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Abstract

The increasing demand of raw materials and the ever-present risk of fossil resource depletion are effective motivators for the
development of new bio-based routes for the synthesis of chemicals. The use of non-renewable natural resources, such as fossil
fuels, and the generation of greenhouse gases have led to severe environmental problems. However, one of the challenges of
using renewable biomass resources to produce building block molecules is achieving an efficient and economically viable puri-
fication step. The complexity of the mixture involves generally high separation costs. Separation processes, such as distillation
and liquid-liquid extraction, have been proposed to purify target bio-based compounds. However, the high energetic cost
associated with such processes is pushing the current research towards the development of alternative solutions. In this con-
text, membrane technology, such as pervaporation, is an interesting solution for minimizing the energy consumption of the
process. This review highlights the main parameters and factors that impact the performance of pervaporation in the separa-
tion of complex bio-based chemical mixtures. Coupling effects, which are among the critical issues in pervaporation, are dis-
cussed in detail. Hybrid processes, in which both reaction and distillation are performed during the pervaporation process,

are also addressed.
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INTRODUCTION

As a result of economic development and the emergence of new
needs and regulations, the demand for sustainable raw materials is
now a key challenge for the future.In 2015, five priorities were defined
by the United Nations (U.N.) to implement 17 sustainable develop-
ment goals." Climate change is one of the main priorities, thus,
research on the substitution of crude oil has been carried out since
the late 90s due to the price hiking.? Recently, many efforts are focus-
ing on the development of new technologies to produce renewable
resources to replace - at least partially — petroleum-based materials.

The applications of non-renewable natural resources, such as
fossil fuels, can be classified into two categories, namely energy
or non-energy applications. The typical example of energy appli-
cations is power generation from fossil fuels, which has led to a
rapid growth in greenhouse gas emissions. Non-energy applica-
tions are mainly focused on the synthesis of organic chemicals
and polymers. These materials can be used in a very large range
of applications, including electronics, packaging, construction,
sports, textiles, pharmaceuticals, plastics, food production
industries, etc.

In 2000, the share of non-energy applications from non-
renewable resources was 13.2% in Organisation for Economic
Co-operation and Development (OECD) countries.* In 2009, 9%
of all fossil fuels and 16% of oil products were used for non-energy
applications, and around 330 million tons of feedstock chemicals
and polymers were produced from oil-based building blocks
every year.’ The use of renewable resources can be the key to
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decreasing greenhouse gas emissions from oil-based raw mate-
rials and, in doing so, prevent further climate change.®

Even if most of the oil-based building block molecules could be
produced from bio-based materials such as starch, chemical pulp,
proteins, glycerol, natural fibers, or medicinal plants, most of them
remain not price-competitive when compared to their petro-
chemical equivalents.” Biomass is a complex and heterogeneous
mixture of organic and inorganic compounds that contains all
kinds of solid and liquid mixtures.? Biorefineries can convert bio-
mass into a series of products, including bio-fuel, specialty chemi-
cals, and other valuable intermediates.” The processes in this
industry can sometimes be analogous to traditional petroleum
refineries,’® as for example, biodiesel from different natural
sources, such as oils/fats and alcohols, is produced through a
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transesterification reaction with either basic, acidic, or enzymatic
catalysts.

During the process, the separation and purification of bio-based
chemical mixtures are very important for producing chemicals with
suitable levels of purity. Many reactions, such as transesterification
reactions, produce multicomponent organic mixtures. The com-
plexity of the mixture and its subsequent separation can be a chal-
lenging task for the process to remain economically acceptable.
Physical separation, evaporation, distillation, extraction, adsorption,
crystallization, and membrane separation are nowadays major
technologies for separation. Membrane technology is one of the
most promising, due to its low energy consumption and environ-
mentally friendly nature. In addition, membrane separation pro-
cesses can generally be carried out at low temperatures, enabling
the separation of temperature sensitive chemicals.

Among the different types of membrane processes, pervapora-
tion is a promising technology for the liquid-liquid separation of
organic-water and organic-organic solvent mixtures. The selec-
tive separation of organic mixtures is a challenging issue in the
chemical industry. Most industrial scale separation processes,
such as conventional distillation, are energy intensive and some-
times generate a large quantity of waste due to overheating dur-
ing long periods of operation.'" Solvent extraction does require
less energy, but the choice of the solvent has some specific
requirements related to toxicity, flammability, selectivity and, of
course, economy. On the other hand, pervaporation can be con-
sidered as an interesting and green solution, since no additional
solvents are required. It has been applied to various separation
processes, such as organic-organic separations,'? waste water
treatment,'® dehydration during esterification reactions,'*'> and
dehydration of alcohol.’® Pervaporation has also been combined
with a reactor, leading to a reaction-separation hybrid process
to improve equilibrium-limited reactions. The pervaporation
membrane can selectively remove a product or a by-product from
the reaction mixture, shifting the reaction to a higher production
yield based on the Le Chatelier-Braum principle. In addition, per-
vaporation is suitable for the separation of azeotropic mixtures,
because the separation mechanism is not based on the thermo-
dynamic equilibrium but on the interaction between molecules
and the membrane material. Consequently, the separation perfor-
mance of pervaporation highly depends on the affinity of the mol-
ecules with the membrane materials.

Feed Side Polymer Film Permeate Side
(Liquid Phase) (vapor Phase)
Solution Vapor
Phase Phase
Molecular Transport .
5 >

Figure 1. A liquid phase zone and a vapor phase zone are divided inside
the membrane
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Different reviews on pervaporation separation are available,
which cover several aspects, such as the use of polymeric mem-
branes in pervaporation,'”’ pervaporation in biorefinery
applications,'® separation of organic—organic mixtures, and per-
vaporation on fermentation processes.'? In addition, some excel-
lent books have addressed the basic theories, principles, and
applications for the pervaporation membrane separation
process.’°~?2 This review aims to give a comprehensive view of
the recent advances on the separation of renewable bio-based
chemicals using pervaporation.

FUNDAMENTALS OF PERVAPORATION

Pervaporation membranes are commonly non-porous dense mem-
branes that act as a barrier in order to provide selectivity for the
separation of mixed compounds.?® During the process, the liquid
feed mixture is transported using a pump and it contacts the active
layer of the membrane. On the other side of the membrane, vac-
uum is applied to generate a stronger driving force. The driving
force is the difference of the gradient of chemical potential on both
sides of the membrane* A phase transformation, from liquid
phase to vapor phase, takes place in the membrane. The molecules
diffuse through the membrane and then desorb on the permeate
side. As opposed to gas permeation, the feed is liquid and is
adsorbed into the polymer membrane. Thus, the membrane is par-
tially wetted by the solution, which may produce membrane swell-
ing.?> Figure 1 shows the liquid phase zone and the vapor phase
zone in the membrane during operation.

The principle of membrane transport can be modeled in two
ways known as the pore-flow model®® and the solution-diffusion
model.?” The pore-flow model contains three steps: (i) the liquid
transport from the pore inlet to the liquid—vapor phase boundary,
(ii) the liquid evaporation at the phase boundary, and (iii) the vapor
phase transport from the phase boundary to the pore outlet. This
model is usually used to describe mass transport in porous mem-
branes, such as for ultrafiltration or microfiltration. For pervapora-
tion, the solution-diffusion model is extensively used.”® The
solution-diffusion model consists of three steps, as well: (i) the sorp-
tion of the penetrant molecules in the liquid on the feed side of the
surface of the membrane, (ii) the penetrant molecules’ diffusion
through the membrane, and (iii) the desorption of the permeate
in the vapor phase on the permeate side of the surface of the mem-
brane. Hence, the solution-diffusion model is widely applied for
interpretation of transport mechanisms in the pervaporation pro-
cess, as the chemical potential gradient within the membrane is
expressed by the concentration gradient. A detailed derivative of
equations of this model can refer to the work of Wijmans.? It is
generally assumed that the thermodynamic equilibrium is reached
at the interface of the membrane and the feed liquid. Thus, the
transmembrane transport can be expressed as:

PG

Ji= T’ (pi,o_pi,v> (2.1)

where J; is the partial flux of component i, Pf is permeability coef-
ficient, p; , is the partial vapor pressure of i in equilibrium with the
feed liquid. p; , is the pressure on the permeate side, and / is mem-
brane thickness. In addition, the activity can be expressed as:

(2.2)
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where Pf’ is the saturation pressure of component i.

For non-ideal mixtures, the activity of each component is writ-
ten as:

i =XjXy; (23)
where x; is the molar fraction and y; is the activity coefficient of
component .

The driving force is the difference of partial pressure across the
membrane and it can be determined by:

Pio—Piyv =Xix}’iXP?_YiXPp (2.4)
The saturated vapor pressures (P?) are typically determined
from the Antoine equation®
B
P =104 (2.5)
where A, B, and C are constant and T is temperature. The static
method is employed to estimate these three coefficients. This
technique is based on the measurement of the pressure over a
degassed pure sample introduced in a thermo-regulated cell
under ultra-high vacuum at various temperatures.>® The Antoine
relation gives a very good approximation of the vapor pressure
of a pure compound within the temperature range of the
experimental data.

The vapor pressure of the components in the feed is an impor-
tant factor in determining the performance of permeation, as well
as the pressure applied in the permeate side. The effect of pres-
sure on transmembrane flux has been studied by Greenlaw
et al., who observed that, as expected, a higher transmembrane
flux can be obtained when the pressure in the permeate side is
decreased.”’

The experimental performance of pervaporation is typically
evaluated by studying the transmembrane flux, separation factor,
permeance (or permeability), and selectivity.

