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ARTICLE INFO ABSTRACT

Keywords: Since membrane separations, such as vapor permeation (VP) or pervaporation (PV), are not limited by vapor-
Process intensification liquid equilibrium, their coupling with distillation can exert a synergistic effect, overcome the thermodynamic
Membrane limits of distillation, and improve energy efficiency, especially suitable for the separation of azeotropic mixtures
Distillation . . . - s . . . .

Vapor permeation that otherwise requires special distillation processes. Therefore, there is an increasing number of such studies,
Pervaporation and it is of great significance to comprehensively explore the process integration of distillation with VP or PV.

This review first introduces the mechanism model of membrane separation and membrane materials, then
comprehensively summarizes the academic research in terms of hybrid configurations of distillation with VP or
PV in the following aspects: separation of azeotropic or close-boiling mixtures, promoting reactions by selectively
removing a product, and energy savings, providing guidelines for subsequent application and future research.
Finally, this review gives typical industrial cases of distillation and membrane-coupled separation processes and
highlights some deficiencies of current research in this area.

1. Introduction

Thermal separation processes, such as distillation, drying, and
evaporation, are known to be energy-intensive and usually account for
30-80% of the energy used in the production of bulk and specialty
chemicals [1]. For the U.S., with more than 40.000 distillation columns
in operation [2], the estimated share of these thermal separation pro-
cesses of the country’s total energy consumption is estimated to add up
to about 12% [3]. With the increasing awareness of human ecological
and environmental protection and the decreasing reserves of
non-renewable fossil energy, the energy-intensive chemical industry has
encountered unprecedented challenges that increased the interest in
reducing energy consumption and improving energy efficiency. Faced
with these challenges, the 100th Anniversary of Industrial & Engineer-
ing Chemistry Research [4] proposed that process intensification (PI) is
one of the most promising development paths for the chemical industry,
with the maximization of synergistic effects in integrated processes as
one potential means for PI, providing guidance for researchers and
process engineers.

Process integration provides huge potential for improvements for
energy-intensive separation operations in the chemical industry. It can
be accomplished by combining the same unit operation type, such as, e.
g., thermal coupling of distillation columns and the equipment-
integrated dividing wall column, or different types of unit operations
[5]. The latter, the integration of unit operations based on different
separation mechanisms, results in so-called hybrid separation processes
that provide synergistic effects, which may improve energy efficiency
and overcome the thermodynamic limitations of independent operations
[6]. One of the best-known examples of hybrid separation processes is
the combination of distillation and membrane separation.

Membrane separation as a unit operation refers to the separation,
classification, purification, or enrichment of two-component or multi-
component systems using natural or synthetic membranes with selec-
tive permeation ability, driven by external energy or chemical potential
difference [7-10]. While pressure-driven membrane separations, such as
ultrafiltration, nanofiltration, and reverse osmosis provide a significant
potential for energy-efficient and gentle separation processes, the cur-
rent review paper focuses on vapor permeation (VP) and pervaporation
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(PV) processes, which are specifically suited for high purity separation
with proven applications in chemical and biochemical industry.
However, as for any membrane separation vanishing driving forces
limit the application of stand-alone VP or PV processes that are often
uneconomical for high throughput and infeasible in achieving high
purity of both products. The considered integration of distillation and
VP or PV can take advantage of the high throughput and low cost of
distillation, as well as the high selectivity and low energy consumption
of these membrane separations. Tula et al. [11] took methanol-water

08 -

== = Membrane separation DF

=== Distilla tion DF

Results in Engineering 15 (2022) 100527

systems as an example to illustrate the benefits of coupling a mem-
brane and a distillation column. Fig. 1(a) shows the
concentration-dependent driving force derived by Bek-Pedersen and
Gani [12] for the methanol-water system and distillation and membrane
separations. It can be seen that distillation and membrane separation
have their own effective operating areas, so replacing the separation
area of the distillation column at high methanol composition with a very
low driving force (consuming large amounts of energy) with a mem-
brane module with higher driving force in this area will ensure both
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Fig. 1. Hybrid separation of methanol-water systems, (a) driving force for methanol-water systems (distillation and membrane separation), and (b) hybrid separation
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separation modes operate in their high-efficiency regions. The resulting
hybrid separation scheme is shown in Fig. 1(b). Using the separation
effect of membranes can reduce the energy consumption and production
costs of specific production processes. Besides the application to
close-boiling systems, the integration of distillation and VP or PV is often
used in separating azeotropes and removing by-products to promote
reversible reactions.

The PV-based distillation process was first used by Binning and
James in 1958 to dehydrate isopropanol-ethanol mixtures [13]. How-
ever, it was not until the late 1980s that this process was recognized as
an attractive alternative to conventional separation processes [14]. The
hybrid VP-distillation process has also developed rapidly in recent years
[15-19].

In the following, this review will first provide a brief introduction to
VP and PV processes from aspects of the mechanism model and mem-
brane materials, followed by an overview from an academic perspective
on the integration of distillation and VP or PV for separating azeotropic
or close-boiling mixtures, promoting reaction by selectively removing a
product, and reducing production load to save energy. Finally, this re-
view gives typical industrial cases of distillation and membrane-coupled
separation processes.

2. Membrane separation of VP and PV

The separation principle of PV and VP membranes is different from
that of a filtration membrane (i.e., particle filtration, microfiltration,
and ultrafiltration). For filtration membranes, the membrane structure
has a porous top layer to allow the fluid to pass through the membrane
under the applied pressure gradient, while the separation of larger
molecules and macromolecules is primarily based on size-exclusion,
achieved through the proper pore-size distribution of the membrane
material. On the contrary, PV or VP membranes are composed of dense
top-layer materials, which are either coated to or synthesized on top of a
larger porous support. The separation is based on an adsorption-
diffusion mechanism, commonly referred to as the “solution-diffusion”
model [20]. The first step of the molecular transport through the
membrane is based on the sorption of molecules from the feed into the
dense layer material, followed by diffusion through the layer, and finally
desorption from the other side of the thick layer to the permeate. This
process is illustrated in the schematic diagram in Fig. 2 for a PV/VP
membrane:

