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Abstract—Inorganic based membranes are promising candidates for a variety of applications, including adsorption
and separation due to their large surface area, high pore volume, tunable structure, and strong resistance against aggres-
sive operation conditions, such as high temperature and pressure. Many research groups have investigated zeolite,
micro- or mesoporous silica, and hybrid materials (organic and inorganic materials) as advanced membrane configura-
tions in liquid separation applications. Especially, hydrophobic inorganic membranes have potential to separate ethanol
from aqueous solution via pervaporation, ultimately producing ethanol, but several important challenges such as reli-
able synthesis, fabrication, or functionalization are yet to be solved. More specifically, a novel, high throughput process
for the fabrication of continuous and defect-free hydrophobic inorganic membranes is required. Then, functionaliza-
tion of pore structures of the membrane, if necessary, is desirable in order to tailor even more advanced hydrophobic
properties for ethanol. Finally, the separation characteristics and performance of inorganic membranes must be further
investigated to implement in the industry. Herein, the synthesis and normalized separation performance of diverse
hydrophobic inorganic membranes with respect to selective layer material basis, such as zeolite, functionalized meso-
porous silica, and mixed matrix, are comprehensively reviewed and the future direction is presented with a focus on
ethanol recovery.

Keywords: Ethanol/Water Separation, Hydrophobic Membrane, Mesoporous Silica, Mixed Matrix Membrane, Pervapo-

ration, Zeolite

INTRODUCTION

Fossil resources are not regarded as sustainable, in part due to
oil scarcity which leads to oil price rises, nor promising energy
sources considering the environment [1]. Further, the utilization of
fossil fuels is a major contributor to the increasing concentration
of carbon dioxide (CO,) in the atmosphere resulting in worldwide
climate change [2]. For these reasons, many sustainable and nature-
friendly energy sources, such as solar and wind, have been getting
attention [3]. Also, there is a great interest in the production of bio-
tuel as a nature-friendly energy source, because it can be utilized and
produced sustainably in the absence of CO, emission [4,5]. One of
the most common types of biofuel is bioethanol. Bioethanol is an
alcohol made via fermentation, mostly from carbohydrates pro-
duced in sugar or starch crops [6], and is widely used in various
countries having plenty of these natural resources [7]. Thus, the
efficient production of bioethanol is becoming increasingly import-
ant [8].

In bioethanol production plants, a significant portion of their total
energy requirement (about 40%) is consumed for ethanol (EtOH)/
water separation [9,10]. To obtain purified EtOH, ultimately biofuel,
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energy-efficient and profitable producing of EtOH from aqueous
solution is imperative. The conventional fractionation, distillation,
and adsorption technologies have been applied to produce high
purity EtOH from the aqueous mixture [11]. However, such pro-
cesses require substantial energy and cost [12]. Also, efficient sepa-
ration of EtOH and water by distillation is not feasible because the
mixture is an azeotrope [13], liquid mixtures with similar break-
points [14], and liquid-liquid isomers [15]. To overcome these lim-
itations, membrane separation is widely used as an alternative strategy
for selectively and continuously separating EtOH from water [16].
EtOH selective hydrophobic membranes have been considered to
replace other existing conventional processes, such as distillation,
adsorption, and liquid-liquid extraction [17-19].

A wide range of materials have been utilized to synthesize selec-
tive membranes [20]. Fig. 1 shows membrane classifications by mate-
rial. Membranes can be synthesized from polymers, inorganics, or
their combination, so-called mixed matrix membranes (MMMs)
[21]. The membranes are composed of a selective layer atop of a
porous support. A structure suitable for the fields driven at high pres-
sure should consist of a support providing mechanical strength and
a thin separation layer to achieve good performance. The support
layer should have a high throughput and almost no selective prop-
erty, whereas the dense membrane layer is an active layer with the
property of separating target mixtures. The selective layer should be
thin enough to increase permeance, and it can be functionalized



2264 H.-J. Kim et al.

Functionalized

Polymeric .
membrane polymeric
membrane
Ethanol
A
B
Water

modified
inorganic

Composite | . Functionalized
norganic : .
membrane mem?)rane inorganic
membrane

filler

Mixed matrix

membrane - High
- performance
Void Crack Crack

Processability <€

Fig. 1. Membrane classification by material.

or modified further to tailor target selectivity (ie., the yellow active
layer or inorganic fillers in Fig. 1). Membranes based on polymers
or inorganic materials exhibit a trade-off between properties regard-
ing separation performance. A polymeric membrane has high pro-
cessability, but low performance compared with inorganic mem-
branes. Conversely, inorganic membranes exhibit high performance
and low processability due to the undesirable discontinuity and cracks
in the membrane framework. Inorganic membranes composed of
silica, alumina (ALQ;), or zeolite have a high solvent resistance, high-
temperature stability and are free of swelling compared to other poly-
mer membranes [22]. They also have powerful separation perfor-
mance, high selectivity and permeability; because of their intrinsic
surface properties and narrow pore size distributions [23]. Due to
such superior features, inorganic separation membranes can be
applied to a wide range of applications including EtOH/water sep-
aration with hydrophobic property [24].

There are various membrane-based liquid separation processes:
ultrafiltration [25], nanofiltration [26], reverse osmosis [27] and for-
ward osmosis [28]. Among the membrane-based separation or puri-
fication techniques reported in the literature, pervaporation (PV) is
the most favorable technique for the application of EtOH/water
separation [29], because it can operate under low feed pressures and
ambient temperatures without any additional chemicals. Funda-
mentally, PV transport is not restricted by osmotic pressure, because
the driving force for mass transfer over the membrane is served by
lowering the chemical potential of the downstream permeate [20].
During the PV process, a membrane is placed in contact with an
aqueous mixture, and the mixture undergoes a phase transforma-
tion from liquid to vapor while passing through the membrane layer
[30]. Thus, PV is regarded as one of the simplest techniques for sepa-
ration of azeotropic mixtures [23].