The transmembrane flux J (kg/m? h) is usually determined by
the weight of the collected permeate over a certain period of
time, divided by the effective membrane area:

w
J:
AtxA

(2.6)

where A is the active surface area of the membrane (m?), At is the
collecting time (h), and w is the weight of permeate (kg).

The concentration in the feed and permeate (y;) can be deter-
mined by gas chromatography, for example. Therefore, the exper-
imental partial flux for each component (J)) can be determined by
the following equation:

J,=J><y,- (2.7)

The permeance (PT) or permeability (P of each component is
calculated by dividing the partial molar flux by the driving force,
according to Eqgn. 2.1. Therefore, the impact of the driving force
is eliminated. It can be expressed according to Eq. (2.8).

. — (28)
I (xiXyXP)—y;xPp) '
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The total pressure of the permeate side P, is measured during
the experiment. The permeance is usually expressed in GPU
(1 GPU = 1x107% cm® (STP)/(cm?s cmHg) and 1 m® m/
m?s kPa = 1.33 x 10 GPU).

The separation factor is a parameter determining the separation
performance. It is defined as the ratio between the molar concen-
tration of each component (i, j) in the permeate (y; y;) and feed (x;
x;) solutions:

(2.9)

As the transmembrane flux and separation factor are influenced
by the operation conditions, such as feed concentration, perme-
ate pressure, and feed temperature, the transmembrane flux
and separation factor cannot reflect the affinity between mole-
cules and membrane materials. Therefore, permeability
(or permeance) and selectivity are introduced in order to elimi-
nate the impact of the driving forces.>? As a result, these parame-
ters are related to the intrinsic separation properties of the
membrane.

The selectivity of the membrane is given by the ratio of per-
meance or permeability:

P/l P
P/l P;
If the value of a;;;is larger than 1, it indicates that the membrane
is more preferential to permeating component i than
component j.

FACTORS AFFECTING PERVAPORATION
MEMBRANE PERFORMANCE

Influence of feed composition on the membrane
performance

Influence of feed composition on polymeric membrane swelling
and plasticization

Polymeric membrane swelling is a phenomenon resulting from
the diffusion of solvent molecules into the polymer chains that
leads to the expansion of the polymer network.** As polymer-
polymer interactions remain stronger than polymer-solvent inter-
actions, the dissolution of polymeric membrane does not occur. In
the separation of bio-based chemicals via pervaporation, when a
liquid mixture contacts the membrane, the components usually
cause swelling resulting in an increase of the free volume within
the polymeric matrix. The membrane swelling phenomenon has
an important impact on the membrane performance, affecting
the permeability of the different components and, therefore, the
selectivity of the separation. For example, water can cause mem-
brane swelling during dehydrating processes. In the study of
hybrid membranes of zeolitic imidazolate framework-L (ZIF-L)
and zeolitic imidazolate framework-8 (ZIF-8) for dehydrating bio-
ethanol,>* the membrane experienced excessive swelling at high
water concentrations leading to an increase of both water and
ethanol fluxes due to the rise of water concentration in the mix-
ture. It was observed that ethanol flux increased dramatically for
high concentrations of water in the mixture. Ethanol is sensitive
to the expansion of polymer chain spacing because it has a larger
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kinetic diameter.>® As a result, the separation factor decreased
with the increase of water concentration. In addition, the per-
meance of water and ethanol also increases with the increase of
water concentration, leading to a decrease in the selectivity.

A plasticization effect may happen due to the increase of the
membrane swelling degree. The presence of specific chemicals
inside the membrane can change the mechanical properties of
a given polymer and lead to a more flexible material, therefore
increasing the diffusivity of the permeant.>*3” The concentration
of the individual chemicals in the mixture can also influence the
plasticization effect due to the potential interaction between spe-
cific chemicals and the membrane. MTBE bio-derived version of
methyl tert-butyl ether (MTBE), which was produced from isobu-
tene and biomethanol.>® However, a methanol and MTBE mixture
can form azeotropes at a composition of 14.3 wt% methanol.>
Hence, the distillation process is expensive and has a high energy
consumption. In the work by Cao et al,*° the separation of a meth-
anol/methyl tert-butyl ether (MTBE) mixture with a cellulose triac-
etate membrane was studied in order to break the azeotrope for
the production of bio-MTBE. During the pervaporation of the
methanol/MTBE mixture (concentration of methanol in the feed
of 13.04, 19.41, and 37.52 wt%), the plasticization effect was
enhanced when the methanol concentration was increased in
the mixture, resulting in an enhancement of the permeation of
MTBE due to a larger free volume. A significant phase transition
of the polymer from glassy to rubbery takes place on the feed
side. As a result, the polymer plasticization effect becomes signif-
icant due to excessive membrane swelling, which increases the
polymer chain spacing dramatically. This effect facilitates the per-
meation of MTBE through the membrane.*' Plasticization effect
has, then, a strong negative impact on the performance of the
pervaporation membrane in terms of both selectivity and separa-
tion factor.

As excessive membrane swelling leads to lower membrane sep-
aration performance, some research was carried out to reduce
it. The swelling effect can be counterbalanced by introducing
another polymer. Ethyl tert-butyl ether (ETBE) is also known to
be a powerful octane enhancer like MTBE. Compared to MTBE,
ETBE has less environmental impact because MTBE has been
found to be responsible for groundwater contamination.*? It is
expected that ETBE demand will increase due to the concern of
MTBE toxicity. However, it is a challenge to produce low cost ETBE
in petrochemistry.** Traditionally, partially renewable bio-ETBE is
obtained from the reaction of bio-ethanol (in excess) with isobu-
tylene obtained from fossils. Tretbar et al. performed the etherifi-
cation of fermentative-produced isobutylene and bio-ethanol
(in excess) to produce fully renewable bio-ETBE.** However, the
obtained ethanol/ether mixture is difficult to separate by conven-
tional separation processes, such as distillation, due to the exis-
tence of azeotropes. In the separation of the mixture of ethanol/
ethyl tert-butyl ether (ETBE) with polypyrrolidinone membrane
blended with N-[3-(trimethylamoniopropyl)] methacrylamide-
methylsulfate (TMA),* pyrrolidinone was found to strongly
increase the membrane affinity for ethanol. However, the mem-
brane can swell severely in the presence of ethanol. As a result,
a coupling transport phenomenon was observed: the higher the
ethanol concentration in the feed, the higher the ETBE flux
through the copolymer membrane, leading to a drop in selectiv-
ity. When TMA polymer was introduced in the copolymer mem-
brane, crosslinking of TMA with the matrix prevented the
membrane swelling, which comes from ammonium sulfate resi-
dues (strong polar feature). By doing so, the swelling effect, which
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results from pyrrolidinone swollen by excess ethanol, can be
reduced. Therefore, a higher amount of TMA in the copolymer
membrane leads to a lower transmembrane flux but does
improve the membrane selectivity.

Hansen solubility parameters of the feed mixture

Hansen solubility parameters are usually used for selecting the
proper solvent to dissolve polymer materials. In pervaporation,
Hansen solubility parameters are used for the study of the interac-
tion and affinity between molecules and the membrane material,
and have been widely applied in the selection of materials for
membranes. Hansen*® proposed an approach to predict the solu-
bility of components into a polymer based on three main param-
eters: a dispersion component, a polar component, and a
hydrogen bonding component. A point can be determined by
these three parameters in a three-dimensional space, forming a
sphere. The center of the sphere is determined by the solubility
parameters of the polymer and the radius of the sphere is called
the interaction radius, which is measured experimentally and
reported in the literature.*” A component is more likely to be
sorbed by the membrane if the solubility parameters of the com-
ponent are located within this three-dimensional sphere. The dis-
tance of the component to the center of the polymer solubility
sphere is calculated by the following equation®’

1/2

R,= [4(505—50,;)2 + (5Ps—5Pp)2 + (5H5—5HP>2] (3.1)

where R, is the distance between the component and the center
of polymer solubility sphere (MPa'’?), and § refers to the Hansen
solubility parameters. The first subscripts, D, P, and H, refer to
the Hansen component: dispersion component, polar compo-
nent, and hydrogen bonding component, respectively; the sec-
ond subscripts, s and p, refer to the component and polymer,
respectively. If the distance of the component to the center of
the polymer solubility sphere R, is smaller than the interaction
radius of polymer Ry, then the component could be sorbed by this
polymer.

The Hansen solubility parameters of a mixture are estimated as
expressed in Eqn. (3.2), reported by Barton et al.:*®

5_k=z¢i5ki (3.2)

where the subscript k indicates the D, P, and H Hansen compo-
nents (dispersion component, polar component, and hydrogen
bonding component, respectively). ¢; is the volume fraction of dif-
ferent pure components in the mixture.

As solubility parameters depend on the composition of the mix-
ture, the position of the solubility parameters of a mixture map-
ping on the three-dimensional space shifts from their pure
solution. Therefore, when shifting towards the center of the poly-
mer sphere, the mixture is more likely to be sorbed by the mem-
brane. In the case of the pervaporation separation of an organic
liquid-water mixture by a copolymer membrane (polydimethylsi-
loxane and ladder-like phenylsilsesquioxiane),*® it was found that
the transmembrane flux and separation factor follow the trend
methanol<ethanol<2-propanol<acetone<THF. This sequence
corresponds to the decrease of solubility parameters of these
organic compounds, regardless of their molecular size. Therefore,
in this case, the permeation behavior is determined by the solubil-
ity parameters of the organic compounds. In other words,
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according to the solution-diffusion model, sorption is more dom-
inant than diffusion in the permeation of these organic
compounds.

