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Developments of membrane water desalination are impeded by low water vapor flux across the mem-
brane. We present an innovative membrane design to significantly enhance the water vapor flux. A bilayer
zirconia-based membrane with a thick hierarchically-structured support and a thin functional layer is
prepared using a combined freeze drying tape casting and screen printing method. The hierarchically-
structured YSZ support has a porosity of 42.6%, pores of 4.5 wm or larger, and a relatively low tortuosity
of 1.58 along the thickness direction. The bilayer membrane is then converted from naturally hydrophilic
to hydrophobic via grafting with a fluoroalkylsilane. A water flux of 28.7 Lm~2 h~! and a salt rejection of
99.5% are achieved by exposing the functional layer to 80°C salt water of 2 wt.% NaCl and the support
layer to 20°C distilled water. These results are the best performing ones for ceramic membranes in direct
contact membrane distillation operation.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

According to the millennium development report released by
the United Nations in 2009, human beings around the world
are experiencing a more and more severe fresh water shortage
[1]. The conventional seawater desalination technologies suffering
from high energy-consumption and high investment impede their
large-scale applications, especially in the developing countries and
isolated islands [2-4]. For this reason, it is urgently required to
develop and explore cost-effective and energy-efficient alternative
seawater desalination technologies to produce fresh water. Mem-
brane distillation (MD) has been considered as a low capital cost
and energy efficient alternative to conventional desalination tech-
nologies, because it can operate at atmospheric pressure and low
temperature, and utilize the low-grade or waste heat derived from
solar energy, wind energy and industrial waste heat, etc [5,6].

As it is well known, a porous hydrophobic membrane is needed
to separate pure water from the seawater via MD process [5-7].
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During the MD operation, liquid water at the hot side (feed side) of
the membrane will evaporate at the interface of the hot water and
membrane. The water vapor will subsequently pass through the
porous membrane driven by the water vapor partial pressure differ-
ence across the membrane. Finally, the water vapor will condense
into liquid water at the cold side (permeate side) of the membrane.
At the same time, because the membrane used is hydrophobic,
liquid water as well as dissolved minerals and other ingredients
cannot permeate through the membrane. Therefore, pure water
can be obtained at the permeate side of the membrane. However,
in contrast to its great potentials and advantages, its relatively low
water flux compared to the MSF and RO hinders its large-scale
implementation and deployment by the industry [8,9]. Therefore,
to accelerate the practical application of this process, research on
flux enhancement should be intensively investigated.

Currently, most of the membranes used for MD process
are made of polymers [10-12], such as polyvinylidenedifluoride
(PVDF) and polystyrene (PS). However, due to their poor thermal,
mechanical and chemical stability during the operation, these poly-
meric membranes represent significant bottleneck for widespread
commercialization of this technology. Compared with polymers,
ceramic materials exhibit excellent chemical, structural and ther-
mal stability upon exposure to the salt water [13], indicating that
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the ceramic membrane is suitable for practical MD application
[14-19]. It cannot be neglected that most ceramic membranes are
hydrophilic in nature due to the existence of hydroxyl groups (-
OH) on the surface, which will prevent them being directly applied
in a MD unit. One possible way to solve this problem is grafting
hydrophobic groups on the membranes via surface modification,
and thus converting the hydrophilic membranes to hydrophobic
ones. Because of the presence of hydrolysable and hydropho-
bic groups, fluoroalkylsilanes (FAS) has been considered as one
of the most effective hydrophobic agents, and been intensively
grafted on the surface of the ceramic membranes to manipulate
their hydrophobicity [19-23]. During the grafting procedure, the
hydrolysable groups of FAS will react with the hydroxyl groups on
the surface of the membrane, and therefore a hydrophobic mem-
brane can be obtained for MD application.

For a MD process, water vapor transfer through a membrane
is strongly influenced by its microstructural parameters, such as
thickness, porosity, pore size (distribution) and tortuosity [5,24,25],
and a bilayer supported membrane is preferred for MD appli-
cation by considering the trade-off between the water flux and
mechanical strength. Recently, the supports with high tortuosity
and low porosity have been shown to limit their water flux [26].
Consequently, there is an urgent need to explore and develop an
innovative and cost-effective method to prepare a support with
higher porosity but lower tortuosity, therefore to enhance the
water flux and accelerate practical application of MD process. In
recent years, freeze drying tape casting method, which has been
used in the fields of solid oxide cells and gas separation membranes
[27-31], has been proven to be an effective and unique technique
to fabricate support membranes with significantly low tortuos-
ity and remarkably improved performance, and implying that the
freeze drying tape casting method is expected to fabricate the
hierarchically-structured supports to facilitate mass transport dur-
ing MD operation, holding a great promise for high-performance
MD desalination application. According to the water vapor cooling-
down method, the MD process can be classified into four different
configurations [5]. By survey of the previous studies, it can be found
that among these different MD processes, direct contact membrane
distillation (DCMD) is the widely adopted configuration due to its
simplicity and reasonably high water flux [32-37]. Therefore, in
this study, DCMD configuration is used to evaluate the separation
properties of the hydrophobic ceramic membranes prepared using
the freeze drying tape casting method.