PV and VP membranes operate on the same basic principle. The
difference between them is that the feed fluid in PV is liquid and in VP is
steam. The permeate in both cases is steam. The general driving force of
material transport for any membrane separation is the chemical poten-
tial gradient, which is usually dominated by and simplified to the partial
pressure gradient of a substance. To make a component of the feed fluid
pass through the PV or VP membrane, the partial pressure of the
component on the feed side must be higher than that of the component
on the permeate side [21]. Building on the partial pressure difference,
the basic form of the membrane flux equation is as follows:

P;

Ji=m,(p{ —p!) and =~ @
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In the formula:

J;: the molar flux of component i, kmol/(m?s);

P;: the molar permeability of component i, kmol-m/(m?s-kPa);

I: the thickness of the active (dense) layer of the membrane, m;

I1;: the molar permeance of component i, kmol/(mz-s~kPa); accord-
ing to the “solution-diffusion” model, it can be defined as the product
of the molar solubility coefficient S; and the molar diffusion coeffi-
cient D; [22]; Since [ is unknown or difficult to discern, the per-
meance (I7;), the ratio of permeability to thickness, is usually
obtained by membrane permeation experiments instead of
permeability;

pl: partial pressure of component i on the retentate side of the
membrane, kPa; for VP, when the total feed pressure is not too large,
it is approximately expressed by pf' = x;p, that is the mole fraction
x; of component i on the retentate side multiplied by the total
pressure pf on the retentate side; for PV, pf = xiy;pi*, that is, the
product of the mole fraction x; of component i on the retentate side,
the saturated vapor pressure p{* of component i at the temperature of
the retentate side and the activity coefficient y; of component i on the
retentate side, a thermodynamic model is required to calculate y; and
pi of component i;

pY: the partial pressure of component i on the permeate side, kPa; the
permeate side is usually evacuated to obtain a high driving force,
then no matter VP or PV, it can be expressed by p/ =y;p", that s, the
mole fraction y; of component i on the permeate side is multiplied by
the total pressure p” on the permeate side;

For commercial membranes of different materials and productions
processes, the molar permeance /7; and the molar permselectivity a are
usually used as performance indicators. The selectivity a is expressed by
Eq. (2) and depends solely on the chemical system and the material
properties of the membrane.

A =—- 2

In recent years, with the development of molecular simulation
technology, it has been used in the study of membrane separation to
describe the static structure of the membrane at the atomic scale and the
dynamic behavior of the permeate on a timescale ranging from pico-
seconds to nanoseconds. This new technology helps people better un-
derstand the transport mechanism and the main factors determining
permeability and permselectivity of the membrane on a molecular level.
Molecular simulation methods mainly include molecular dynamics
(MD) simulation and Monte Carlo (MC) calculation.

Currently, the MC method and the extended grand canonical
ensemble Monte Carlo (GCMC) method have been widely applied to
simulate the sorption of guest molecules in zeolite membranes [23-25].
In addition, MD simulation is often used to calculate the fundamental
trajectory of molecular motion, which can simulate the diffusion prop-
erties [26,27]. By simulating the sorption and diffusion data of the
components, the basic properties such as the flux of the zeolite mem-
brane can be predicted [28]. For instance, Shan et al. [29] first
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Fig. 2. Schematic diagram of PV or VP membrane separation.
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conducted the MD simulation to examine the effect of the vinyl group on
the sorption and diffusion of water and furfural molecules in
vinyl-modified polydimethylsiloxane (PDMS) membrane. The simula-
tion results show that an appropriate amount of vinyl group is beneficial
to both the sorption and diffusion of water in the membrane, which is
verified by experiments.

Although molecular simulation can be used to model the permeation
sorption and diffusion aspects, it is necessary to employ a semi-empirical
model like formula (1) to benchmark or validate the computational
results.

3. Membrane materials for the removal of water or organics by
VP or PV

This review provides a brief overview of membrane materials while
focusing on the coupling of membrane and distillation. The materials
currently used as the selective dense membrane layer for removing
water or organics by VP or PV can be clarified into three main types:
organic polymeric materials, inorganic materials, and mixed matrix
materials. Organic polymeric materials mainly include poly (vinyl
alcohol), cellulose polymers, polyimides, other hydrophilic polymers,
amorphous perfluoropolymers, emerging organic materials, and layer-
ing of polymeric permselective materials. Inorganic materials include
zeolites, microporous amorphous inorganic materials, and other inor-
ganic and hybrid materials. Mixed matrix materials mean dispersing
nanoscale or microscale particles of the sieving materials into a
continuous polymeric phase [21,30].

The candidate membrane materials mentioned above can be evalu-
ated based on the permeance of each component and the permse-
lectivity, which can either be obtained based on a literature survey or by
conducting own experiments. In addition, the results from the pre-
liminary evaluation of the potential benefits for the coupling of mem-
brane and distillation can be used to define a target value to screen a
suitable membrane material, taking into account the performance of the
membrane and an estimated membrane price per area [31].

4. Integration of distillation and VP or PV from an academic
perspective

The main applications of distillation and membrane-coupled sepa-
ration include separating azeotropic or close-boiling mixtures, promot-
ing reaction by selectively removing a product, and reducing production
load to save energy. The research conducted within these fields is further
summarized in the following subsections.

4.1. Separation of azeotropic or close-boiling mixtures

The methods of using distillation to separate azeotropes include
pressure-swing distillation, extractive distillation, and azeotropic
distillation, which are all complicated processes that are considered
energy-intensive. The separation of close-boiling systems by distillation
requires a high reflux ratio or a large number of trays. Since membrane
separation is not limited by vapor-liquid equilibrium, it provides a
different approach for separating azeotropes or low relative volatility
systems.

The integration of distillation and VP or PV for the above-mentioned
purpose can be classified into two categories: membrane outside distil-
lation column or inside it. This review summarizes recent studies on the
integration of distillation and VP or PV according to these two
categories.

4.1.1. VP or PV outside distillation column

According to Sommer and Melin [15], there are four different pro-
cess configurations of VP or PV coupled with distillation to separate
azeotropes or low relative volatility systems, which are illustrated in
Fig. 3.
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Fig. 3. Process configuration of the integration of distillation and VP or PV: (1)
VP or PV before column, (2a, 2b) VP or PV at the top or bottom of the column,
(3) VP or PV between columns, (4) VP or PV besides column (see Sommer and
Melin [15]).