The difference of solubility parameters between pure compo-
nents and mixtures was studied by Li et al.>° Two transesterifica-
tion mixtures (methyl acetate, butanol, butyl acetate, and
methanol; and methyl acetate, ethanol, ethyl acetate, and metha-
nol) were investigated. The product butyl acetate is an important
and useful solvent for various applications, for example, paint and
coating manufacture and the lacquer industry. On the other hand,
the product methyl acetate is one of the compounds in the pro-
duction of biodiesel. These esters, methyl acetate, butyl acetate,
and ethyl acetate can be derived from bio-alcohols. In addition,
these transesterification reactions contain a quaternary organic
mixture with azeotropes (methyl acetate/methanol, ethyl ace-
tate/ethanol, and butyl acetate/butanol). It was found that pure
esters did not permeate through the commercial membranes Per-
vap 1255-50 and 4155-80 (Sulzer), but they did when the feed
consisted of a mixture of esters and alcohols. The presence of
alcohols enhanced the permeance of esters through the mem-
branes. The 3D representation of the Hansen solubility sphere
and its projection into hydrogen-polar plane and hydrogen-
dispersion plane at 30 °C are reported in Fig. 2. As commercial
membranes are made of poly vinyl alcohol (PVA) material, all pure
alcohols are located inside of the PVA polymer solubility sphere.
Yet, all esters are located outside of the PVA polymer solubility
sphere (Fig. 2). This indicates that the PVA membrane favors the
permeation of alcohols rather than the permeation of esters. As
for solutions of alcohol and esters, both mixtures are located
inside the PVA solubility sphere (shown in Fig. 2). As a result, all
components in the mixture can be sorbed by the PVA membrane
and then diffuse through it.

The solubility parameter indicates the affinity between the
organic compound and the polymer, and it is also related to the
membrane swelling.>' In the work by Yamaguchi et al,>? the solu-
bility of 54 kinds of organic compounds and water through a poly
methyl acrylate (PMA) membrane prepared by plasma graft poly-
merization was studied, classifying each mixture as soluble or insol-
uble for the membrane. In the separation of benzene-cyclohexane
mixtures, according to the solubility parameter prediction, the PMA
membrane showed a high affinity to benzene for a large range of
concentrations. However, the transmembrane flux increased and
the separation factor decreased when the benzene concentration
was increased in the feed, since the solubility parameter of the mix-
ture was getting closer to the center of PMA three-dimensional
sphere. It indicates that the mixture — and especially benzene -
has more affinity with the polymer membrane. As a result, the
degree of membrane swelling increased due to the higher benzene
concentration and a plasticization of the polymeric membrane can
occur. Consequently, the selectivity of the pervaporation mem-
brane was reduced due to this plasticization effect.

In summary, solubility parameters are a useful tool not only to
screen and select membrane materials for a targeted separation
of bio-chemicals, but also to predict potential membrane swelling
and the possible affinity between membrane material and
components.

Effect of the pH of the feed on membrane performance

Organic acids, such as formic acid, acetic acid, lactic acid, propio-
nic acid, or butanoic acid, are important bio-based building
blocks. A large number of catalytic systems have been developed
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to convert biomass (including cellulose, lignin, etc.) into organic
acids, which can be used directly or be modified for further appli-
cations.>*** The pH value is an important parameter, for example,
organic acids as charged compounds will not be able to diffuse
through the pervaporation membrane.?®>* For Brgnsted acid/
base, the charge of the different species is directly related to the
pH of the solution. It is therefore mandatory to have a clear view
of the speciation of the components at different pH levels, prior
to designing a pervaporation process.

In the work of Overington et al,>® pervaporation was used to
separate organic acids (acetic acid, butanoic acid, hexanoic acid,
and octanoic acid), ketones (2-heptanone and 2-nonanone), and
esters (ethyl butanoate, ethyl hexanoate and ethyl octanoate)
out of mixtures. At a low pH (2.5-3.5), more than 94% of organic
acids were in the non-dissociated form in the feed mixture, and
the enrichment factor (the ratio of a component concentration
in the permeate to its concentration in the feed) was the highest
for these organic acids. When the pH level increased from 2.5 to
4.8 and further increased up to pH 7, more compounds were in
their carboxylate forms and a lower enrichment factor was
observed. At pH 7, the enrichment factor of these organic acids
was decreased to 84%. As fewer organic acids can be adsorbed
by the hydrophobic polydimethylsiloxane membrane at those
pH values, the competition between permeants to access the sites
in the membrane becomes less stringent. Esters and ketones have
more opportunities to occupy the sites and permeate through the
membrane at these pH values. Hence, organic acids were concen-
trated more effectively when the pH level remained below 3.5.

In other cases, a low pH is not favorable for the pervaporation.
Silicalite (one of the polyforms of silicon dioxide, SiO,) membrane
is an ethanol permselective membrane. This membrane can be
directly used to produce highly concentrated bioethanol via
fermentation-pervaporation process. However, the pervaporation
performance could be deteriorated due to the presence of succi-
nic acid, which can be adsorbed by the silicalite membrane. lke-
gami et al. studied the pervaporation performance of a ternary
mixture of ethanol/water/succinic acid.>” The ethanol permeation
decreased dramatically at pH levels below 5 because the concen-
tration of the acid form of succinic acid increased. As a result,
more succinic acid can be adsorbed by silicalite membrane, result-
ing in a major decrease of ethanol permeation.

Effect of temperature on membrane performance
Temperature is one of the most important factors affecting mem-
brane performance. The interpretation of its effect can be ratio-
nalized by analyzing the activation energy. The transport rate of
the permeant passing through the membrane depends on sorp-
tion and diffusion. Therefore, the permeability can be defined as
the product of the diffusion coefficient and the sorption
coefficient:*%>°

P;=D;XS; (33)
where D; and §; are the diffusion coefficient and solubility coeffi-
cient of component i in the membrane, respectively. Both coeffi-
cients are temperature dependent. This dependency is typically

described by the following Arrhenius-type equation:*®>°

—AH;
S,' =S,-,oexp ( RTI'S)

(3.4)
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Figure 2. Hansen solubility sphere for PVA with pure components and mixtures of alcohols and esters at 30 °C (a) 3D representation; (b) Projection into
the hydrogen-polar plane; and (c) Projection into the hydrogen-dispersion plane. The composition of mixture 1 (molar fraction) is 0.2 methyl acetate, 0.15
butyl acetate, 0.35 methanol, 0.3 n-butanol; the composition of mixture 2 (molar fraction) is 0.2 methyl acetate, 0.15 ethyl acetate, 0.35 methanol, 0.3 eth-
anol. Reprinted with permission from Li et al*°

Thus, the activation energy of permeation is expressed by the
following equation:*°

—E;
D;=Djpexp < R7’:D) (3.5)

where S; o and D;  are temperature-dependent constants. AH; sis
the heat of solution or enthalpy of dissolution. E;  is activation
energy for diffusion. Using equation P; = D; X S;, P; can be defined
as described in Eq. (3.6).

E,‘lp=E,',D + AH,',5 (37)

An increase of temperature improves diffusion, so the activation
energy of diffusion E; p is usually positive. It is the energy to pro-
duce free volume between the polymer chains that allows the
AHI,S+EI,D> permeant molecule to diffuse through and jump from one cre-

Pi=DjoSioexp (_ RT (36) ated free volume to another.®' The heat of solution is the heat

. ____________________________________________________________________________________________________________|]
wileyonlinelibrary.com/jctb © 2020 Society of Chemical Industry J Chem Technol Biotechnol 2020; 95: 2311-2334


http://wileyonlinelibrary.com/jctb

Separation of bio-based chemicals

generated or absorbed during the sorption process, which also
depends on the sorption mechanisms dominating the process.®
If the sorption follows Henry's law, the sorption process will be
endothermic, as a site has to be formed prior to the molecule
sorption. In the case of Langmuir sorption, the molecule is sorbed
by a site that already exists in the polymer matrix, presenting an
exothermic sorption. A low activation energy indicates that the
molecules must overcome a low energy barrier for permeation
through the membrane.

By combining Eqns (3.6) and (3.7), the temperature effect on the
permeance can be evaluated:®®

I RT (38)

P Pis 1000XE; p

T —Xexp (——)
where P/l is the permeance of the component i, P; /I is the pre-
exponential factor of permeance with P; ., = D; oS; o, indicating
the permeance at infinite temperature, and E; » is the activation
energy.

The dehydration of butyl acetate is a good example of the
impact of activation energy on permeance due to the tempera-
ture effect.’* The blended membrane made of polyvinyl alcohol
(PVA) and chitosan (CS) gave a better separation performance at
high temperatures (70 °C). The activation energy of water was
23.77, and —56.44 KJ/mol for butyl acetate. The activation
energy illustrates the sensitivity of a molecule's permeation to
temperature. As the activation energy of water is positive, its
permeation behavior is dominated by diffusion. However, for
butyl acetate, the activation energy is negative, which means
that the permeation behavior is controlled by sorption: a higher
temperature is not favorable for the molecule permeation. As a
result, the permanence of water increased linearly and the per-
manence of butyl acetate decreased with the rise in tempera-
ture. Due to this contradictory permeation behavior between
water and butyl acetate, the separation performance is signifi-
cantly improved at higher temperatures. Another typical exam-
ple was described by Adymkanov et al.%® The temperature
effect on permeation was studied for water, ethanol, and buta-
nol from 30 to 50 °C. It shows that the activation energy is an
important factor on selectivity. It was found that water had a
higher activation energy than alcohols in the PIM-1 (polymers
with the inner microporosity) membrane. Higher temperatures
can promote the permeation of water, hence the selectivity
(towards alcohols) of this hydrophobic membrane tends to
decrease with increasing temperatures.