In this work, freeze drying tape casting method is utilized to
fabricate a supported bilayer YSZ membrane with a thin YSZ func-
tional layer and a thick hierarchically-structured YSZ support. The 2
dimensional (2D) and 3D microstructure of the bilayer membranes
are examined using the scanning electron microscope (SEM) and
X-ray computed tomography (XCT), respectively. Microstructural
effects on the DCMD performance of these hydrophobic YSZ mem-
branes with bilayer microstructure are systematically evaluated.

2. Experimental
2.1. Fabrication of YSZ planar membranes

Hierarchically-structured yttria-stabilized zirconia (YSZ) mem-
brane supports were prepared using freezing drying tape casting
method as described in detail in the previous reports [27,38]. An
aqueous based YSZ (TZ-8YS, Tosoh Company, Japan) slurry was pre-
pared with an ammonium polyacrylate dispersant (Darvan C-N, R.
T.Vanderbilt Co. Inc., USA), a viscosity modulator (Vanzan, R. T. Van-
derbilt Co. Inc.,USA) and an acrylic latex emulsion binder (Duramax
HA-12,Rohm & Haas, USA). YSZ powder loading of 67 wt% was used.
The ammonium polyacrylate dispersant was mixed with water and

YSZ powders for the first 2 h ball milling. Subsequently, the binder
and viscosity modulator were added for the second 2 h ball milling.
Before freeze tape casting, the slurry was de-aired by vacuum for
10min. A freezing bed temperature of —70°C, a blade height of
1.5mm and a pulling rate of 20mmmin~! of the Mylar polymer
film were adopted in this work. After the YSZ tape was frozen for
about 30 min on the Mylar film in the casting bed, the YSZ substrate
was punched into pellets with a diameter of about 40 mm. The pel-
lets were dried in a vacuum freeze dryer at —30°C at 2.4 Pa for one
day. Subsequently the pellets were pre-sintered with a heating rate
of 2°Cmin~"! and a dwell time of 5 h at 1100 °C to achieve sufficient
mechanical strength for subsequent coating of the YSZ functional
layer. This YSZ coating was achieved by screen printing a homo-
geneous YSZ slurry made by ball milling for 2 h an 1:1.5 wt. ratio
YSZ:alpha-terpilenol (Alfa Aesar, USA) mixture. The bilayer mem-
brane was co-sintered at 1250 °C for 5 h with a heating and cooling
rate of 2°Cmin~1. After this sintering procedure the effective area
for DCMD tests was 4.5 cm?.

2.2. Grafting procedure

In this work, the grafting procedure chosen was based on the lit-
eratures previously reported [ 15-18]. The sintered YSZ membranes
were immersed into acetone, dried for 2 h at 80 °C and then cleaned
via ultrasonication in ethanol and water respectively and dried
for 2h at 100°C. Subsequently the membranes were immersed
into a 2 wt.% 1H,1H,2H,2H-Perfluorooctyltriethoxysilane (FAS, 98%
purity, Sigma-Aldrich, USA) in ethanol at room temperature and
maintained in the solution for 12 h to allow the coupling reaction
to occur. After immersion, the membranes were dried at 100°C
with a dwell time of 6 h to be ready for the DCMD experiments.

2.3. Characterization

The 2D microstructure of the hierarchically-structured YSZ
membranes and the YSZ support was characterized using SEM
(Zeiss Ultra Plus FESEM, Germany), while the 3D microstructure of
the YSZ support was characterized using X-ray microscopy (Xradia,
USA) and analyzed by an in-house Matlab code. Details to construct
the 3D structure are described in a previous report [28]. The sur-
face morphology of the membranes was characterized by atomic
force microscopy (AFM, MPF-3D-SA, Asylum Research Inc.). Contact
angle measurements were performed on the surface of the FAS-
modified YSZ functional layer by the water drop method using a
contact angle meter (SL200B, Solon Tech Co. Ltd., Shanghai, China).

Pure water flux through the bi-layer YSZ membranes with an
effective diameter of 12.0 mm were measured using a home-made
setup, similar to that described in Ref. [17].

The water vapor flux was studied on a home-built DCMD equip-
ment, as schematically shown in Fig. 1. The DCMD measurements
in this study were repeated by five samples, and the experimental
errors in these trials were the variance of the experimental results
derived from the different samples. Three different aqueous NaCl
solutions with concentrations of 2, 4 and 6 wt.% were used as feed
solution. The temperature of the salt solution in the feed tank was
consecutively controlled at 50, 60, 70 and 80°C. Salt water was
circulated in the system at a flow rate of 100Lh~! (equivalent to
27.7mLs™1) by using a small circulating pump and a flow meter.
Before the salt water entered the feed side of the membrane unit,
the feed was heated by a heater and controlled by a thermocou-
ple in order to achieve a feed temperature at a temperature with
an accuracy <2°C of the setting value of the feed tank. Distilled
water passed through the cold channel (permeate side) at a flow
rate of 100Lh~1 and a chiller after the cold channel was used to
maintain the temperature of distilled water of the permeate side
at 20+ 2°Cin all experiments. The water fluxes through the mem-
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Fig. 1. The piping and instrumentation diagram of the DCMD setup.