(1) The membrane unit is placed in front of the distillation column to
break the azeotrope.

(2) The membrane unit purifies the top (a) or bottom product (b) of
the distillation column, obtaining high-purity products by
breaking the azeotrope.

(3) The membrane unit is installed between two columns for the
rough separation of azeotropes so that the second column can
operate at low energy levels.

(4) The membrane unit treats the side stream of the distillation col-
umn to reduce the theoretical number of stages or reflux ratio of
the distillation column for the separation of low relative volatility
systems or to break the azeotrope for the separation of
azeotropes.

According to the above-mentioned four structural classifications, this
review summarizes recent studies on the integration of distillation and
VP or PV for the separation of azeotropes or low relative volatility
systems.

(1) VP or PV before distillation column (Fig. 3 (1))

If the composition of a mixture to be separated is close to the azeo-
tropic point, a membrane unit can be applied in front of a distillation
column to break the azeotrope. This way, the feed mixture is pre-
concentrated, and one azeotrope-forming component of the mixture is
selectively removed, allowing for a final purification in the distillation
column. As this configuration is only applicable to mixtures with high
relative volatility after the azeotropic point, there are only few appli-
cations and investigations reported, respectively.

Wan et al. [32] used an alcohol-permeable PV membrane to increase
the concentration of acetone, butanol, and ethanol in the fermentation
broth. After phase separation, an organic phase with little water content
was obtained, during which the azeotropic point of butanol and water
had been exceeded. The organic phase was distilled to obtain
high-purity butanol.

Facing the problem that unreacted ethanol and ethyl tertiary butyl
ether (ETBE) form an azeotrope in the production process of ETBE,
Norkobilov et al. [33] proposed that a PV unit can be placed after the
reactor to remove unreacted ethanol and return it to the ethanol feed
location of the reactor, then the retentate can be fed to the subsequent
distillation column to separate ETBE and C4.
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(2) VP or PV at the top of the distillation column (Fig. 3 (2a))

A membrane unit at the top of a distillation column is used for
mixtures having a temperature minimum azeotrope. Obtaining the
azeotropic composition in the distillate stream, VP or PV allows for a
final purification, especially if the azeotropic point occurs at high con-
centrations of the low boiler. The most prominent example among
others is the dehydration of ethanol, which was subject to several studies
[31,34-48]. Some of these are summarized in the following.

Li et al. [46] placed a VP module at the top of the distillation column
to split the ethanol and water azeotrope, obtaining high-purity ethanol
(99.6 wt% or 99.95 wt%). In addition, the important operating param-
eters, such as the top ethanol concentration and the top pressure of the
distillation column, were optimized. Gao et al. [47] designed a pilot
plant for NaA molecular sieve membrane dehydration to separate
ethanol from water. They investigated the effects of raw water content,
reflux ratio, and collection amount on the product purity of the column
and the permeation flux of the VP device. Roth et al. [40] also investi-
gated the separation of ethanol and water by a range of hybrid process
configurations with the aid of experimentally validated rate-based
models, including VP-assisted distillation. Comparing this process with
other combinations, such as distillation and adsorption, VP and
adsorption or a combination of all three unit operations for different
capacities and product compositions, indicated large potential of the
VP-assisted distillation for high ethanol purities (99.6 wt%), while
further purification by adsorption is advised to reach even higher pu-
rities (99.95 wt%).

Scharzec et al. [31] also investigated ethanol dehydration by a
PV-assisted distillation process to illustrate the usefulness of a system-
atic design approach. The proposed 5-step approach starts with the
synthesis of different process configurations and an optimization-based
evaluation of the minimum energy demand of these process configura-
tions, assuming an ideal or nearly ideal membrane separation. Thereby
the potential benefit of the membrane-assisted process can be evaluated
prior to any experiments. The results of this evaluation for a feed stream
with 10 mol% ethanol are illustrated in Fig. 4, showing that the
PV-assisted process requires substantially less energy than a competing
heteroazeotropic distillation process with cyclohexane as entrainer if the
top product is not exceeding purity of 86 mol%. It further indicates that
the selectivity of the PV membrane is not that critical for this specific
separation.

In case of a sufficient potential of the PV-assisted process, a suitable
membrane has to be identified, experimentally characterized, and an
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economic assessment by means of an optimization-based evaluation is
performed, considering potential means of process intensification, such
as the use of heat-integrated membrane modules [49]. This is further
illustrated by Scharzec et al. [50] for the separation of a ternary mixture
of tetrahydrofuran, methanol, and water. Further examples of sepa-
rating an azeotropic mixture by combining a simple distillation column
with a membrane processing the distillate stream can be found in Refs.
[51-61].

Furthermore, VP or PV can be combined with a reactive distillation
column, e.g., to overcome the chemical equilibrium. Therefore, Holt-
bruegge et al. [62] placed a VP module at the top of a reactive distil-
lation column, which was used to accomplish azeotrope separation. In
the reactive distillation column, propylene carbonate (PC) and methanol
(MeOH) were trans-esterified to synthesize dimethyl carbonate (DMC)
and propylene glycol (PG). At the top of the column, a binary azeotrope
of MeOH and DMC was obtained, the VP module removed DMC, and the
retentate was returned to the column. Mihal et al. [63] and Buchaly et al.
[6] placed a PV module at the top of the reactive distillation column for
esterification of propionic acid and n-propanol. The azeotrope of
n-propanol and water at the top of the column entered the PV module for
dehydration to obtain high-concentration n-propanol, which was recy-
cled back to the n-propanol feed position, significantly reducing the
consumption of fresh n-propanol by about 40%. Harvianto et al. [64]
studied a highly selective PV membrane coupled to a reactive distillation
process to produce butyl acetate and methanol through the trans-
esterification of methyl acetate and butanol. The PV module placed at
the top of the distillation column was used to remove methanol to break
the azeotrope of methanol and methyl acetate, thereby obtaining
high-purity methyl acetate and high-purity methanol. High-purity
methyl acetate was recycled back to the methyl acetate feed position,
leading to high conversion in the reactive distillation column, which can
reduce total annual cost (TAC) by 60% compared with the traditional
reactive distillation column plus the de-methanol column. There are
similar studies on the separation of azeotropes by placing VP or PV
modules at the top of reactive distillation columns [65-68].