Apart from the temperature effect, the composition of the mixture
can also have an impact on the activation energy. In the purification
of ethanol from methanol using polybenzoxazinoneimide (PBOI)
membrane, the activation energy for the permeation of methanol
is generally lower than that of of ethanol (Fig. 3). Methanol must
overcome a lower energy barrier than ethanol for permeation
through the membrane. Therefore, the membrane shows a better
permeation to methanol. On the other hand, when the concentra-
tion of methanol increases in the feed, its activation energy of per-
meation decreases. Figure 3 shows that the activation energy of
the permeation of methanol was the highest for 20 wt% of methanol
in the feed and the lowest for 5 wt% at the same temperature.

As indicated in section 3, the transmembrane flux and separa-
tion factor depend on the driving force (see Eqn. (2.4)). On the
other hand, from the Antoine equation (Eqn. (2.5)), it can be
observed that an increase in temperature leads to an increase of
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Figure 3. The logarithmic dependence of individual fluxes on tempera-
ture in pervaporation of methanol/ethanol mixtures of different composi-
tion. Reprinted with permission from Pulyalina et al.*®

the saturated vapor pressure. As a result, the driving force is
improved by increasing the temperature. Hence, an increase of
temperature can have a positive impact on the transmembrane flux.
On the permeate side, the partial pressure is extremely low, thus, the
term y; X P, in Eqn. (24) is normally negligible. For example, for the
dehydration of a medium during an esterification reaction between
lactic acid and ethanol via a chitosan-TEOS (tetraethoxysilane)
membrane,®” the vapor pressure of all penetrants increased with
temperature. As a result, the partial pressure gradient across the
membrane increased, enhancing the driving force for each pene-
trant. In the meanwhile, the partial flux of ethanol increased more
steadily than that of water due to its higher volatility.

In some cases, temperature can have a complete opposite influ-
ence on transmembrane flux and permeance.®® Increasing tem-
perature leads to an increase in transmembrane flux, but a
decrease of permeance. Transmembrane flux and separation fac-
tor depend on the operation conditions related to the driving
force. However, permeance and selectivity reveal the real interac-
tion between the molecules and membrane materials. A high per-
meance indicates that the affinity between certain molecules and
the membrane material is high and, therefore, the membrane is
keen on letting this molecule permeate. Therefore, the evaluation
of the thermodynamic properties of the target mixture and the
intrinsic properties of the membrane for separating the mixture
are essential when aiming at developing a new pervaporation
process for the separation of bio-molecules. Luis et al.%* studied
the quaternary mixture composed of methanol, methyl acetate,
butanol, and butyl acetate as a case study. A procedure is pro-
posed to evaluate the separation potential of pervaporation
membranes and it consists of three steps. First, the driving force
of each compound has to be evaluated, and the compounds with
the largest driving force can be determined as target compounds
for permeation. Secondly, the permeances and selectivities of
membranes must be assessed experimentally; the optimal situa-
tion is when the membrane can enhance the permeation of the
compounds with the highest driving force observed in step 1.
Third, a McCabe-Thiele separation diagram is set up for compar-
ing the separation properties of pervaporation membranes and
the performance with distillation. With this procedure, it can be
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determined if a pervaporation process is able to achieve optimal
performance under certain conditions.

Effect of membrane thickness on membrane performance
Membrane thickness is another important factor in optimizing the
performance of pervaporation membrane separation of bio-
molecule mixtures. A general rule is: the thicker the membrane,
the lower the flux and, hence, the higher the selectivity.

A low thickness usually reduces selectivity. Such an effect has,
for example, been observed by Brun et al. on 1,3-butadiene.®® Tra-
ditionally, 1,3-butadiene is a by-product of the stream cracking of
naphtha of petroleum used to produce ethylene. Due to the sus-
tainability concerns of consumption of fossil stock, a renewable
route to produce 1,3-butadiene from bio-butanol has been pro-
posed.”® The purification process includes the separation of
1,3-butadiene and isobutene, an intermediate product which is
generated during the butanol dehydration step. In the case of
the pervaporation separation of a mixture of 1,3-butadiene and
isobutene (60/40 volume fraction), it was observed that the trans-
membrane flux was inversely proportional to the nitrile rubber
membrane thickness (12-500 pm), up to 100 pm.®® Above this
value, the selectivity was independent from the membrane thick-
ness. In this case, the membrane material is an elastomer and
made up of very thin grains. Therefore, highly tortuous micro-
pores exist inside the membrane material. When the size of the
membrane thickness is comparable to the size of thin grains, a
micro-pore diffusion can occur.

The defects inside a membrane also have a significant influence
on the performance of a thin membrane. Acetic acid can be pro-
duced via microorganism fermentation, a purification process
being introduced to remove water as a by-product.”! While using
polysulfone (PSF), Polyvinyl chloride (PVC), and polyacrylonitrile
(PAN) membranes to dehydrate acetic acid, a linear relationship
was found between the total flux and the membrane thickness.”?
Regarding the selectivity, it was dependent on the membrane
thickness for values below 15 um, where it decreased with the
membrane thickness. This phenomenon is explained by the for-
mation of defects during pervaporation, regardless of polymer
morphology or transport coupling. When a critical strain of poly-
meric material is reached, crazes and cracks can be formed. In a
chemically active environment, the formation of crazes can be
intensified when the polymeric materials undergo plasticization
leading to a lower surface energy of polymeric materials, which
is favorable for the formation of crazes. The transportation
through these solvent-induced craze defects could be described
by Knudsen flow.

Similar observations can be found in chitosan membranes for
the separation of water-ethanol mixtures.”* In this case, the trans-
membrane flux does not always follow Fick's law and selectivity is
a function of membrane thickness for values below 30 pm. On the
other hand, a higher and constant selectivity can be observed
when the membrane thickness is higher than 50 pm. The selectiv-
ity begins to decrease when the membrane thickness decreases
below this point. Hence, a minimum membrane thickness is
essential to determine its intrinsic selectivity. Meanwhile, the par-
tial flux of each component shows a reversely proportional rela-
tionship to the membrane thickness when membrane thickness
is high, and this phenomenon is independent of feed concentra-
tion. A non-Fickian behavior of partial flux is observed at a low
membrane thickness; a lower membrane thickness presents a
higher partial flux. This phenomenon is interpreted by the growth
of crazes in the direction of diffusion when the liquid is enriching
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at the tip of crazes. Koops et al. suggested that a minimum mem-
brane thickness has to be determined to stop the growth of
crazes, because part of the flux was caused by them.”? The crazes
can break through a swollen layer of the membrane due to the
lack of mechanical stability. Their growth is easier in thinner mem-
branes, and part of the flux caused by them contributes to the
overall membrane flux.”*

Besides, Kanti et al. tested different thicknesses, ranging from
25 to 190 um, for blended membranes of chitosan and sodium
alginate. These membranes were studied for the dehydration of
an ethanol-water mixture (95.4-4.6 wt%).”> For this system, the
flux gradually decreased with an increase of the membrane thick-
ness in the same experimental conditions, because the diffusion
rate decreases when the membrane thickness increases. On the
other hand, the selectivity increased dramatically (from 436.3 to
2118.5) with increasing membrane thickness. The variation of
selectivity regarding the membrane thickness was related to
membrane swelling and plasticization. The active layer was seri-
ously swollen and plasticized for thinner membranes, allowing
all the permeating components in the feed solution to diffuse
through the membrane layer unrestricted. Thicker membranes,
however, can be only partially swollen and plasticized. Hence,
the thickness of a non-swollen layer increased with the entire
membrane thickness of the active layer, leading to an increase
of mass transfer resistance inside the membrane. The non-swollen
layer becomes a restrictive barrier and only allows certain pene-
trants to diffuse through, which results in decreasing flux and
enhancing selectivity. Similar phenomena were also observed in
the separation of a water acetamide mixtures by chitosan
membrane.”®

On the other hand, a thicker membrane increases the mass
transfer resistance resulting in a decrease of flux. Villaluenga
et al. studied the mass transfer behavior in terms of a resistance-
in-series model with cellulose acetate membrane and poly(2,-
6-dimethyl-1,4-phenylene oxide) membrane for the separation
of a methanol/MTBE mixture.”” The liquid membrane boundary
layer resistance was larger than the membrane resistance when
a thinner membrane was used. With the increase of membrane
thickness, the membrane resistance became a more important
factor on mass transfer in the membrane, and the liquid mem-
brane boundary layer resistance was lower than the membrane
resistance. The critical membrane thickness on which mass trans-
port resistance is dominated between the liquid membrane layer
resistance and membrane resistance was determined by Villa-
luenga et al.”” In this case, for the cellulose acetate membrane,
this thickness value is between 23 and 33 pm and for the poly(2,-
6-dimethyl-1,4-phenylene oxide) membrane, it is around 38 um.

As discussed above, an optimal membrane thickness is impor-
tant for the performance of pervaporation separation. A minimum
membrane thickness must be determined to have an intrinsic
selectivity. In the meanwhile, a thicker membrane active layer
can decrease the transmembrane flux.