In this review; various hydrophobic inorganic membranes with
different supports for EtOH recovery from aqueous solution are
discussed, while membrane separation performance, with respect
to commonly reported flux and separation factor, is compared.
Then, the normalized membrane performance, such as permeance
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and selectivity, is computed with given information from litera-
tures for direct comparison and useful selection of superior inor-
ganic membranes. Thus, the effects of EtOH/water feed composition,
various materials used in membrane synthesis, and operation con-
ditions on PV membrane separation techniques are introduced,
with proposals for the future direction of PV inorganic membranes
being discussed.

BACKGROUND

PV is permselective evaporation, and the mechanism, so called
solution-diffusion, consists of three steps: selective sorption of the
target component, selective diffusion of the component through
the membrane, and component desorption into a vapor phase on
the permeate side [20]. As shown in Fig. 2, there are two different
separation applications, depending on the feed composition and
membrane property. When the concentration of the EtOH in an
aqueous feed is low; PV permeates the EtOH through a hydropho-
bic membrane, the application covered in this review. Subsequently;
water is recovered from the feed side, while the FtOH is collected
on the permeate side. Conversely, for an EtOH based feedstock con-
taining a relatively small amount of water, PV dehydrates the feed
through a hydrophilic membrane (not being covered in this review).
Then, the water and EtOH are recovered from permeate and feed
sides, respectively.

Fig. 3 illustrates a laboratory scale PV system for flat film mem-
branes. A chosen membrane is housed in the flat film module that
remains in contact with the feed solution, while the selective layer
faces toward the liquid mixture throughout the separation process.
The membrane acts as a selective barrier between the two-phases
(ie., the liquid feed mixture and the vapor permeate). During the
PV process, a vacuum is applied on the permeate side of the mem-
brane, while the membrane feed side is kept at atmospheric pres-
sure with proper stirring for homogenization of the mixture. The
feed mixture evaporates while passing through the membrane with
respect to the permeation affinity. The driving force in this phe-
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Fig. 3. Illustration of PV system with flat film membranes.

nomenon is the pressure differential between the feed and permeate
[31]. As the PV process proceeds, the permeating liquid is com-
pletely vaporized and passes through the manifold. The vaporized
liquid then condenses inside of collection vials which are main-
tained in thermal equilibrium with liquid nitrogen (77 K). Tunable
variables for mass transfer such as the feed concentrations, pres-
sure differential, operation time, and temperature can be controlled,
while membrane properties such as surface nature, thickness, and
exposed surface area can be optimized for enhanced separation per-
formance.

For the quantitative experimental results, flux and separation
factor are acquired from the PV process [32]. The flux, usually given

Pressure Transducer
& Digital Readout

S2 gSB S4 o

To
Vacuum
Pump

To Vacuum
Pump

Sample Vials with Liquid
Nitrogen Dewars

Cold Trap
with Liquid
Nitrogen Dewar

as a mass flux, of component i (F)) is described as Eq. (1):

W
F=1t 1)

where y; is the mass fraction of the permeate, w is the total mass
of permeate, A is the exposed surface area of the membrane, and
At is operation time. A separation factor (/;) can be described as
Eq. (2):

_Yidy
A= ®

where x; and x; are the mass fractions of the component i and j
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in the feed; y; and y; are the mass fractions of component i and j in
the permeate. Many researchers superficially report PV membrane
performance in terms of mass fluxes in Eq. (1) and separation fac-
tors in Eq. (2). However, these values significantly depend on the
properties of the synthesized membrane and operating conditions
such as feed concentration, feed temperature, and differential pres-
sure. Thus, direct comparison of the PV data obtained under various
conditions with different membranes is impossible. Since permea-
bility, permeance, and selectivity are including the operating condi-
tions as well as intrinsic properties of the membrane itself, converting
performance data reported in various literatures to a normalized
form is necessary in order to equally compare the separation per-
formance of PV membranes. Baker et al. proposed a method for
calculating permeability, permeance, and selectivity to express the
performance of PV membranes [33]. Membrane permeability (P;)
is a normalized term reflecting membrane thickness and driving
forces, here pressure difference, as given by Eq. (3):

p—-—= 3)

where J; is the molar flux of component i, calculated by dividing
mass flux (F;) with molecular weight, / is the membrane thickness,
and Ap; is pressure difference between the feed and permeate. The
pressure difference can be calculated as follows based on vapor lig-
uid equilibrium, Eq. (4):

Ap;= %Xipfm_ YiPp 4

where % is the activity coefficient, p;” is the saturated vapor pres-
sure, and p, is the permeate pressure. If the membrane thickness is
not reported in the literature, permeance (P; ) can be alternatively
used as shown in Eq. (5).
e ©)
VXiPi ~YiPp

Permeability is expressed in Barrer (1 Barrer = 3.35x10"° mol m
m~ s Pa™'), while permeance is given as GPU (gas permeation
unit, 1 GPU =3.35x10""* mol m > s™' Pa™"). Membrane selectivity
(o), a dimensionless number described in Eq. (6), exhibiting a
more accurate meaning of the selective property than separation
factor, can be calculated by the ratio of the permeabilities or per-
meances of components i and j.

P, Pl ©
Q== ==
VTP Py
This proposed method by Baker et al. normalizes various oper-
ational conditions of PV and membrane thickness, and enables the
separation performance of diverse PV processes to be directly com-
pared.

