared to classical processes)

Capital savings +++ +++ +++ n/a +++ n/a n/a

(compared to classical processes)

While all these new RD technologies are promising, they are in different stages of development, with various
niche applications typically driving the research. Especially R-DWC (building on the success of DWC) and
CCD (pushing cyclic distillation further) have high potential for industrial implementation. In principle, R-
HIDiC is also promising but has yet to build on the success of SuperHIDiC for industrial applications. Reactive
HiGee could drastically reduce equipment sizes, but it does not offer any significant energy savings (on the
contrary, it uses additional electricity to drive the rotating equipment) and its range of applicability is limited to
fast reactions. Membrane-assisted RD is analogous to an azeotropic RD process, where the decanter (used for
liquid-liquid splitting) is replaced by a membrane separation that is able to separate components from a single-
phase mixture. The use of alternative forms of energy in MW-RD and US-RD has good potential to extend the
range of applications for reactive distillation, but a deeper understanding is strongly needed regarding the
mechanisms by which MW irradiation and/or US affect both the reaction and separation mechanisms.

Table 2 provides an overview of the industrial and research applications reported in the literature (as detailed in
the previous sections) for these enhanced processes combining RD with other PI technologies.

Table 2. Applications of RD processes combined with other process intensification technologies

Technology Applications
methyl acetate, methyl tert-butyl ether (MTBE), ethyl tert-butyl ether (ETBE),
Reactive distillation tert-amyl methyl ether (TAME), cumene, ethyl benzene, fatty acid esters,

polyesters, (metha)crylic esters, dimethyl ether, natural benzaldehyde, etc.
methyl acetate, ethyl acetate, dimethyl ether, fatty acid methyl esters, diethyl

Reactive DWC . . . .
carbonate, n-propyl propionate, undisclosed industrial systems

Catalytic cyclic distillation dimethyl ether

Reactive HIDiC tert-amyl methyl ether, ethyl acetate, ethylene glycol

Reactive HiGee hypochlqrous acid, fatty acid methyl esters, octyl-hexanoate, methyl lactate
hydrolysis

fatty acid esters (isopropyl palmitate), n-butyl acetate, tert-amyl ethyl ether,
propyl propionate, ethyl acetate, dimethyl carbonate (DMC)

MW assisted RD di-2-ethylhexyl phthalate, n-propyl propionate, ethyl acetate

US assisted RD butyl butyrate synthesis

Membrane assisted RD
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Enhancing reactive distillation technology with additional process intensification techniques opens new avenues
for process developments and applications especially in the specialty and fine chemicals sectors, for example by
using modular manufacturing.”

Future research on integrating RD with other technologies should address several aspects. In terms of theoretical
research, the mechanism of effectively coupling the chemical reactions and mass transfer for separation is a key
issue, especially considering the interaction of RD with other intensification technologies. While process design,
optimization and steady-state simulations of RD are relatively mature, studies of the RD dynamic behavior and
development of appropriate control strategies, with a focus on methods for simultaneous design and control, are
also required. For the development of catalytic distillation, internals for various new RD technologies, the
development of suitable catalytic internals (with supported catalysts) — and perhaps even re-inventing the trays /
internals of RD — is a key barrier to practical industrial application.

5. Conclusions

Novel RD technologies that combine the principles of RD with other intensified distillation technologies — such
as dividing-wall column, cyclic distillation, HiGee separation, HIDiC, or assisted by membranes, MW or US —
can take reactive distillation to the next level of intensification, leading to promising new RD processes for
resource-, energy- and capital-efficient production of chemicals. The potential benefit offered by these novel
intensified technologies is significant and motivates accelerated research efforts, especially experimental and
pilot-scale studies, as well as advanced dynamic and/or rate-based modeling techniques and methodologies to
optimize process design and control. Furthermore, there is a need for scientific research to really understand the
fundamental phenomena by which microwave irradiation and/or ultrasound affect the chemical undergoing
reaction and/or distillation.
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