Early research on distillation and membrane coupling often linked
membrane modules and distillation columns as a series of simple unit
operations. This neglects the significant reduction in energy that can be
accomplished by thermally integrated processes. While it has to be
considered that the heat of condensation for the low pressure permeate
streams is usually lost and may even be expensive to remove by sub-
ambient cooling, special means for heat integration can significantly
enhance the performance of the membrane assisted process, such as the
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for a feed with 10 mol% ethanol (see Scharzec et al. [31]).
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Fig. 5. Schematic diagram of a thermally integrated distillation-VP hybrid
process (see Huang et al. [17]).

heat integrated membrane-modules for pervaporation proposed by Del
Pozo Gomez et al., [49,69]. Besides, Huang et al. [17] developed a new
thermally-integrated distillation-VP hybrid process that combines vapor
permeation and vapor recompression. The schematic diagram is depic-
ted in Fig. 5. They illustrate the process for two kinds of organic solvent
and water separation processes that are ethanol (light component)/-
water (heavy component) separation and acetic acid (heavy compo-
nent)/water (light component) separation. In both cases, the
heat-integrated process can reduce the energy consumption of the sep-
aration to half that of the traditional distillation technology. Yamaki
et al. [18] thermally integrated the retentate of the VP module with
individual trays and the reboiler of the distillation column, achieving
less energy consumption than the distillation-VP hybrid process without
any thermal integration. Li et al. [70] invented a method of thermally
integrating distillation and VP to recover 2-methyltetrahydrofuran. The
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product extracted from the VP module was in the state of steam, and the
efficient thermal integration was realized by its heat exchange with the
liquid in the bottom of the column, significantly saving steam con-
sumption by 40-60% compared with the traditional process. Zhou et al.
[71] invented an energy-saving distillation-PV coupling method for the
separation of organic azeotrope systems without a condenser at the top
of a column. The PV module was used as a condenser to cool the steam
generated from the top of the column by utilizing the heat-absorbing
characteristic in the PV process, which effectively reduced the energy
consumption of the column condenser. Similar thermal integration
research and further advanced exergy and energy efficiency analysis can
refer to in the literature [72-79].

Obtaining high-purity organics by distillation from low-
concentration organic solutions such as bioethanol (ethanol is pro-
duced from syngas or sugar substrates originating in lignocellulosic
biomass or directly from algae, with ethanol concentrations below 5 wt
% [80-82]) is energy-intensive. Membrane-assisted vapor stripping
(MAVS) technology (Fig. 6 shows the schematic diagram of a MAVS unit
for bioethanol production [16]) can significantly reduce energy con-
sumption and obtain high-purity organic products through membrane
separation of azeotropes as demonstrated in several studies [16,83-89].
For instance, Zhou et al. [89] proposed a three-column and
two-membrane process for preparing fuel ethanol from the biological
mash, which can reasonably distribute the fluid flow, make full use of
fluid heat, and further reduce the size of the column as well as the
temperature difference between the column and the membrane sepa-
ration device, to achieve the purpose of reducing the energy consump-
tion of the system. The advantage of the MAVS process was also
illustrated by a more general superstructure optimization approach by
Kuhlmann et al. [90], while Gudena et al. [91] further illustrated
additional intensification by means of a HiGee Stripper-membrane sys-
tem that allows for compact process implementation.

Regarding the optimization of distillation-VP hybrid processes, most
early studies performed a simulation-based assessment by means of
sensitivity analysis and single factor modifications, ignoring the inter-
action between the structure and operating parameters of the mixing
process. Besides the already mentioned optimization-based methods
[31,50,92], other methods for design optimization have been considered
[93-95]. One possible solution proposed by Xiao et al. [94] is to use the
Response Surface Method (RSM), which is widely used to analyze the
influence of multiple factors and their interactions. They used this
method to optimize the distillation-VP hybrid process of preparing
high-purity isopropanol, and the optimal value was obtained (the
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Fig. 6. Schematic diagram of membrane-assisted vapor stripping (MAVS) for bioethanol production.
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detailed process was implemented in three steps, a. Plackett-Burman
(PB) experimental design to find significant parameters, b. Optimiza-
tion by steepest ascent path experiment to find the center point of
Box-Behnken design (BBD) for RSM, c. Optimization by BBD to do a
polynomial fit and get the optimal value). Harvianto et al. [95] studied
the design and optimization of distillation and VP hybrid process for
cost-effective isopropanol dehydration. RSM was used for optimization.
Several coupling structures were proposed, among which the D-VP
structure achieves the lowest total annual cost, saving almost 77%
compared to azeotropic distillation, as seen in Fig. 7.

(3) VP or PV at the bottom of the distillation column (Fig. 3 (2b))

VP or PV in the bottom of a distillation column can be used if the
mixture to be separated exhibits a maximum-boiling azeotrope. Ac-
cording to Kiva et al. [96], the occurrence of azeotropes with that
behavior is much less likely compared to mixtures with a
temperature-minimum azeotrope. However, still some applications are
reported in the literature, e.g., for close-boiling mixtures. Szilagyi et al.
[97] designed a process for the removal of ethanol and methanol from
wastewater in the pharmaceutical industry. The second distillation
column was combined with a PV module to realize the purification of
ethanol and methanol. The ethanol-water mixtures extracted from the
bottom of the column were dehydrated by a PV module to obtain 99.5 wt
% ethanol. Lv et al. [98] proposed a process for the separation of
ethylenediamine-water azeotropes by using a PV module to treat the
bottom product (the highest azeotrope of ethylenediamine and water) of
the ethylenediamine-water distillation column. High-purity ethyl-
enediamine can be obtained from the retentate side of the PV module,
while water is produced as the permeate that was further returned to the
distillation column. Servel et al. [99] investigated the separation of
acetic acid and water whose vapor-liquid equilibrium is very narrow.
They proposed that a PV module should be placed according to the
composition of the feed either at the bottom of the column and used for
dehydration when the concentration of acetic acid in the feed is high, or
overhead the column and used for removing acetic acid, if the concen-
tration of water in the feed is high.