HYDROPHOBIC INORGANIC PV MEMBRANES

Several types of hydrophobic inorganic PV membranes have
been developed to separate EtOH/water, including zeolite, func-
tionalized mesoporous silica, and MMMs. Such inorganic mem-
branes have hydrophobic surfaces and pores which preferentially
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Fig. 4. The PV retention mechanism of EtOH/water when hydro-
phobic inorganic membrane is used.

sorb EtOH, indicated by relatively higher heat of adsorption on
EtOH while lower for water as shown in Fig. 4 [23]. This enables
the EtOH transport through the hydrophobic inorganic membranes
as solution-diftusion mechanism while repelling water [30]. Hydro-
phobic inorganic membrane separations have been successtul despite
the fact that a water molecule (kinetic diameter of 0.296 nm) is
smaller than an EtOH molecule (kinetic diameter of 0.430 nm).
This is because the transport is more dependent on solubility, not
diffusivity, tailored by surface property [23]. Membrane performance
is typically reported in the form of separation factor and mass flux.
The extensive range of available data has been collated, analyzed
and categorized on a per selective layer material basis.

1. Zeolite Membranes

Zeolites are hydrated microporous (<2 nm) aluminosilicates with
a uniform crystal structure [34] which have value for catalysis and
separations due to their adsorption property [35]. At the molecular
level, gas or liquid molecules can easily adsorb and diffuse through
the large surface area from micropores of zeolites [36]. Zeolite mem-
branes can be synthesized by various methods to take advantage of
particular adsorption and diffusion properties in separation [37].
Also, zeolite membranes have high chemical resistance and ther-
mal stability compared to polymeric membranes [38]. Thus, zeolite
membranes have received much attention as one of the promising
candidates for EtOH/water PV separation [39]. Furthermore, the
robust support materials (o-Al,O;, stainless steel (SS), and mullite
tube, etc.) with diverse configurations (flat and tubular) providing
mechanical strength to the zeolite membrane, are an important fac-
tor because they greatly affect the quality of the membrane. There-
fore, researchers have investigated the effects of different support
materials on the zeolite membranes [40-43].

Zeolites are chosen for optimal performance depending on the
concentration of EtOH in the feed and the operating conditions
such as temperature and pressure [44]. Kuhn et al. prepared multi-
channel defect-free silica rich MFI membranes for removal of 16
wt% EtOH/water [45]. They activated pores of MFI membrane on
an asymmetric o~Al,O; monolithic support through three differ-
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ent ways: calcination (M1), ozonication (M2), and calcination after
ozonication (M2c). The separation factors were 145, 204, and 107
with total flux of 0.36 kg m > h™', 0.19kg m > h™', and 0.57 kg m™*
h™' for M1, M2, and M2c under different temperatures, respec-
tively. Since ozonication allows for detemplation to occur at 473 K,
a much lower temperature than calcination, silanol groups in the
zeolite structure are retained, which results in M2 showing a higher
separation factor and lower flux. According to additional research
by Kuhn et al., the amount of silanol group in ozonicated silicalite-
1 is much higher than calcined silicalite-1 [46]. Additionally, the
ozonication reduces the chance of crack formation coming from
thermal stresses. Thus, the separation factor of the M2 was higher
than M1 and M2c, because the calcination temperature causes deteri-
oration of membrane structure.

Substitution of tri- and tetravalent elements, such as Al Fe, B,
and Ge etc,, by in situ crystallization was also carried out to im-
prove the performance of zeolite membranes. Tuan et al. prepared
a substituted ZSM-5 membrane on a porous SS support, while a
silicalite-1 membrane was prepared separately for comparison. Then,
PV tests were performed for 5wt% EtOH/water at 298 K [47]. Incor-
porating tri- and tetravalent elements into a zeolite structure can
adjust zeolite pore sizes, highly affecting the selectivity and flux.
Also, this treatment can alter the hydrophobicity of the zeolite. ZSM-
5 membranes were produced with a Si/(Al, Fe, B, Ge) ratio of 100
on an SS support using alkali free synthesis gel. In their previous
study, even if most conventional zeolite membranes had been syn-
thesized by sodium hydroxide [48-51], Al-ZSM-5 membrane syn-
thesized from alkali-free gels had a good separation performance
for liquid mixtures other than EtOH [52]. The separation factor of
the Ge-ZSM-5 membrane was highest (29) among other substi-
tuted ZSM-5 (less than 10) and silicalite-1 membranes (10). Surpris-
ingly, the total flux and permeance of Ge-ZSM-5 were also superior
to other membranes. Since Ge has the smallest diameter among
the substitution elements, the highest degree of substitution was
acquired in the membrane. The additional water adsorption study
for Ge-ZSM-5 crystal also supports enhanced hydrophobicity of
the membrane [53]. In another research, Sano et al. investigated the
effect of support materials on membrane performance by hydro-
thermal synthesis of silicalite membranes on porous sintered SS
and the ALO, disk with an average pore diameter of 0.5-2 um.
The PV separation on a 4.4 wt% EtOH/water was carried out at
303 K. For silicalite membranes on a sintered SS support, the sepa-
ration factor and total flux were 58 and 0.22kg m™> h™', whereas a
silicalite membrane on an AL O; support has a lower separation
factor of 5.2 and flux of 0.19 kg m™* h™', which stands for SS pro-
vides better support than ALO; for silicalite membrane [54]. On
the other hand, B-ZSM-5 membrane was synthesized on o~ALO;
coated SiC multi-channel monolith supports to take advantage of
the larger surface-to-volume ratio of the monolith [55], and effec-
tively removed EtOH from the aqueous mixture by PV across a
temperature range of 303-333 K. The best performance of separa-
tion factor and flux for 5 wt% EtOH/water was 31 and 0.16 kg m™
h™, respectively, at 333 K. In particular, the flux is quite comparable
with the same B-ZSM-5 membrane on an SS tube, which indicates
that the SiC based monolith, a potentially more practical platform,
is feasible.