COUPLING EFFECTS IN PERVAPORATION

Coupling effects are important phenomena observed frequently
in pervaporation processes. The mass transport in the membrane
is a complicated process because of the existing interactions
between the permeants and between the permeants and the
membrane itself. Coupling effects are difficult to measure quanti-
tatively, but it is possible to obtain indirect information from the
partial flux of each component or via sorption and desorption
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experiments.”® In most of pervaporation separation processes,
this effect is significant.

Coupling transport phenomena can have different origins,
including the ones described in section 3, such as membrane
thickness, craze defects in thinner membrane,”? membrane swell-
ing, or plasticization effect. It is noteworthy that coupling effects
can relate to the composition of the feed.”*®" This phenomena
has, for example, been observed for bio-based aroma, where com-
pounds are often produced via microbial bioconversion.®? Raisi
et al. studied different groups of aroma compound (3-methylbu-
tanal, isopentyl acetate, n-hexanol, and a-ionone) mixtures.®
From binary mixtures, each aroma compound was mixed with
de-ionized water to make a dilute aroma/water solution, whereas
ternary mixtures included two aroma compounds and de-ionized
water. No coupling effects were observed at low aroma concen-
trations (<200 ppm). The molecules of aroma are separated by a
large amount of water in diluted solutions. The interactions
among aroma molecules are too small to influence their perme-
ation behavior. Therefore, the coupling effect is not significant
at low aroma concentrations. At a higher concentration, coupling
effects were observed for 3-methylbutanal/n-hexanol/water and
3-methylbutanal/a-ionone/water  mixtures. In this case,
3-methylbutanal can enhance the permeation of n-hexanol and
a-ionone. In addition, isopentyl acetate showed a strong coupling
effect with all aroma compound (3-methylbutanal, n-hexanol, and
a-ionone) mixtures. The partial flux of these aromas was increased
compared to their binary mixture with water. According to the
diffusion-solution model, the sorption of molecules in the poly-
meric membrane depends on the affinity between the permeants
and the membrane materials. The affinity can be expressed using
solubility parameters. In this case, the order of solubility parame-
ters of each aroma compound with a PDMS membrane follows
the trend: isopentyl acetate>methylebutanal>n-hexanol>water.
This indicates that isopentyl acetate and 3-methylbutanal have a
high sorption degree in PDMS membranes.* As a consequence,
the presence of these components in the feed solution results in
swelling effects, enhancing the permeation fluxes of n-hexanol
and a-ionone through the membrane.
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Figure 4. Effect of zeolite 13X content on pervaporation separation of
90 wt% aqueous isopropanol mixture for the BAPP-BODA/13X hybrid
membranes at 25 °C. Reprinted with permission from Li et al.”’
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Besides, some organic compounds can modify the polymer
phase and change the solubility of other organic chemicals.®*
The solubility of n-butanol decreased when other alcohols were
also present in the mixture. The formation of clusters of alcohol
molecules via hydrogen bonds modifies the polymer phase,
reducing the solubility of n-butanol in the polymer material
(poly(octyl)methylsiloxane (POMS)).

Free volume also impacts the coupling effects. In the literature,
different studies of free volume have been carried out in order to
understand the microscopic change of the membrane.8>788 The
relationship between the free volume in polymeric membranes
and the transport properties has been studied for different pro-
cesses, such as gas separation®® or pervaporation
separation.®>#°"°" The free volume within the polymer consists
in disordered voids with sizes between 0.1 and 0.5 nm. This is an
important factor for the transport of penetrants through poly-
meric membranes and has a significant influence on the separa-
tion of small molecules, such as water or alcohols. Pervaporation
involves a contact between the membrane and the liquid feed,
which can vary in composition over time. The free volume in the
membrane can also change during the process of membrane
swelling. A swollen membrane has a much higher free volume
than a dry one, therefore, a wetted pervaporation membrane
can have a strong effect on the diffusion. In an early study on
the effect of a water-swollen poly vinyl alcohol membrane 2 the
expansion of free volume was said to occur in three stages. Ini-
tially (concentration of water <8 wt%), the mean size of free vol-
ume has no significant change because the water molecules
bond to the hydroxyl groups of PVA. With the increase of water
concentration up to 30 wt%, the mean radius of free volume
started to increase because the water molecules expanded the
inter/intra chain distance of PVA. When water concentration
reached 30 wt%, the free volume expansion reached its maxi-
mum. The change of free volume is reversible. Satyanarayana
et al. investigated the free volume size of both water soaked
and dried membrane (PERVAP 2210), and it was shown that the
size of the free volume is reversible if a dry membrane experi-
enced sorption followed by drying.”> However, the sorption
degree of a used membrane was only partially reversible, which
was almost 50% lower than a fresh membrane.

As the expansion of the free volume can reduce the selectivity of
pervaporation membranes, one of the most straightforward solu-
tions to solve this issue is to introduce inorganic and rigid particles
into the polymer in order to inhibit the expansion of free volume.
Li et al. studied the influence of zeolite 13X into a polyimide (BAPP-
BODA) membrane®' The resulting free volume radius was
between the free volumes of pure BAPP-BODA (2.85 A) and zeolite
13X (4.08 A). In addition, the number of free volume cavities was
reduced after introducing zeolite into the polymer matrix. The free
volume radius distribution of the hybrid membrane was within the
range of the kinetic radius of water (1.2 A) and isopropanol
(3.86 A). By introducing zeolite 13X into the polyimide membrane,
the expansion of the free volume caused by membrane swelling
was significantly reduced. The permeation increases with increas-
ing of the 13X zeolite content into the polyimide membrane, due
to the molecular sieving effect and hydrophilicity of the zeolite
13X. However, the separation factor was almost constant in the
permeate under 90 wt% aqueous isopropanol mixture (Fig. 4).

A similar study was carried out by Shi et al.*° ZIF-8 (zeolitic imi-
dazolate framework-8) nanoparticles were added into a polyben-
zimidazole (PBI) membrane for the separation of alcohols and
water. The swelling degree of the membrane in the presence of
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water, methanol, and ethanol solutions was decreased after intro-
ducing ZIF-8 particles into the membrane. In addition, the swell-
ing caused by water was subdued significantly because of the
hydrophobic properties of ZIF-8 particles. Comparing the perfor-
mance of PBI membrane with and without ZIF-8 particles, it was
observed that ZIF-8 addition can suppress the changes of mem-
brane structures and limit the expansion of free volume, which
is otherwise caused by swelling due to ethanol. The free volume
diameter of PBI/ZIF-8 membrane (swollen by ethanol) is smaller
than that of the PBI membrane (4.9 vs 5.9 A), leading to a better
selectivity for the hybrid membrane.

In some cases, such as in the production of biofuels, the low
molecular weight ethanol and butanol must be removed while
the aqueous medium of fermentation is retained. In the work of
Petzetakis et al,® an artificial free volume inside a cross-linked
PDMS membrane was created, based on the self-assembly of
polyethylene-b-polydimethylsiloxane-b-polyethylene triblock
copolymers (EDE), for purifying ethanol/water and butanol/water
mixtures by pervaporation. The experimental results (Fig. 5)
showed that the improvement of the permeability of butanol
and ethanol is significantly dependent on the amount of artificial
free volume, as these alcohols have a larger molecular radius than
water. In addition, the selectivity was improved by creating more
free volume in the PDMS membrane. The experimental results
show that these artificial free volumes formed by self-assembly
lead to more hydrophobicity than in cross-linked PDMS. There-
fore, the transportation of less polar molecules, such as butanol,
is enhanced. One important feature is that the improvement of
permeability of EDE/PDMS copolymer membrane does not imply
a decrease in selectivity.”>%*

PERVAPORATION MEMBRANES

The use of pervaporation separation for bio-based mixtures can
be challenging, considering that the complexity of the feed com-
position leads to the use of multiple separation steps. In recent
years, novel membranes have been developed to separate spe-
cific bio-based mixtures. Table 1 summarizes the different
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applications for which pervaporation membranes were used,
and the relation of flux and separation factor for typical bio-
molecules is shown in Fig. 6. The separation processes can be
divided into two main categories depending on the nature of
the mixture, namely water-organic (dehydration) or organic—
organic separation. Dehydration separation involves the separa-
tion of water from organic components, including, for example,
mixtures of acids, alcohols, esters, and water from esterification
reactions. Industrial applications for the removal of water from
an organic phase using pervaporation are well-known and docu-
mented.'®' For instance, membranes produced by SULZER,
PolyAn, have been commercially available for dehydration pro-
cesses. These commercial membranes, based on polyvinyl alcohol
and polyimide materials, can permeate water with high flux and
selectivity thanks to their chemical composition and structure,
which improve the hydrophilicity of the membranes. The applica-
tion of pervaporation technology for the separation of organic—
organic mixtures is not as developed in the industry.

Generally, membranes can be classified in three groups:
organic, inorganic, and inorganic-organic hybrids.

Organic membranes

Organic membranes, often polymeric, are the membreanes
most studied and used in pervaporation. They generally exhibit
low mechanical resistance and thermal stability. The trade-off
between permeability and selectivity is very common when
organic membranes are used. However, they are attractive for
many separation processes thanks to their low cost and high
flexibility.*?