(4) VP or PV between distillation columns (Fig. 3 (3))

Sommer and Melin [15] proposed that this structure is most suitable
when a very high purity (ppm level) product needs to be obtained.
Because, in this case, the partial pressure difference of the permeate
across the VP or PV module is very small, so the membrane area required
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will increase significantly. Under this circumstance, the azeotrope can
be roughly separated by the membrane, and the purification is achieved
in the subsequent column, which can considerably reduce the invest-
ment cost. Zhou [100] invented an industrial equipment for the pro-
duction of high-purity ethylene glycol dimethyl ether, which mainly
includes PV membrane, distillation system before PV, and distillation
system after PV. A PV module was used to break the azeotrope and
produce high-purity ethylene glycol dimethyl ether with a water content
of less than 500 ppm, which is obtained at the bottom of the distillation
column after PV. Further studies on this topic can be found in Refs.
[101-103]. As previously mentioned in the study of Roth et al. [40],
purification may also be accomplished effectively by means of an
additional adsorption column instead of a distillation column.

The main problem with the separation of THF and water by con-
ventional pressure swing distillation is that a large amount of fluid
should be recycled to the atmospheric column, which increases the
physical size and thermal requirements of the column. Pribic et al. [104]
proposed that PV can be used to treat the tetrahydrofuran-water azeo-
trope from the atmospheric column and separate the binary azeotrope
into a water-rich permeate and a tetrahydrofuran-rich retentate that is
fed to the high-pressure column, thus solving this problem. With this
configuration, the circulating flow becomes smaller, saving energy and
reducing the size of the atmospheric column.

As mentioned above, a thermally integrated process can save sig-
nificant energy. The traditional PV process requires the supply of
external energy to maintain a constant temperature of retentate, and
heat integration can improve the energy efficiency of the PV process.
Zong et al. [105] designed a heat-integrated PV—distillation hybrid
system for the separation of an azeotropic methyl acetate-methanol
mixture using a low-temperature residual stream to cool the top vapor
of the column, which can lower the energy consumption by 24%
compared to that via pressurized distillation with heat integration.

(5) VP or PV beside distillation column (Fig. 3 (4a, 4b))

This structure is suitable for separating azeotropes, especially ideal
for separating ternary mixtures containing azeotropes. In this case, the
VP or PV module process the side stream drawn from the distillation
column to break the azeotrope and obtain a high-purity component that
can form azeotropes with the other one or two components. Finally, the
other two high-purity components can be obtained at the top and bottom
of the distillation column, respectively. In addition, when separating low
relative volatility systems, the excellent separation effect of the VP or PV
module can save the number of theoretical stages or heat load of the
distillation column.

A potential application investigated by Gorak et al. [106] considers
the separation of a mixture of acetone, isopropanol, and water. In this
system, isopropanol-water forms an azeotrope, which results in a
distillation boundary that extends to the low boiler acetone. The authors
placed the PV module in a side stream connection with the distillation
column to selectively remove water from the side stream, thereby
obtaining acetone at the top of the column and isopropanol at the bot-
tom of the column, effectively breaking the azeotrope. These studies
were further extended by means of experiments and model-based
assessment, providing detailed rate-based models [107,108].

The formation of an azeotrope between unreacted ethanol and ETBE
in ETBE production is a difficult problem to overcome. Norkobilov et al.
[109] used the PV module to process the side stream drawn from the
debutanizer, and the permeate (high-purity ethanol) was recycled back
to the reactor, while the retentate (ETBE + ethanol) was recycled back to
the debutanizer, so that ETBE with a purity of 95.2 wt% was obtained at
the bottom of the debutanizer. It was concluded that compared with the
traditional process (reactor + debutanizer + pressure swing distillation),
the new process cancels out the pressure swing distillation and the
heating load was saved by 52% while the cooling load was saved by
49%. In the model-based evaluation of Skiborowski et al. [92], the
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separation of the ternary mixture of methyl tert-butyl ether (MTBE),
n-butene, and methanol, which exhibits two binary azeotropes, was
investigated for a process for which a PV membrane overcomes the
MTBE-methanol azeotrope obtaining methanol in the retentate stream,
while n-butene is obtained at the top of the distillation column and
MTBE at the bottom.

Singh and Rangaiah [110] proposed a novel double-effect distillation
(DED)-VP process for bioethanol recovery, in which the single distilla-
tion column in the distillation-VP process was replaced by two columns,
namely the low-pressure column (LPC) and high-pressure column (HPC)
in a parallel configuration. The cooled side streams of LPC and HPC were
mixed and sent to the two-stage VP unit to break the azeotrope for
obtaining high-purity ethanol. The optimized DED-VP process reduces
TAC by 11% compared to the optimized distillation -VP process.

Babaie and Esfahany [111] proposed a new process for the produc-
tion of ETBE by placing a PV module (series-parallel form) on one side of
the reactive dividing wall column (RWDC) (with feed splitting and heat
integration). The minimum azeotrope formed by ETBE and ethanol can
be eliminated by the PV module, which can significantly reduce the
number of trays in the main and pre-fractionator sections in RWDC. This
process reduces TAC by 59% compared to the traditional ETBE pro-
duction process. A similar study [112] also showed that placing a PV
module on the side of the distillation column or reactive distillation
column is a better process for ETBE production.

For the separation of low relative volatility systems, this structure
(VP or PV beside the distillation column) can significantly reduce the
number of theoretical stages or reflux ratio of the distillation column.
The change in the operation line of the distillation column due to the
addition of the membrane can be seen in Fig. 8 [113].