Among various types of zeolite, silicalite is frequently used for
membrane synthesis because of its high flux and selectivity for EtOH
separation from aqueous solutions when the zeolite layer is grown
normal to the surface of the support [56]. Lin et al. synthesized sil-
icalite membranes on a~AlO; by a single hydrothermal method.
Silicalite powder and tetraethyl orthosilicate (TEOS) were used as
a silica source for membranes. For o~ALO; support, the highest
separation factor and flux were 89 and 1.8kg m™* h™', testing PV
for a 5wt% EtOH/water at 333 K [57]. This is because (1) Al dis-
solved from ¢ALO; support incorporated into the zeolite layer
and (2) silicalite powder and TEOS can increase the Si/Al ratio. Thus,
the selective layer of the membrane is denser because the silicalite
powder provides the nucleation site and TEOS affects the crystal
growth. This indicates that both the support material and silica
source affect the membrane performance as well as the properties
of the selective layer. For the expansion, Lin et al. prepared silicalite
membranes on a mullite tube by in situ crystallization (unseeded)
and compared to the same membrane on o~ALQO; tube or seeded
mullite tube [58]. The silicalite membrane produced by in situ crys-
tallization on mullite tube using colloidal silica showed the EtOH
separation factor of 106 and flux of 0.9 kg m ™ h™" in 5 wt% EtOH/
water at 333 K. However, the same membrane prepared on a-Al,O;,
tube and seeded mullite tube had reduced separation factors of 85
and 65, and compensated flux was increased up to 1.22kgm > h™'
and 1.28 kg m > h™", respectively. From electron microscopy analy-
sis of silicalite membranes on a-ALO; and seeded mullite tubes,
dome-like defects were observed in the membrane layers. Addi-
tionally, they found that a uniform seed layer could not be formed
because of the large silicalite powder size (up to 4 um) and rough
surface of the mullite support. On the other hand, surface and cross
section morphology of the silicalite membrane prepared by in situ
crystallization on mullite tube using colloidal silica showed full cover-
age and random orientation of the crystal layer. That is, the property
of the support affected the morphology of the membrane, ulti-
mately leading to influencing the membrane performance. Chen
et al. tested a high performance silicalite-1 membrane synthesized
on silica tubes by a newly developed method called “solution fill-
ing” (SF) [59]. Silica tube supports were filled with a viscous mixed
solution induding water and glycerol. PV showed separation factor
of 66 and flux of 1.49kg m > h™' for 3 wt% EtOH/water at 333 K.
These were higher than the performance of a membrane synthe-
sized without the SE The glycerol, permeated through the tube and
acted as a template, increasing the number of nuclei on the silica
tube, which resulted in a smaller zeolite crystal. Thus, the size reduc-
tion of the zeolite leads to the increased quantity of intercrystalline
pathways, and results in significantly increasing the membrane flux
while maintaining a marginal separation factor.

In Table 1, the reported EtOH/water PV separation performance
using zeolite membranes is summarized with regard to the type of
zeolite and support, feed composition, operation temperature, sep-
aration factor, and total flux. Then, permeance and selectivity were
further computed with the aforementioned method. Also, the re-
ported unit of flux was converted to L m > h™" (LMH), which is
more familiar value in the liquid separation membrane community.
Additionally, the water contact angle, a measurement of the hydro-
phobicity of the inorganic membranes, was surveyed and reported.
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Table 1. EtOH/water PV separation performance using zeolite membranes

; Xg0H Yeon T F F Contact Energy' Pron/l
Zeolite Support wi%)  (wio)  (K) LBeoriwater (kgm’h?) (Lm?h) ar(l(%le corziurgg;lon (GPU) Agormaer  Ref.
M1 a-AL,O; 16 96 348 145 0.36 0.45 NR’ NR 110.80 8.40 [45]
M2 a-Al,O; 16 97 360 204 0.19 0.24 NR NR 36.51 11.30 [45]
M2 a-Al,O; 16 95 373 107 0.57 0.71 NR NR 65.98 6.60 [45]
Silicalite-1 ~ SS 5.0 35 298 10.0 0.07 0.08 NR 11.83 159.03 0.25 [47]
Al-ZSM-5  SS 5.0 33 298 9.40 0.06 0.06 NR 12.54 128.52 023 [47]
Fe-ZSM-5  SS 5.0 15 298 340 0.06 0.06 NR 33.15 58.42 0.08 [47]
B-ZSM-5 SS 5.0 10 298 2.10 0.05 0.05 NR 53.14 3245 0.05 [47]
Ge-ZSM-5 SS 5.0 60 298 29.0 0.11 0.13 NR 4.64 428.40 0.70 [47]
Silicalite SS 44 71 303 58.2 0.22 0.26 NR NR 828.06 1.30 [54]
ZSM-5 ALO, 44 18 303 520 0.19 020 NR NR 18130 010  [54]
B-ZSM-5 a-Al,O; coated SiC 5.0 62 333 31.0 0.16 0.18 NR 4.40 104.90 0.80 [55]
Silicalite ~ a-ALO, 50 82 333 890 1.80 218 NR NR 156100 245  [57]
Silicalite Mullite 5.0 85 333 106 0.90 1.10 NR NR 809.30 3.05 [58]
Silicalite a-AlL,O; 5.0 82 333 85.0 1.22 1.48 NR NR 1,058.00 245 [58]
Silicalite? Mullite 5.0 77 333 65.0 1.28 1.53 NR NR 1,042.00 1.80 [58]
Silicalite Silica 3.0 68 353 66.0 1.49 1.74 NR 3.69 16.82 4.40 [59]