The chemical resistance of these membranes can also limit their
use for some applications. Some polymer materials seem to be
good candidates for a specific separation but cannot be applied
in other mixtures because they react with some of the compo-
nents in the mixture. For instance, polybenzimidazole (PBI) is a
good membrane material for pervaporation dehydration, but it
has a tendency to form PBl-acid, which limits its application for
the separation of acidic mixtures. However, an appropriate
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Figure 5. Membrane separation permeability and selectivity for butanol and ethanol. (a) Butanol permeability (right ordinate) and ethanol permeability
(left ordinate) as a function of artificial free-volume, fary, (bottom ordinate). Blue circles: butanol and red squares: ethanol are introduced EDE in cross-
linked PDMS membrane; black circle: butanol and black square: ethanol are permeability by cross-linked PDMS membrane. (b) Butanol/water (left) and
ethanol/water (right) selectivity as a function of artificial free-volume fary (bottom ordinate). Blue circles: butanol/water and red squares: ethanol/water
are selectivity by EDE membranes; black circle: butanol/water and black square: ethanol/water are selectivity by cross-linked PDMS membrane. Reprinting

with permission from Petzetakis et al.®
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modification can improve the stability of organic membranes. For

g 2 8 example, Wang et al. developed a novel two-step sulfonation
modification technique and investigated the performance of their
novel membrane of the dehydration of acetic acid.'® Sulfonated
polybenzimidazole (SPBI) is prepared by sulfonation with sulfuric

) acid followed by a thermal treatment at 450 °C to develop a stable

5 SPBI membrane with a good resistance to acids. By comparing

% R 3 SPBI and PBI membranes with a 50/50 wt% water/acetic acid mix-

E= f % ture, the sulfonated PBI membrane (2.5 wt% H,50,, 450 °C, 30 s)

8 o2 gave a flux of 168 g/m? h with a separation factor of 6631, while

§ p :I: the pristine PBI membrane only gave a 100 g/m? h flux with a sep-

g f_’ aration factor of 7. With the sulfonated membrane, the separation
T £ performance is better than that of conventional distillation or the
& = other polymeric membranes in the literature.

- The chemical interaction between the molecules in the mixture

= and the polymeric membrane material plays an important role in

9 the separation performance. The hydrophilicity of the membrane

3 materials is a critical property for the separation of the target mix-
ture. Typical hydrophilic membrane materials, such as poly vinly

=) alcohol (PVA), cellulose acetate (CA), and chitosan (CS), are favor-

S able to permeate polar solvents, such as water, ethanol, methanol,

§ etc. Therefore, when the mixture contains two opposite polarity

g (polar and non-polar) chemicals, these membranes can have a

K good separation performance and polar molecules can diffuse

through the membrane preferably. For example, Falbo et al. pre-
pared ECTFE (ethylene chlorotrifluoroethylene) polymeric mem-

c
% 5 ? % §| © 8,3 branes via thermally induced phase separation (TIPS) technique
sg|lE238e § using N-methyl-2-pyrrolidone as the latent solvent and glycerol
& < - triacetate, triethyl citrate, and adipic acid as plasticizers in order
to improve polymer processability.’®® It was observed that all
T; o - the membranes showed a high affinity to polar solvents, espe-
ER S ) cially to ethanol. In addition, a low affinity to non-polar solvents
v E s X (cyclohexane) was observed. The experiment was carried out by
g © using a binary azeotropic mixture of ethanol and cyclohexane
(30.5% w/w and 69.5% w/w) at different temperatures. The exper-
o imental results showed that the membranes with triethyl citrate
g and glycerol triacetate had a higher total flux, 1.7 and 1.5 kg/m? h,
= g with an ethanol/cyclohexane selectivity of 15 and 16, respectively.
% z g On the contrary, the hydrophobic membranes were widely
£ g < applied in the separation of less polar or non-polar molecules.
% S & Typical polymer materials are polydimethylsiloxane (PDMS), poly-
J;D E 2 % ether block aminee (PEBA), and poly(octylmethylsiloxane)
7] o & 3 (POMS). The application of hydrophobic membranes has a great
= S < % interest in the separation of aroma compounds.'*? For example,
;\g g 2 Unlu studied the separation of binary aqueous solutions of the
& 2 aroma components (propyl acetate, pentyl acetate, and octyl ace-
tate) by using hydrophobic polyvinyl chloride membranes.'** It
was found that the separation factor value for propyl acetate is
higher than that of octyl acetate and pentyl acetate, due to its
L g low swelling degree. The flux and separation factor of propyl ace-
X g g tate aqueous mixture were obtained as 1.57 kg/m? h and
= £ g 158, respectively. Although the separation factor of the binary
?g‘ % aroma aqueous solution is concentration and temperature
e = dependent (when the temperature and the feed concentration
- o increased, the separation factor decreased), it still can be con-
g % _§ cluded that the pervaporation is an efficient process for aroma
§ §_ @ ° recovery fr.()r.n aqueous solutions and the polyvinyl c.hlorlde mem-
] 2 5 2 brane exhibits good performance for the separation of aroma
- S > = compounds from water. In addition, a similar principle was
% ‘g ‘g applied in the separation of water-methyl t-butyl ether (MTBE)
s K = by using hydrophobic membranes polydimethylsiloxane

(PDMS)."** The experimental results show that the water flux
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Figure 6. Membrane separation flux vs. separation factor classified as black: organic acid, red: esters, green: ethers, and blue: aromatic organics.

was small and decreased with the increasing of MTBE concentra-
tion because it is unfavorable for water molecules to diffuse
through the highly hydrophobic membrane.

Inorganic membranes

Inorganic membranes have a low swelling degree, good
mechanical properties, and a good chemical and thermal resis-
tance compared to organic ones. However, they have a higher
production cost and are difficult to fabricate as defect-free mem-
branes. The membrane materials zeolite and silica are very com-
mon and have been extensively used in the literature.”®® The
materials for preparing silica membranes are SiO,, SiO,—TiO,,
Si0,—Zr0,, etc. They are stable at high temperatures and in acidic
environments. The silica-based membranes prepared by sol-gel
processing are highly permeable and selective. This method
offers a great advantage for the control of pore sizes.

The application of a silica membrane for pervaporation can be
found in the dehydration of alcohols,'**'*” dehydration of
acids'*®'3 and separation of organic-organic mixtures.'® The
silica membrane exhibits a high and stable water flux (5.4 kg/m? h)
in isopropyl alcohol (IPA)/water mixture using silica-zirconia mem-
branes with a separation factor 2500 under the condition 10 wt%
water in the feed at 75 °C."3® Silica membranes are promising for
the dehydration of acetic acid solutions due to their high stability
in contact with acidic solutions. For example, a separation factor
of 450 and a water flux of 0.9 kg/m?h can be achieved by a silica
membrane with 10 mol% water/acidic acid mixture at 70 °C.'*8

Zeolites are a mixture of silicates-alumina with different compo-
sitions of silicon to aluminum ratio. The ratio of SiO,/Al,Os3 is an
important factor for the performance of such inorganic mem-
branes. The zeolites form a crystalline structure and pore size
can be around several nanometers. It is found that a low silicon
to aluminum ratio can improve the hydrophilicity of the mem-
brane, leading to a preferential sorption of water inside the
pores."’ However, the stability of zeolite membranes in acidic
environments is a challenge.'*? The zeolite membranes can be
destroyed by the hydrolysis reaction resulting from an acidic envi-
ronment when Si—O and Al—O bonds in zeolite are dissociated.
Furthermore, the silica-alumina layer is dissolved into the solution.
Consequently, the zeolite membranes lose their selectivity. Acid-

J Chem Technol Biotechnol 2020; 95: 2311-2334
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stable zeolite membranes are improved by increasing the SiO,/
Al,O3 ratio, therefore, trading off hydrophilicity. For example,
ZSM-5 zeolite membranes were studied for the separation of
acetic acid/water and acetic acid/ethanol/water/ethyl acetate.”®
It was found that a higher Si/Al ratio can decrease the hydrophilic-
ity of the membrane. However, the acid-stable ZSM-5 membrane
still has an acceptable water permeability for target mixtures. The
water content in permeates can achieve 99.5 wt% in both binary
and quaternary mixtures.”®

Organic-inorganic hybrid membrane

Organic-inorganic hybrid membranes have interesting proper-
ties for pervaporation applications, such as their thermal stability,
good mechanical properties, and chemical resistance. The major
application of hybrid membranes is dehydration. Ma et al.®” stud-
ied organic-inorganic hybrid membranes prepared from the sol-
gel polycondensation of tetraethoxysilane (TEOS) in chitosan
(CS) aqueous solution. The membranes were studied for the
pervaporation-assisted esterification of lactic acid with ethanol.
Chitosan is an interesting bio-based material for the preparation
of pervaporation membranes because of its hydrophilicity.'*®
On the other hand, its low thermal stability and low mechanical
resistance are problematic. By introducing TEOS, the hydrophilic-
ity and thermal stability of such membranes can be improved. The
TEOS-CS hybrid membrane gives a high selectivity to water in the
separation of aqueous ethanol mixtures. The combination of a
batch reactor (reaction between lactic acid and ethanol to pro-
duce ethyl acetate and by-product water) and pervaporation with
a hydrophilic membrane can shift the equilibrium of the esterifi-
cation reaction of ethanol and lactic acid, enhancing the yield in
ethyl lactate.

For the production of bio-based furfural by xylose dehydration,
the performance of Zn,(bim), (bim = benzimidazolate ion) and
PMPS (polymethylphenylsiloxane) hybrid membrane improves
the membrane flux and separation factor if compared to pure
PMPS, thanks to the presence of Zn,(bim), crystals.'®” In addition,
the presence of Zn,(bim), reduces the membrane swelling effect
while the stability of the material is better than with pure PMPS.