Zarca et al. [114] used a VP module coupled with distillation to
separate a mixture of propane and propylene, which is considered a
particularly energy-intensive separation. The propane/propylene
mixture is first separated by a VP module and then purified by distilla-
tion, which can be classified as a series configuration. Compared to
direct distillation, 10-50% of the total operating cost can be saved.
Ploegmakers et al. [115] investigated two separation processes for
ethylene and ethane that consider placing the VP module in front of the
distillation column (series configuration) and placing it after the distil-
lation column (parallel configuration), indicating that especially the
series configuration is more economic. Similar studies were conducted
by Park et al. [116], who investigated a different system: a mixture of
propane and propylene. Further examples of separating low relative
volatility systems using such structures can be found in Refs. [117-119].

Similar to the study of Huang et al. [17], the use of heat pump
technology has been proposed for the integration of distillation and VP
or PV for separation of near boiling point mixtures as an effective means
for improving the energy efficiency. Park et al. [120] applied heat pump
technology to VP and distillation coupled process (series configuration)

Xp
1
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Membrane|

XR

|
Xp 05 xg Xg

Fig. 8. The operation line of the distillation column with the addition of
membrane beside the column.
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for the separation of propylene and propane, which has a huge advan-
tage in terms of energy and economic savings.

4.1.2. VP or PV inside the distillation column

In addition to the above four typical structures, more recently, a
novel type of integration has been proposed, which considers a direct
integration of the membrane inside the distillation column, which can
also break azeotropes [121]. Such a solution is representative of a hybrid
separation, as defined by Stankiewicz [122]. In a series of publications,
Leon and Fontalvo [123-126] presented theoretical research and
experimental verification of the hybrid separation concept with the
membrane inside the distillation column. They confirmed the feasibility
of the PV-inside-distillation column configuration crossing the distilla-
tion boundary formed by the azeotropic point through the batch distil-
lation experiments for separating the ethanol-isopropanol-water
mixture [123]. Then a series of continuous separation experiments of the
ethanol-isopropanol-water mixture in an experimental glass column
coupled with the PV membrane was carried out, verifying this tech-
nology’s theory [124].

Haelssig et al. [127,128] also proposed a membrane dephlegmation
process for the separation of an ethanol-water azeotrope, which can
replace the ethanol concentration column and the dehydration system in
the bio-based ethanol recovery process. The schematic diagram of this
membrane dephlegmation process can be seen in Fig. 9. The hybrid
separation that integrates distillation and PV improves the efficiency of
the distillation process and the total energy efficiency of the bio-based
ethanol production process.

Leon and Fontalvo [129] studied a distillation—PV hybrid process in
a single unit column with a membrane packing section inside the
distillation column for the separation of a ternary mixture of
acetone-isopropanol-water. A simplified model based on phase equi-
libria and membrane selectivity was derived, and conceptual feasibility
on separation trajectories was shown. While the concept of the inte-
grated hybrid separation is particularly intriguing, it has to be consid-
ered that this tight integration also imposes severe constraints on the
sizing and operating conditions, which may limit the potential of the
hybrid separation and mandates a direct comparison with external
integration of a hybrid membrane assisted processes, which is yet
missing.

4.2. Promoting reaction by selective product removal

One interesting application of membranes in combination with re-
actions is the selective removal of a reaction product, thereby shifting
the chemical equilibrium of the reaction and improving the conversion
rate of the reaction. The following review of current research focuses on
the coupling of reactor-distillation-membrane as well as the coupling of
reactive distillation and membranes, while the reader is referred to the
extensive literature on membrane reactors for integrations without
distillation.

Boontawan [130] proposed a continuous stirred tank
reactor-distillation-membrane hybrid structure for the esterification of
succinic acid into diethyl succinate. A high-efficiency fractionation col-
umn was set on the top of the tank reactor, and the conversion rate
exceeded the thermodynamic equilibrium conversion by continuously
removing the water in the reactor as a fraction. In addition, the fraction
was successfully dehydrated by vapor permeation through the commer-
cial hydrophilic polymer membrane, and then the dehydrated ethanol
was refluxed into the tank reactor to further promote the esterification
reaction, as shown in the schematic diagram (Fig. 10). Guetal. [131] also
proposed a continuous stirred tank reactor-distillation-membrane
coupling process for the production of diethyl maleate, for which water
in the esterification reaction system was continuously removed through
vapor permeation membrane. Therefore, the reaction was promoted to
the direction of the formation of diethyl maleate, and the conversion rate
of the reaction was effectively improved. The new hybrid process
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Fig. 9. Magnified view of the proposed distillation-PV hybrid process (see
Haelssig et al. [127]).

occupies a small area, is easy to scale, and has low energy consumption.
When the water content in the tank reactor was below 0.13 wt%, the
reaction was stopped, and the reaction residue was distilled to remove
and recover ethanol. Other such studies consider a similar configuration
[132,133].

Agirre et al. [134] proposed a coupled process of tubular
reactor-membrane-distillation for the continuous production of 1,
1-diethoxybutane. The by-product water was removed from the
mixture at the outlet of the tubular reactor by a PV module. The
high-efficient removal of water can avoid azeotrope formation in the
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downstream distillation column. The dehydrated mixture entered the
subsequent distillation system, and the reaction product was obtained at
the bottom of the distillation column, while the unreacted substrate was
recovered at the top of the column and further recycled to the reactor.
The conversion of this process is close to 100%.

Reactive distillation is a process intensification method to break
through chemical reaction equilibrium, and its coupling with the
membrane can further improve the conversion rate of a reversible re-
action. Wang et al. [135] used the synthesis of ETBE as a model system
to research the coupling of reactive distillation and membrane separa-
tion. The PV module was placed at the bottom of the reactive distillation
column. After continuously separating most of the by-product water
from the bottom fraction of the column by the PV module, the retentate
was returned to the reboiler of the reactive distillation column, which
increased the concentration of reactants in the reactive distillation col-
umn, thereby improving the efficiency of reactive distillation. Lv et al.
[136] also applied a similar method to the reactive distillation of ethyl
acetate, and it was concluded that the ethanol conversion was increased
from 81.3% to 84.8%. Arpornwichanop et al. [137] proposed the inte-
gration of a PV module in a side stream of tert-amyl ethyl ether (TAEE)
reactive distillation column to remove water and increase the conver-
sion in the column selectively. It was found that due to the removal of
by-product water, the conversion of tert-amyl alcohol (TAA) and the
purity of TAEE product increased compared with the conventional
reactive distillation. Tang et al. [138] further proposed a hybrid process
for the integration of reactive distillation and PV to produce ethyl ace-
tate. The PV module was placed on the top of the reactive distillation
column. The water produced by the esterification reaction was partially
drawn from the side of the reactive distillation column and partially
removed by the PV module to promote the esterification reaction so that
the reactants were completely converted.