“Calcined MFI membrane; *Ozonicated MFI membrane; ‘Calcined MFI membrane after ozonication; “Fabricated by seeded method; “Not

reported

Finally, the energy consumption to evaporate permeate in a pervapo-
ration process, normalized per unit of EtOH permeated, (Qp,, kJ
g ') was also calculated as Eq. (7) when the feed volume was re-
ported [44].

evap
water|

evap _ ¢ revap
Qnorm - HE[OH +H

Jfeed
Cwa er
[—t @)

Cfeed ]
EtOH/water™~EtOH

o and Hy,ew - are the heat of evaporation of EtOH and

where Hiop water
water, 0.854 and 2.26 k] g, respectively; Chea; and C*¢, are the
molar concentration of EtOH and water in mole m™; and Byoryaer
is separation factor of EtOH over water.

Next, the permeance and selectivity of each membrane were

plotted in Fig. 5, which presents the well-known upper bound rela-
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Fig. 5. Upper bound correlation for EtOH/water separation using
zeolite membranes. Data were taken from references [45,47,
54,55,57-59).
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tionship for membrane separation introduced by Robeson [60,61].
Since the performance of membranes is governed by a trade-off
between permeance and selectivity, future PV membrane research
should be focused on surpassing this upper bound. Among re-
ported zeolite PV membranes for EtOH/water separation, MFI
membrane on a-ALQ; activated by a ozonication, M2 membrane,
and a silicalite membrane on o~ALO;, exhibited the highest selec-
tivity and permeance, respectively. Therefore, the pore activation
method as well as the type of zeolite used highly affect the final
performance of the membranes.
2. Functionalized Mesoporous Silica Membranes

Porous silica offers several advantages over other inorganic mate-
rials for the purpose of membrane separation. First, silica mem-
branes consisting of a porous structure allow small molecules to
pass through the pore channels [62]. Moreover, the pore size can
be controlled by selecting an appropriate surfactant during synthe-
sis, because the carbon chain length of the surfactant determines the
final pore size. Further, the silica surface can be modified by func-
tional groups to tailor the specific selective properties for the target
component while losing the high permeation due to the reduced
effective pore size caused by the functionalization agent. Due to the
aforementioned advantages, porous silica membranes have received
attention for the application of PV to separate EtOH [63].

Generally, pristine porous silica is hydrothermally unstable because
the surface is hydrophilic owing to the abundant hydroxyl groups
(-OH) which preferentially adsorb water [64]. This hydrophilic
nature of porous silica membranes means they are better suited to
the separation of water from EtOH rich solution, but substantially
limits their application for EtOH recovery from aqueous solution.
Thus, microporous (<2 nm) silica membrane is more desirable for
water permeating, than mesoporous (2-50 nm) silica membrane
that can be applied in EtOH permeating after functionalization,
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because the relatively larger pore size provides more opportunity
for modification even though losing some throughput. To tailor
the hydrophobicity on the mesoporous silica membranes, surface
hydroxyl groups have been functionalized by various methods [65],
and silylation is a well-known functionalization method [66]. Fig.
6 shows the silylation process using trimethylchlorosilane at the
molecular level and its effect on the pore structure of mesoporous
silica membranes.

Silylated mesoporous silica membranes can be applied to the
recovery of EtOH as PV process, and the transport mechanism is
governed by solution-diffusion as illustrated in Fig. 7. Generally, the
separation performance is governed by the rate and degree of dis-
solution into the membrane surface [67]. Also, the diffusivity be-
tween the components, here EtOH and water, affects the separa-
tion performance of a membrane [68]. Park et al. prepared MCM-
48, cubic member of the M41S family which has a 3-D intercon-
nected mesoporous structure, membranes on porous -AlLO; sup-
ports, then further silylated using trimethylsilane (TM) and triethyl-
silane (TE) [69]. PV separation performance was evaluated for
10 wt% EtOH/water at 293 K. As a baseline, a pristine MCM-48
membrane exhibited a separation factor of 0.3 with high flux of
16.74kg m > h™', indicating the hydrophilic nature of mesoporous
silica membranes. However, the TM- and TE-MCM-48 membranes
displayed a separation factor of 13 and 24, respectively; correspond-
ing to 53 and 80 times higher than that of the pristine MCM-48
membrane, whereas significant loss on total flux to 0.3 and 0.06 kg
m” h™, respectively, because the pore functionalization reduces
the effective diffusivity of silylated membranes. There is no signifi-
cant difference in pore size between TM- and TE-MCM-48, but
compared with the nonsilylated membrane, the pore size was
reduced from 2.4 nm to 1.9 nm (TM-MCM-48) and 1.8 nm (TE-
MCM-48). This result probably contributed to enhancement of
separation performance for the silylated membrane. Moreover, no
difference in Brunauer-Emmett-Teller surface area before and after
silylation indicates the silyl group uniformly functionalized on the
surface of the membrane. Further, the difference in separation per-
formance for TM- and TE-MCM-48 cannot be addressed because
of presumably different physical properties of the membranes, such

H.-J. Kim et al.

as effective pore size and amine loading. Although there is no sci-
entific discussion regarding the effect of different silylation agents,
silylation is a useful method to improve the separation performance
of mesoporous silica membranes.