Liu et al. made a ZIF-8-silicone membrane on a stainless-steel-
mesh by using a Plugging-Filling method.'® In a first plugging

wileyonlinelibrary.com/jctb
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step, the ZIF-8 nanoparticles were plugged in HOSSM (hierarchi-
cally ordered stainless-steel-mesh). Then, the plugged HOSSM
was dip-coated in a solution containing polymethylphenylsilox-
ane (PMPS), tetraethyl orthosilicate dibutyltin diaurate dissolved
in i-octane. The membrane shows a high separation performance
(53.3 separation factor) for the recovery of furfural (1.0 wt% in
water).

Membrane mechanical strength, chemical resistance, and ther-
mal stability in aqueous solutions are major issues for the perva-
poration separation application. For instance, poly acrylic acid
(PAA), poly vinyl alcohol (PVA), and chitosan are suitable poly-
meric materials for pervaporation dehydration of alcohols. How-
ever, these materials do not have strong mechanical properties
and lack stability in aqueous solutions due to their excessive
swelling. As a result, the selectivities of these membranes
decrease dramatically during the pervaporation separation. Thus,
applications for these polymers remain limited.'** ¢ Alternative
preparation methods need to be carried out. For example, in the
preparation of poly benzoxazole membrane, in-situ thermal con-
version of hydroxyl-containing polyimide precursors is applied.
An aromatic polyimide can be converted into poly benzoxazole
through thermal rearrangement between 350 and 500 °C under
vacuum or in an inert gas environment.'*

Supported ionic liquid membranes (SILMs) have also attracted
attention for liquid-liquid separation. lonic liquids can be
designed to have both good chemical and thermal stabilities,
while their ionic nature generally leads to a negligible vapor pres-
sure.'” SILMs have been studied widely for gas separation and
purification, for instance with SO,/CO, and for natural gas purifi-
cation.'*®'? Even if the study of SILMs in pervaporation remains
limited, some applications have been targeted using such sys-
tems (See Table 2). Compared to dense membranes, SILMs can
lead to better mass transfer properties, as the diffusion coefficient
in liquids is much higher than in solids.’>® The fundamental infor-
mation and recent advances in SILMs technology has been
reviewed elsewhere.'?”1%8

PERVAPORATION-DISTILLATION HYBRID
PROCESSES FOR THE SEPARATION OF
LIQUID MIXTURES

Membranes have been widely applied in the chemical industry
for purification processes.’* As one of the membrane separa-
tion technologies, pervaporation has often been compared with
other purification techniques, such as distillation and liquid-
liquid extraction. It is a suitable technology for dehydration of
product (ethanol, butanol, isopropanol, etc.) or for separating
the mixture forming azeotrope with water, such as some esteri-
fication reactions. However, a stand-alone pervaporation pro-
cess is rare because the composition of the permeate may not
reach the purity of product or environmental standards required
by the industry. In most cases, pervaporation is combined with
other processes to improve its overall efficiency. Two major
installation configurations could be defined. The first one con-
sists of pervaporation combined with distillation for separation
and purification processes. This process is used, for instance, in
the purification of ethyl tert-butyl ether (ETBE), an attractive
bio-ether used as an additive in bio-fuels. The bio-ETBE can be
synthesized from the reaction of bio-ethanol with isobutene
over a catalyst, such as Amberlyst 15 (A15).'%° In the production
of ETBE, pervaporation plays an important role in breaking the

wileyonlinelibrary.com/jctb
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Table 2. The application of SILMs via pervaporation for the separa-
tion of bio-based chemicals

Supported
Mixtures IL membranes Ref.
vinyl buyrate, butanol, [C4MIm][PF¢] PVDF, PTFE, 15013
butyl butyrate, burytic PC, Nylon
acid [CsMIm][PF] Nylon 150-153
[C4MIM][PF,4] Nylon 1517153
[CsMIM][PF,4] Nylon 1517153
[C,MIm]INTF,]  Nylon 151153
[CsMIm][NTf,]  Nylon 151153
[C4sMIm]ICI] Nylon 152
vinyl acetate, vinyl [C4sMIM][PFe] Nylon =
propionate, vinyl [CsMIM][PFe] Nylon 151
butyrate, vinyl laurate,  [C,MIm][PF,] Nylon 154
methyl acetate, methyl  [OMIm][PF,] Nylon 154
propionate, butyl
butyrate, ethyl
decanoate, methanol,
propanol, butanol,
1-octanol, acetic acid,
propionic acid, butyric
acid, lauric acid
1-phenylethanol, [C4MIm][PFe] Nylon 155
1-phenylethyl [CeMImMI[PFe] Nylon 153
propionate, vinyl [C4MIM][PF,4] Nylon 155
propionate and [CsMImM][PF,] Nylon 155
propionic acid [C,MIM]NTf,]  Nylon 155
[CsMIm]INTf,]  Nylon 155

azeotrope.'®' The elimination of excess of alcohol in the mixture
cannot be achieved using a conventional distillation processes
and the final ETBE product cannot reach the purity requirements
due to the presence of residual alcohol in the product.
Pervaporation-distillation process and reactive distillation were
compared in the production of ETBE.'®? In the pervaporation dis-
tillation process, the purity of ETBE can reach 95.2 wt%. The per-
meate is enriched with ethanol and is recycled back in the
reactor. The purity of ETBE obtained from reactive distillation
(97.3 wt%) is higher than pervaporation-distillation process
(95.2 wt%). However, the energy consumption of pervapora-
tion-distillation process is only 465 kWh per ton of product,
which is much lower than reactive distillation (1205 kWh per
ton of product). The pervaporation-distillation scheme is shown
in Fig. 7.

Butyl acetate can be produced by reacting butanol and methyl
acetate via transesterification. Jimenez et al. proposed a new pro-
cess, combining extractive and reactive distillation for the produc-
tion of butyl acetate.'®® Although this protocol can produce butyl
acetate with high purity, the economic analysis showed that it is
not profitable due to the high energy consumption of distilla-
tion."®* In the work of Harvianto et al.,, a reactive distillation com-
bined with pervaporation (using a polyamide-6 membrane) was
applied for the production of butyl acetate from the same
reagents (Fig. 8).%>"% The azeotrope of methanol and methyl
acetate was broken by pervaporation. The methyl acetate
obtained in the pervaporation retentate is redirected to the reac-
tive distillation as a new feed solution. As a result, a high purity of

J Chem Technol Biotechnol 2020; 95: 2311-2334
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methyl acetate was recovered for a high conversion. The energy
consumption can be reduced by 71% with this process. This is
very promising, since the overall cost of the butyl acetate produc-
tion is reduced.

Figueroa Paredes et al. screened commercial membranes for a
pervaporation-distillation hybrid process in the separation of
methanol and methyl acetate.'® It was shown that the best com-
mercial membranes were Poly Al TypM1 (produced by PolyAl) and
Pervap 2256 (produced by SULZER). Both membranes can perme-
ate methanol and reduce the overall cost of separation under
optimal conditions.

As discussed above, a pervaporation-distillation hybrid system
presents a decisive advantage in terms of energy consumption
when compared to other separation processes. For the separation
of azeotropic mixtures, the pervaporation-distillation hybrid has
the additional advantage of being able to break azeotropes, since
the pervaporation separation is based on the affinity of molecules
and membrane materials and diffusion mechanisms instead of a
thermodynamic vapor-liquid equilibrium.

Figure 9 shows a novel concept proposed by Fontalvo et a
in which pervaporation is directly integrated in a single distillation
column. In this process, a section of packing or trays in a distilla-
tion column is replaced by coated ceramic hollow fiber mem-
branes. The permeate is removed from the lumen side of the
ceramic membranes. The reboiler provides the energy for the per-
vaporation separation. Optimal separation of methanol can be
achieved using this protocol for the separation of a mixture of
organic compounds (MTBE, 1-butene, methanol). It is found that
the pervaporation section in the distillation column located at
stage 20 gives the largest driving for removing methanol by per-
vaporation, thanks to its highest activity at this stage. Such a pro-
cess has several advantages when compared to traditional
systems. First, the energy consumption for pervaporation/separa-
tion can be reduced greatly. The condensation of vapor during
the distillation can release latent heat, which can be supplied to
the pervaporation process. Secondly, the vapor and liquid phases
are in contact in the pervaporation section. Therefore, the vapor
can enhance turbulence in the liquid phase, which can improve
the mass and heat transfer between the liquid and the membrane
surface. In addition, a lower membrane area is required if

l-/ 168
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compared to the external pervaporation connection scheme. All
these advantages can lead to lower energy consumption and
reduced membrane costs.

REACTION-PERVAPORATION HYBRID
PROCESSES IN LIQUID MIXTURE
SEPARATION

Pervaporation can be combined with a reactor to form a reaction-
separation hybrid process. The advantage of such a combination
is that one of the products/by-products can be removed by perva-
poration. By doing so, an equilibrated reaction is shifted towards
the products, thereby improving the yields according the princi-
ple of Le Chatelier-Braun. Biobutanol is an important alternative
to gasoline or fuel additives due to its higher energy content
and low volatility in comparison with bioethanol. Furthermore,
current combustion engines can use biobutanol as fuel directly.
In the production of biobutanol via fermentation,'®® lignocellu-
lose is a more economical feedstock than sugar-based com-
pounds. However, the presence of a by-product - furfural — in
the reaction mixture can reduce the yield because it is the micro-
bial inhibitory compound for fermentation.'”® The pervaporation
process in the biobutanol production plays two functions, namely
the detoxification and the separation of butanol. In the detoxifica-
tion process, 94.5% of the furfural produced by SSB (sweet sor-
ghum bagasse) hydrolysed by dilute acetic acid was
removed.'®® In addition, the mixture of butanol-acetone-ethanol
was separated again by pervaporation. As a result, the pervapora-
tion process was found attractive to the production of biobutanol
and biochemical furfural.