Following the concept of a hybrid separation, Aiouache and Goto
[139] first proposed to put the membrane in the reactive distillation
column and designed an experimental device. They inserted a zeolite
NaA membrane tube into an experimental apparatus of the reactive
distillation column and carried out the etherification reaction of
tert-amyl alcohol and ethanol. Due to the removal of by-product water,
the yield of TAEE was increased by 10% compared with no NaA mem-
brane tube insertion.

Han et al. [19] first designed a pilot-scale device of the reactive
distillation column with a membrane inside and published a patent
[140]. The schematic diagram is depicted in Fig. 11. They developed an
inter-integration reactive distillation with vapor permeation (R-VP-D)
process, which integrated reaction, vapor permeation, and distillation
into one single unit for the esterification of levulinic acid and ethanol,
and the proposed process was validated in the pilot-scale experiments.
This new R-VP-D process increased the conversion rate of levulinic acid
by 21.9% compared with the reactive distillation (RD) process without
the VP module. It removed the by-product water about 53.6% from the
VP module. The R-VP-D process solves the problems of
equilibrium-limited reaction and separation of an azeotrope that are
difficult to deal with by traditional methods and has an excellent in-
dustrial application prospect in the field of process intensification. In the
same research group, Wu et al. [141] performed a simulation-based
assessment of the experiments of Han et al. [19] utilizing a 2-dim
Aspen Custom Model. The model was verified by the experimental re-
sults, providing a basis for the design and optimization of the subsequent
R-VP-D processes of different systems.

4.3. Application for reducing production load and saving energy

In addition to the above two main application fields of the integra-
tion of distillation and VP or PV, there are also many studies [142-163]
on solely using membranes to separate organics or water to reduce
distillation load or the amount of cycles in the process, thereby reducing
energy consumption and production cost. For instance, Li et al. [143]



S. Liu et al.

Condenser

Vigreux

Feed

Oil bath

Reactor

High pressure

o

Results in Engineering 15 (2022) 100527

Needle valve

Esterification

Peristaltic pump

Dehydration

Fig. 10. The flowchart of the continuous stirred tank reactor-distillation-membrane hybrid process (see Boontawan [130]).
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Fig. 11. Conceptual diagram of reactive-vapor permeation-distillation (R-VP-
D) process (see Han et al. [19]).

designed a reactive dividing-wall distillation (RDWD)-PV process for the
production of main-product n-butyl acetate and by-product methanol by
transesterification of MM80 (35 mol% methanol, 65 mol% methyl ace-
tate). Compared with the traditional reactive distillation (RD)-
de-methanol column (MC) process, the newly designed process saved
40.8% of operating costs, 32.6% of TAC, and 48.77% of CO; emissions,
mainly because most methanol product was recovered by PV process,
which reduced the circulating flow rate and reflux ratio of the reactive
distillation column, thereby reducing the heat load of the reboiler. In
addition, setting the reactive distillation column as a dividing wall

10

column can further reduce the investment cost of the distillation column
and the condenser. Zhang et al. [145] separated the azeotrope of a
cyclohexane-IPA-water mixture by using a PV-assisted extractive
distillation process. Compared with the basic process, the CO, emissions
of the PV-assisted extractive distillation process were reduced by
15.09%, and the PV module was used to replace the extractant recovery
column in the basic process. Based on the optimized pressure swing
reactive distillation process (PSRD, as shown in Fig. 12) reported by
Huang et al. [164] for the intensified synthesis of dimethyl carbonate
(DMCQ), Li et al. [154] proposed a novel PV-assisted pressure swing
reactive distillation process (PSRD-PV, as shown in Fig. 13). Compared
with the PSRD process, 42.22% TAC savings and 31.36% energy savings
can be achieved by the new PSRD-PV process, which was ascribed to the
PV module that was set between the reactive distillation (RD) column
and the high pressure (HP) column. The PV module pre-separated the
mixture of methanol and DMC from the top of the RD column, thereby
significantly reducing the load of the downstream HP column. Dai et al.
[159] improved the traditional extractive distillation process for sepa-
rating di-isopropyl ether/isopropanol/water mixture using a PV mem-
brane. The original ethylene glycol and water separation towers were
replaced by a PV dehydration membrane, which reduced TAC by 22.3%.
In addition, the new process has an advantage over extractive distilla-
tion on enabling the environment and reducing human toxicity.
Regarding the production of acetone-butanol-ethanol (ABE) from
municipal solid waste (MSW), purification of ABE is the most difficult
and expensive part because of the low concentrations of the products in
the ABE fermentation in which water makes up the majority. Ashani
et al. [162] developed a novel process in which PV and gas stripping
systems were right after the fermentation reactor. A large fraction of
water in ABE fermentation was separated by the PV module, which
significantly simplified the downstream purification unit, and the
number of the distillation column was reduced from six in the traditional
process to two. This new process reduced the payout periods of the
traditional process from 15.9 years to 2.9 years.

5. Integration of distillation and VP or PV from an industrial
perspective

There are many industrial examples of the integration of distillation
with PV and VP around the world [21]. This review focuses on hybrid
processes for the integration of distillation and membrane separation



S. Liu et al.

Results in Engineering 15 (2022) 100527

1=336.8K T=413.6K
Q.= -6.12MW 0= -5.95 MW
P=0.1 MPa P=1.1 MPa
MeOH 630 kg ! o -
PC 2508 kgh!
RR=0.87 ey
o D=176m D=133m
116 D> HP
&
(33
MeOH 9423.1 kg-h'!
DMC  4002.9 kg-h"!
o]
MeOH 1425 kgh p— T=460.7K

Q=557 MW

0,=6.98 MW|

P=0.13IMPa, Vo ¢ kghd  P=1.134 MPa v
PC 1.§ kgl MeOH 8.7kgh’!
DMC 0.1 kgh_l DPMC 2211.6 kg-h']
PG 1868.2 kg-h!
R <]
MeOH 94143 kg:h™!
DMC  1791.5 kg-h™!