On the other hand, even though MCM-48 facilitates efficient
transport without any alignment issue, cracks and pinholes, arising
during synthesis and surfactant removal due to discontinuity of
the structure or thermal expansion, are a serious challenge [70].
To avoid the development of cracks and pinholes during mem-
brane synthesis, Kim et al. synthesized MCM-48 membranes on
an o~Al,O; support via a seeded growth method, frequently used
for defect-free zeolite membrane fabrication [71]. The pores of the
MCM-48 membrane were activated by calcination and further
silylated using hexamethyldisilazane. Since the silylation treatment
converted pore surface silanol groups to trimethylsilyl groups, the
hydrophobicity was increased while decreasing in total flux. Then,
they applied pristine and silylated MCM-48 membranes to sepa-
rate organic/water mixtures such as EtOH, methyl ethyl ketone,
and ethyl acetate at 303 K. For the EtOH separation, the separa-
tion factor increased from 0.69 to 6.20, which indicates that the
silylated membrane was selective for EtOH molecules. At a higher
temperature like 343 K, the separation factor enhancement (from
0.51 to 3.03) is relatively low; because permeability of silylated MCM-
48 is more highly dependent on adsorption of the components into
the mesopores (which decreases with increasing temperature) rather
than diffusivity in the mesopores (which increases with tempera-
ture). Additionally, the flux was decreased as the separation factor
increased, because the enhancement of hydrophobicity selectively
retentates water molecules. Further, Kim et al. also developed the
silica membrane with worm-like mesoporous structures on Torlon”
(polyamide-imide) hollow fiber supports to expand the configura-
tion from a flat disk to a cylinder, which enables compact mod-
ules with a high membrane surface area (>1,000 m” m ) [72]. When
this cylindrical membrane was applied to PV to separate EtOH
from a 5 wt% EtOH/water at 303 K, the separation factor was 4.14
and the EtOH flux was 0.18 kg m™* h™". This selective and high-
flux separation is attributed to both the organophilic nature of the
modified mesopores and the large eftective pore size even after func-

Table 2. EtOH/water PV separation performance using functionalized mesoporous silica membranes

Lo Contact Energy
iezgt;?;ﬁ?hm Support {55&32) (ﬁ% (E) Prortwuer g mF*2 b (@ mi hY) ar(‘g)le COI‘(T(‘;‘;‘E;“’“ (Pégé; Osoraer - Ref
MCM-48 a-ALO; 10 32 293 0.30 16.740 16.90 NR* NR 3,338 0010  [69]
TM’-MCM-48 a-ALO; 10 64 293 16.00 0.300 0.35 NR NR 1,196 0.660  [69]
TE*-MCM-48 a-ALO; 10 73 293 2400 0.060 0.07 NR NR 2720 1000  [69]
MCM-48 a-ALO; 5 35 303 0.69 0.450 045 NR NR 70.00 0.015 [71]
MCM-48 a-ALO; 5 26 343 0.51 0.790 0.80 NR NR 13.40 0.013 [71]
Silylated® MCM-48 a-ALO, 5 25 303 620 0.093 0.10 NR NR 1150 0170 [71]
Silylated® MCM-48 a-ALO, 5 14 343 303 0.150 0.15 NR NR 1400 0080 [71]
Worm-like silica Torlon® hollow fiber 5 48 303 0.95 3.240 328 NR NR 1,663 0050 [72]
Worm-like silica Torlon® hollow fiber 5 64 323 1.30 6.700 6.81 NR NR 1,494 0070 [72]
Silylated® worm-like silica Torlon® hollow fiber 5 18 303 4.14 0.960 1.00 NR NR 2,317 0310 [72]
Silylated® worm-like silica Torlon® hollow fiber 5 19 323 4.59 3.100 324 NR NR 2,461 0290 [72]

“Trimethylsilane functionalized; “Triethylsilane functionalized; ‘Hexamethyldisilazane functionalized; “Not reported
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Fig. 8. Upper bound correlation for EtOH/water separation using
mesoporous silica membranes. Data were taken from refer-
ences [45,69,71,72] (Filled square: functionalized mesoporous
silica membrane, unfilled square: mesoporous silica mem-
brane).

tionalization. More importantly, the present membranes are prom-
ising due to the use of scalable and low-cost supports and good
separation performance. A comparison with their flat silylated MCM-
48 membrane on an a-Al,O; support [71], the worm-like meso-
porous silica membrane fabricated on polymeric hollow fiber, fur-
ther silylated, has a higher flux and greater selectivity. Thus, silylation
affects to increase the separation factor of EtOH followed by en-
hanced hydrophobicity of the membrane, but also decreases the
total flux, especially water flux, because of reduced effective pore
size of the membranes.

Like zeolite membranes, the reported EtOH/water PV separa-
tion performances of functionalized mesoporous silica membranes
were summarized with the same format in Table 2 and an upper
bound correlation was plotted in Fig. 8. The unfilled points indi-
cate non-functionalized mesoporous silica membranes. The perfor-
mances of the TE-MCM-48, TM-MCM-48, and silylated worm-
like silica membranes were located near the upper bound, exhibit-
ing a better separation property than the other functionalized meso-
porous silica membranes. From the given trade-off between mem-
branes, the order of hydrophobicity is implied as TE-MCM-48>
TM-MCM-48>silylated worm-like silica membranes, which can
be proportional to the loading of silylation agent. On the other
hand, the permeance of those membranes is the reverse order, pre-
sumably attributed to the effective pore size of each functionalized
membrane. Thus, appropriate loading of silylation agent to tailor
hydrophobicity and pore size after silylation determine the perfor-
mance of functionalized mesoporous silica membranes, indicating
that the development of functionalization technique will establish
superior performance to overcome the shown upper bound.