Dehydration is a crucial step to purify various types of bio-based
products. In a recent study focused on the production of isopropyl
lactate, the esterification of lactic acid by iso-propanol was
coupled with pervaporation.'® By removing water through a
PVA-PES membrane during the reaction, the conversion of lactic
acid was increased from 51% up to 86%. Commercial membranes
for pervaporation dehydration are now available in the market
and give a good performance on separation processes.”! For
example, the commercial hydrophilic membrane PERVAP 2201
(Sulzer) was used in the synthesis of ethyl acetate via the

trace ETBE
1.9% ETOH ‘
96.8% n-C4 Ih
1.3%  i-C4 @
trace DIB
I trace TBA
1 "EE 0 Water
11 2| 3
1 16.444 kmol/h ' :
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Figure 7. Schematic diagram of the pervaporation integrated hybrid process for production of ETBE. Reprinted with permission from Norkobilov et a
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Figure 8. A connection of hybrid reactive distillation with high selectivity pervaporation. Reprinted with permission from Harvianto et a

(a)

pervaporation

|.165

esterification reaction of ethanol and lactic acid. The conversion of
lactic acid was much higher than in a conventional reactor

unit distillate because the water was removed selectively and continuously dur-
\ ing the reaction, therefore shifting the thermodynamic
RS equilibrium.
Pagasasesess Assabumrungrat et al. compared the performance of pervapora-
feed OSSO permeate . . .
ee tion (PVA membrane) -reactor operated under continuous stirred
tank reactor (CSTR) and plug flow reactor (PFR) for the reaction
tert-butyl alcohol (TBA) and ethanol to produce ethyl tert-butyl
ether (ETBE) using a zeolite catalyst.”?> Compared with conven-
tional semi-batch reactor, pervaporation-reactor gives better yield
due to the selective removal of water from the reaction mixture.
bottoms The performance of PFR offers a higher yield than CSTR in a wide

range of operational conditions.

Feng et al. simulated a batch reactor integrated with a perva-
poration unit for removing water from esterification mix-
tures.'”® It was found that a complete conversion of one
reactant can be achieved if the second one is in excess. The
joint effect of membrane area (A), initial volume of reaction
mixture (Vy), and membrane permeability (w) determined the
reactor performance. It turns out that the higher the value of
w(A/V)) is, the higher the conversion at a given reaction time
is. Hence, low permeability can be obtained by increasing
the membrane area. However, when w(A/V,) = 1 h™’, the reac-
tor performance reaches its upper limit. In addition, tempera-
ture is an important factor because it influences the reaction
rate and membrane permeability.

Commercial membranes have been applied on pervaporation-
reaction processes. Table 3 shows that the conversions are
improved when a pervaporation unit is coupled with the reactor.
It is concluded that pervaporation has a distinctive advantage in
improving the conversion and that it can have great potential in

(b)

Permeate

Figure 9. Hybrid distillation-pervaporation system in a single column (a),
ceramic hollow fibre membrane packed section in an integrated distilla-

tion pervaporation unit (b). Reprinted with permission from Fontalvo . . o
et al.'s® industrial applications.
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Table 3. The application of commercial membranes on pervaporation-reaction hybrid processes
Conversion Conversion
Reaction Catalyst Membrane (Without PV) (With PV) Ref
Lactic acid + ethanol produces Amberlyst 15 PERVAP 2201 Lactic acid Lactic acid 12
Ethyl lactate conversion 0.21 conversion 0.88
Acetic acid + benzyl alcohol produces benzyl p-toluene-sulphonic PERVAP 1005 Acetic acid Acetic acid 174
acetate acid conversion 0.45 conversion 0.6
Acetic acid + isopropanol produces isopropyl Amberlyst 15 PERVAP 2201 isopropanol isopropanol 17>
acetate conversion 0.66 conversion 0.78
Acrylic acid + n-butanol produces n-Butyl acrylate ~ Amberlyst 131 PERVAP 2201 Acrylic acid Acrylic acid 1"
conversion 0.68 conversion 0.96
Propionic acid + isopropyl alcohol produces p-toluene-sulphonic PERVAP 2201 Acrylic acid Acrylic acid 176
isopropyl propionate acid conversion 0.69 conversion 0.98
Methyl ricinoleate + trimethylolpropane Lipomod-34P Polydimethyl Methyl ricinoleate  Methyl ricinoleate 77
produces trimethylolpropane ricinoleate siloxane conversion 0.41 conversion 0.88
(PDMS)
(Medicone)
Lactic acid + isopropanol produces isopropyl Sulphuric acid PVA-PES Lactic acid Lactic acid 13
lactate (Permionics) conversion 51% conversion 86%
Propionic acid + isobutyl alcohol produces Cenoshpere PVA-PES Propionic acid Propionic acid 178

isobutyl propionate
Lactic acid + butanol produces butyl acetate

Acetic acid + isopropanol produces isopropyl
acetate

(composed of SiO,,
A|203 and F6203)
Sulphuric acid

Amberlyst 15

(Permionics)

conversion 67%

conversion 88%

179

PVA-PES Lactic acid Lactic acid
(Permionics) conversion 66% conversion 88%
PERVAP 2201 Acetate acid Acetate acid 180
conversion conversion
73.8% 98.8%

OUTLOOK AND PERSPECTIVES

Pervaporation has been known as a promising separation tech-
nology of application in the separation of azeotropic mixtures,
thermally sensitive compounds (e.g. vitamin C), and organic—
organic mixtures, as well as the dehydration and removal of dilute
organics from aqueous solutions. In order to achieve high separa-
tion efficiency, the pervaporation membrane plays an important
role in the separation process. Pervaporation membranes are
commercially available in the market, such as those produced
by Pervatech or SULZER. In addition, pervaporation has been suc-
cessfully applied in several cases, such as ethanol dehydration,
and more than 90 solvent dehydration processes using perva-
poration units in and industrial scale have been installed world-
wide, including bio-ethanol dehydration.'®' However, the
application of stand-alone pervaporation in bio-based chemical
mixtures is still limited.

A stand-alone process means that the pervaporation unit is only
responsible for separating the target mixture and it must provide
the required permeate purity, flux, and economic viability. Con-
cretely, bio-based mixtures are very complex, which makes the
application of stand-alone pervaporation very challenging. A
hydrophilic membrane may have a good separation performance
on polar/non-polar compounds but have a very poor perfor-
mance on polar/polar compounds, for example, MTBE/methanol
mixture by using modified poly(ether ether ketone) mem-
brane.'®? The state-of-the-art pervaporation separation shown in
this review indicates that most products separated from bio-
based mixtures by pervaporation were unable to achieve a high
enough purity/grade for industrial application, and they had a

J Chem Technol Biotechnol 2020; 95: 2311-2334
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limited application due to a lack of suitable membranes. There-
fore, the wide application of stand-alone pervaporation separa-
tion for bio-based mixtures still needs a long time before it can
become a reality, although a large amount of membrane develop-
ment research work is ongoing. On the other hand, hybrid pro-
cesses of pervaporation combined with other separation
processes, such as distillation, have already shown great potential
for bio-based mixtures. Many studies (mainly distillation-
pervaporation hybrid processes) in this field have demonstrated
that a hybrid process is more economic than distillation only, con-
sidering energy consumption and overall cost. In a hybrid process,
the major objective of pervaporation is typically to break azeotropes
in the mixture, and in this case, the requirement of membrane selec-
tivity is less important than in stand-alone pervaporation.

Development of novel membranes is a step required to
strengthen pervaporation for the separation of bio-based com-
pounds. Currently, membrane development can be categorized
into four areas: organic membranes, inorganic membranes,
organic-inorganic membranes, and supported ionic liquid mem-
branes (SILMs). Among them, SILMs are very promising for bio-
based mixture separation because ionic liquids can be designed
by combining different cation and anion by modifying both their
chemical and physical properties. Hence, designed ionic liquids
can have a very good performance in achieving good selectivity
toward target components. In addition, only a small amount of
ionic liquid is required to fill the membrane pores and ionic liquid
recovery for further reuse is not required. Due to their negligible
vapor pressure and high viscosity, ionic liquids in SILMs can pro-
vide a stable separation process.

wileyonlinelibrary.com/jctb
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CONCLUSIONS

The application of pervaporation on the separation of liquid mix-
tures has been studied extensively and commercial membranes
are now available in the market for industrial applications. The
most prominent example is dehydration. Many examples in the
literature show the great potential of pervaporation for the sepa-
ration or purification of bio-based products. In the case of dehy-
dration, for example, the mixtures from esterification and
fermentation reactions, commercial membranes are available.

In addition, pervaporation can be a good alternative solution for
breaking azeotropic mixtures, since the separation mechanism of
pervaporation is only dependent on the molecule-molecule inter-
action and the molecule-membrane materials interaction, regard-
less of the thermodynamic equilibrium.

Nevertheless, the development of novel membranes is key for
the success of the purification of bio-based chemicals via perva-
poration. The use of organic-inorganic hybrid membranes is
one of the most attractive solutions, since it carries the advan-
tages of both organic and inorganic membranes. They have a bet-
ter chemical and thermal stability than organic membranes. In
addition, a pervaporation-distillation hybrid system can lead to a
reduction in energy consumption during the separation process,
when compared to distillation, and is also a good alternative for
the separation of azeotrope mixtures. A better conversion can
be achieved by reaction-pervaporation hybrid processes in the
liquid mixture separation.
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