Fig. 12. Flowsheet of the base case optimal PSRD process (see Huang et al. [164]).
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Fig. 13. Flowsheet of the optimized novel PSRD-PV process (see Li et al. [154]).

that have been installed in China. At present, distillation and membrane
coupling devices that have been installed are mainly used to separate
azeotropic mixtures.

The water-phase by-products of Fischer-Tropsch synthesis can be
separated to obtain low-carbon mixed alcohols, including the mixture of
methanol, ethanol, propanol, butanol, amyl alcohol, hexanol, heptanol,
octanol, etc. and water, all but methanol form an azeotrope with water.
A total of seven distillation columns and five circulations are set up for
the traditional extractive distillation process of the recovery of mixed
alcohol, which is lengthy and challenging to control. Since the PV
dehydration of the molecular sieve membrane is not limited by the
vapor-liquid equilibrium, the coupling of distillation and molecular
sieve membrane can simplify the traditional process. At the beginning of

2015, Shanxi Yanchang Petroleum (Group) Co., Ltd. took the lead in
adopting the molecular sieve membrane dehydration technology of
Dalian Hyster Technology Co., Ltd. to build an industrial demonstration
plant of molecular sieve membrane dehydration with a scale of 1000 t/a
mixed alcohols in the Fischer-Tropsch synthesis project. This industrial
demonstration plant was integrated with an existing distillation unit, as
shown in Fig. 14, and the plant was equipped with eight molecular sieve
membrane modules with a total membrane area of 67 m2. The series
configuration of molecular sieve membrane modules was applied for the
dehydration of mixed alcohols. After industrial transformation, the
number of main equipment of the new process was reduced to five with
no circulation loop, thereby reducing the total heat loads of the new
process to 69.4% of the traditional process [165].
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Fig. 14. The equipment installation photos of an industrial demonstration
plant of the integration of molecular sieve membrane and distillation (see Hu
et al. [165]).

Isopropanol is widely used as a solvent or extractant in the phar-
maceutical industry. However, isopropanol and water form an azeotrope
(12.6 wt% water, under normal pressure), making it difficult to separate.
Traditional recovery of isopropanol adopts azeotropic distillation or
extraction process with high energy consumption. The dehydration
process of molecular sieve adsorption can’t be industrially applied due
to the high water-content in the isopropanol aqueous solution. Jiangsu
Jiutian High-Tech Co., Ltd. designed a 3000 t/a isopropanol separation
plant with the integration of distillation and molecular sieve membrane
for Shenyang Sanjiu Pharmaceutical Co., Ltd. The isopropanol vapor
(water content ~12 wt%) was dehydrated by the VP module to obtain
the isopropanol product. A similar coupling plant designed by Jiangsu
Jiutian High-Tech Co., Ltd. is the 8000t/a distillation-molecular sieve
membrane coupling device for separating ethanol and water. The VP
module was set at the top of the distillation column to break the azeo-
trope of ethanol and water. The operating cost was reduced by 31.2%
compared to traditional extractive distillation.

In the traditional process of synthesizing and refining acetonitrile by
the acetic amination method, acetonitrile is obtained by the ammonifi-
cation of acetic acid and ammonia gas. The crude product obtained after
the reaction contains acetonitrile, water, and a small amount of
ammonia. After removing ammonia by a two-stage absorption tower,
the crude product enters the aceto nitrile concentration column, the
negative pressure column, and the positive pressure column in turn to
obtain acetonitrile product. In this process, the azeotrope formed by
acetonitrile and water (12.6 wt% water, under normal pressure) is
broken by pressure swing distillation. Jiangsu Jiutian High-tech Co., Ltd.
designed a 10kt/a acetonitrile separation plant with the integration of
distillation and molecular sieve membrane for Shandong Huihai Com-
pany, as seen in Fig. 15. The 78 wt% acetonitrile vapor stream from the
top of the acetonitrile concentration column entered the VP module for
dehydration, thus breaking the azeotrope, then entered the acetonitrile
atmospheric distillation column. This new process is simple with a high
safety factor, high energy efficiency, and a small amount of liquid cir-
culation, which leads to low operating energy consumption (the steam
consumption of the traditional process is 4 t/t, and that of the new
process is 1.6-2 t/t).

6. Conclusion

Compared with traditional pressure swing distillation, extractive
distillation or azeotropic distillation, the integration of distillation and
pervaporation or vapor permeation membranes has obvious advantages
in the field of azeotropic separation. It can simplify the processes, save
energy and reduce overall costs. It is also suitable for the separation of
systems with low relative volatility. According to the relative position of
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Fig. 15. 10 kt/a acetonitrile separation plant with the integration of distillation
and molecular sieve membrane in Shandong Huihai Company.

the membrane and distillation column, five different coupling structures
can be distinguished for membrane-assisted hybrid separations and the
selective separation by means of membranes can also be exploited to
remove reaction products and shift the chemical equilibrium, improving
the reaction conversion. Common coupling structures include combi-
nations of reactor-distillation-membrane and the coupling of reactive
distillation with a membrane. Especially the inter-integration of reactive
distillation with a membrane has been shown to have a significant effect
on the performance. In addition, the integration of distillation and
membrane is also commonly used to reduce production load for saving
energy. Today many industrial applications of membrane-assisted
distillation are known, specifically in the field of azeotrope separation.

Although a lot of progress, such as the preliminary molecular simu-
lation of the membrane separation or the metaheuristics method used in
the integration separation of simple mixtures, has been made on the
integration of distillation and membrane separations, there are still two
major issues with respect to process design worth continued research:
(1) Establishing a precise molecular model of the membrane separation,
which enables the prediction of the separation performance for different
systems, promoting the research progress of membrane separation units.
(2) Optimal design of the integrated distillation and membrane sepa-
ration is still a challenge, as either specialized superstructure models
need to be set up and solved, or robust simulation models need to be
provided in order to apply metaheuristics, such as the response surface
method or genetic algorithms to find the optimal integration and oper-
ating parameters.
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