3. Mixed Matrix Membranes

To harness the advantages of both inorganic and organic mate-
rials, a technique to incorporate inorganic fillers into the polymer
framework is adopted, forming so called MMM s [73]. In the fabri-
cation of MMM, it is very important to find an appropriate loading
of inorganic fillers to maximize the PV performance and enhance

the affinity between the inorganic fillers and the polymer to mini-
mize voids in the interface [74]. Further, ensuring a homogeneous
dispersion of the inorganic filler throughout the polymer matrix is a
particularty important challenge [75]. Polydimethylsiloxane (PDMY)
is widely used to fabricate hydrophobic PV membranes with incor-
poration of inorganic fillers because of its fairly good chemical resis-
tance, high permeability, and intrinsic hydrophobic properties [76].
For the inorganic filler, a hydrophobicity tailored zeolite or metal
organic framework (MOF) is frequently hired to fabricate MMMs.
Liu et al. synthesized MMM by homogeneously dispersing silylated
ZSM-5 in a PDMS matrix [77]. First, commercial ZSM-5 is grafted
with #n-octyltriethoxysilane to increase hydrophobicity and homo-
geneously dispersed into the PDMS matrix via a newly developed
surface graft approach. The grafted silane group on the zeolite sur-
face entangles with PDMS, which greatly improves the affinity
between zeolite particles and the PDMS matrix. Diverse zeolite
loading ranging from 10 wt% to 40 wt% was tried and a higher
separation factor and lower flux were obtained as zeolite loading
increased. The reported separation factor and flux were 14 and
0.40kg m™ h™", respectively, when applying 40 wt% silylated ZSM-
5 MMM for a 5wt% EtOH/water at 313 K. Considering perme-
ance, higher loading of silylated ZSM-5 significantly reduces the
permeance of water, thereby increasing selectivity.

Yi et al. synthesized MMM with vinyltriethoxysilane (VTES)
modified silicalite-1 and PDMS [78]. The VTES group chemically
bonded to the surface of silicalite-1 without any influence on crys-
tal structure, and hence suppressed the formation of microvoids at
the silicalite-1 and PDMS interface. This is because vinyl groups
on the surface of modified silicalite-1 reacted with cross-linked and
prepolymer of PDMS, thereby forming dense cross-linked poly-
mer networks through the Pt-catalyzed hydrosilylation reaction.
Diverse loadings of pristine and modified silicalite-1 were incor-
porated into PDMS and tested for 5 wt% EtOH/water at tempera-
tures ranging from 303K to 338 K. Similarly, higher separation
factors as well as lower total flux were achieved as silicalite-1 load-
ing increased from 0 to 60 wt%. Compared to the pristine silicalite-
1/PDMS membrane applied PV to the 5wt% EtOH/water at 323 K,
modified MMM has reduced water flux and thereby a significantly
enhanced separation factor. The best PV performance, when 67
wt% of modified silicalite-1 was incorporated into the PDMS matrix,
indicates a separation factor and flux of 32 and 0.091kg m > h™".
Also, the selectivity was enhanced from 0.53 (MMM with 60 wt%
pristine silicalite-1) to 0.8 (MMM with 67 wt% modified silicalite-1).

If the inorganic filler has a hollow sphere (HS) shape, it creates
pathways for molecular transport lowering mass transfer resistance.
Naik et al. developed PDMS based MMMs containing HS covered
with silicalite-1 and investigated their PV performance on 5 wt%
EtOH/water [79]. The 1 um sized HS was prepared by a surfac-
tant templating method, then covered with a thin shell of silicalite-
1 crystals. As HS loading increased up to 30 wt%, an increase in
flux and selectivity for EtOH was obtained. Further, comparison
with silicalite-1/PDMS MMM exemplifies that HS plays quite an
important role for enhanced EtOH permeance. Since the HS pro-
vides a pathway for molecular transport while decreasing the mass
transfer resistance, the EtOH permeates through the membrane as
a selectively sorbed component. Moreover, evenly dispersed HS in
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Table 3. EtOH/water PV separation performance using MMMs

‘ MOrg@ic Polymer Xeon Yeon T F F Contact Energy' Pl
Inorganic filler l?jj%g matrix (wt%) (wi%) (K) Beotiwaer (kgm>h?) (Lm2hY) ar(lo%le COIE{I;.I;IE;IOH (GPU) o Ref.
ZSM-5° 10 PDMS 5 3040 313 8.3 1.750 1.87 118 NR 245.0 0.78 [77]
ZSM-5° 20 PDMS 5 32.14 313 9.0 0.950 1.02 121 NR 182.0 0.85 [77]
ZSM-5° 30 PDMS 5 36.67 313 11.0 0.700 0.76 128 NR 179.0 1.03 [77]
ZSM-5° 40 PDMS 5 4242 313 14.0 0.410 0.45 139 NR 203.0 132 [77]
Silicalite-1 60 PDMS 5 52.50 323 21.0 0.108 0.12 NR/ 6.08 95.2 0.53 [78]
Silicalite-1" 60 PDMS 5 57.78 323 26.0 0.099 0.11 NR 5.08 95.6 0.65 [78]
Silicalite-1° 67 PDMS 5 62.75 323 32.0 0.091 0.11 NR 429 95.6 0.80 [78]
Silicalite-1 30 PDMS 6 48.75 313 149 0.050 0.06 NR NR 186.8 1.10 [79]
Silicalite-1 covered HS® 30 PDMS 6 4941 313 153 0.070 0.08 NR NR 260.2 1.30 [79]
MAF-6 15 PDMS 5 4395 313 14.9 1.200 1.33 120 NR 3423 0.58 [80]
CNT-GO* 0.75 PDMS 5 5422 305 225 022 0.25 126 NR 5249 0.26 [81]

“n-Octyltriethoxysilane functionalized; "Vinyltriethoxysilane functionalized; “Hollow sphere; “Carbon nanotube; ‘Graphene oxide; Not

reported

the PDMS matrix and fairly good adhesion between HS and PDMS
benefit the enhanced performance of this MMM.

Li et al. fabricated a hydrophobic MMM by incorporation of
RHO-[Zn(eim),] (MAF-6), one of the MOFs, into PDMS [80].
MAF-6 is an exceptionally hydrophobic MOE both in internal
pores and external crystal surfaces, with high thermal/chemical
stability and exhibits a relatively large pore size (~1.84 nm). Differ-
ent from previously described MMM, the separation factor of
MAEF-6 incorporated MMM increased up to 15wt% of MOF load-
ing, and then dropped with further increase of the loading. On the
other hand, significant increase of flux is probably due to the micro-
defects at the interface between MAF-6 and PDMS matrix. More-
over, the decreased contact angle of 20 wt% and 25 wt% MAF-6
loading MMMs supported reduced hydrophobicity. Also, increased
MAF-6 loading over 15 wt% leads to defects. The best separation
performance of an MMM with 15 wt% MAF-6 loading was a sep-
aration factor of 14.9 and flux of 1.2kg m™ h™', which was 1.5 times
and 2.3 times higher than pristine PDMS membrane on the PV of
5wt% EtOH/water at 313 K. Such extraordinary separation per-
formance is attributed to the superior adsorption ability of MAF-6
for EtOH over water. Recently; the carbon nanotube (CNT)-coupled
graphene oxide (GO) incorporated, ranging from 0.25 to 1 wt%,
into PDMS framework to separate EtOH/water solution [81].
When 0.75 wt% was loaded, the best performance in separation
factor of 22.5 with flux of 0.22kg m™ h™" at 305 K. This properly
dispersed CNT-coupled-GO-incorporated membrane applied to the
long term (~44 h) and large scale operation of EtOH production.

For completeness, the collated data and their upper bound cor-
relation of hydrophobic MMMs for EtOH/water PV separation
are presented in Table 3 and Fig. 9. Different from the zeolite and
functionalized mesoporous silica membranes, the performance of
MMM is somewhat clustered, implying that both permeance and
selectivity diverge over a very short range. Among given MMMs,
the silicalite-1 covered HS incorporated in a PDMS matrix exhib-
ited the superior performance, which indicates the structure of
inorganic filler affects the quality of the MMM. On the other hand,
MMM with CNT-GO presented the highest permeance and rela-
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Fig. 9. Upper bound correlation for EtOH/water separation using
MMMs. Data were taken from references [77-81].

tively low selectivity. This is due to the thin layer and limited load-
ings (0.25-1 wt%) of CNT-GO. Thus, a fairly gopod MMM is sup-
posed to possess good affinity between polymer matrix and inor-
ganic fillers with high selectivity for EtOH. Further, the inorganic
filler should be well functionalized with an appropriate agent before
forming a membrane. Moreover, homogeneous dispersion of the
inorganic filler in the polymer matrix is also important to provide
high loading on a thin membrane layer.

OUTLOOK

Fig. 10 summarizes all three different upper bound relationships
regarding inorganic hydrophobic PV membrane separation for
EtOH/water shown in Figs. 5, 8, and 9. Comprehensively, the order
of selectivity is zeolite> MMM >functionalized mesoporous silica,
corresponding to the order of y-intercepts in upper bound correla-
tion. While the permeance is of the order of functionalized meso-
porous silica>MMM>zeolite, coinciding with the order of slopes.
This informs the PV membrane community that zeolite mem-
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Fig. 10. Upper bound correlation for EtOH/water separation using
zeolite, functionalized mesoporous silica, and MMMs.

branes have a challenge to improve the permeance, whereas the
functionalized mesoporous silica membranes are required to enhance
selectivity, which can be potentially achieved by elucidating the
pore structure and fabricated membrane orientation of zeolite and
developing better functionalization techniques on mesoporous sil-
ica, respectively.

As the scientific community continues to strive towards eco-
friendly and sustainable bio-fuel manufacture, PV will play its part
[81-84]. Specifically related to EtOH dehydration, many develop-
ments continue to be made with hydrophilic PV membranes such
as those based on polymers [81,84,85], impregnated polymers [86,
87], MMM:s [83,88], and zeolites [89,90]. Such advancements can
be applied to, inspire and energize the hydrophobic PV commu-
nity, particularly in relation to inorganic membranes in the areas
of direct characterization of pore structure, loading of functional-
ization agent, long-term performance stability, dependence of sup-
port material, and inorganic filler arrangement.

CONCLUSIONS

EtOH/water separation using hydrophobic PV inorganic mem-
branes is a rapidly growing research field due to future energy
requirement and spotlighted by the porous inorganic community.
Zeolites, functionalized mesoporous silica, and MMMs exhibit sig-
nificantly promising PV performance for EtOH/water separation
attributed by the intrinsic porosity of the materials and strong sur-
face hydrophobicity. However, there are still unknown territories in
each category of materials regarding direct characterization of pore
structure, loading of functionalization agent, long term performance
stability, dependence of support material, and inorganic filler arrange-
ment. The correlations of those properties with permeation per-
formance in the PV process are going to bring the hydrophobic
inorganic membranes to a technologically scalable platform appro-
priate for direct industrial applications in EtOH recovery.
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