Fig. 2. The cross-sectional SEM image of the YSZ support pre-sintered at 1100°C.

branes were quantified by measuring the water weight increment
using an electronic balance. At the same time, in order to keep the
NaCl concentration of the feed constant, a small circulating pump
and an electronic balance were used to compensate the perme-
ated water. The conductivities of the salt water (Cs) and permeated
water (Cr) were measured by a conductivity meter (FE30, Mettler
Toledo). The NaCl rejection rate (R) was calculated by the following
equation:

o

3. Results and discussion

Cs

1_3) x 100% (1)

3.1. Morphology of the YSZ membranes

Fig. 2 shows a cross-sectional SEM image of the pre-sintered YSZ
support. After subsequent removal of ice crystals and pre-sintering
at 1100°C, a support with continuously hierarchically-structured
in one direction oriented pores/channels was achieved. The size of
the pores/channels decreases from ~30 pm on the bottom surface

to 1-5 wm on the top surface, which is attributed to the continuous
temperature gradient from the bottom of the casted tape (—70°C)
to the ambient air along the thickness direction [38]. As shown in
Fig. 2, many of these hierarchically-structured channels show the
typical microstructure of materials prepared using the freeze dry-
ing tape casting method and span the entire cross-section of the
support [27,28,31,38]. This microstructure results in a low tortu-
osity, with a value close to 1, which is beneficial for fast gas and
solvent transport through the support layer.

To further investigate the microstructure of the support with
the hierarchically-structured pores/channels, 3D X-ray microscope
combined with an in-house Matlab code is applied as a non-
destructive virtual sectioning of the support to reveal the internal
3D morphology. The spatial resolution of XCT in this study is set
at 4.45 pm to reconstruct the entire microstructure in the thick-
ness direction (~590 wm). Fig. 3A and B show the reconstructed
3D microstructural images for a domain with a dimension of
1.12 x 0.45 x 0.59 mm?3, reconstructed from the top surface with
micron-sized pores and bottom surface with macro-pores, respec-
tively. In Fig. 3 A-B, the solid phase (YSZ) appears blue, while the
pores (hierarchically-structured oriented pores/channels) show up
green, and the pore size is calculated to be less than 5 um on the
top part but larger than 30 wm on the bottom part. Fig. 3C exhibits
the porosity distribution of the hierarchically-structured oriented
pores/channels of the YSZ support in the thickness direction shown
in Fig. 3A. The porosity of the YSZ support gradually increased from
10% to 64% along the z-axis with an average porosity of 43%. The
tortuosity of the pores in the thickness direction is calculated to
be 1.58, which is close to the results reported using the freezing
drying tape casting method as described by Chen et al. [27,28], and
much smaller than that for the membranes with sponge-like pores
prepared by the a conventional tape casting method, which have a
tortuosity of typically 4-10 [39]. It is well known that mass transfer
in porous media is hindered by a high tortuosity and low porosity
[40]. Therefore, the hierarchically-structured YSZ support with rel-
ative low tortuosity and high porosity will have no adverse impact
on mass transfer in the hierarchically-structured YSZ support, so
creating favorable conditions for enhanced mass transfer.
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Fig. 3. Reconstructed 3D microstructural images of the YSZ support reconstructed
from A) the top surface with micron-sized pores and B) the bottom surface with
macro-pores. The blue and green regions represent solid and pore phases, respec-
tively. C) Distribution of the local porosity along z-axis (thickness direction) from
the top surface to the bottom surface. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

3.2. Properties of bilayer YSZ membranes

Fig. 4A shows a cross-sectional SEM image of the bilayer YSZ
membrane prepared using the combined freeze drying tape cast-
ing and screen printing method. It can be seen from this figure
that a YSZ functional layer with thickness of ~20 um was success-
fully coated on the YSZ support. SEM images at larger magnification
show that the YSZ functional layer consisted of homogeneous pores
without pores larger than 1 um (Fig. 4B), demonstrating that the
YSZ bilayer membrane is suitable for DCMD application.

The wetting behavior of the membranes was evaluated by mea-
suring the water contact angle of the surface of the membrane.
The water contact angle for the fresh sample was in the range of
34-38° with an average of 36°, which is caused by the porosity and
naturally hydrophilic character of its surface due to the presence
of hydroxyl groups (—OH) on the membrane surface (Fig. 5A-a).
However, after grafting of FAS on the hydrophilic membrane, the

Fig. 4. SEM images of A) cross section of the bi-layered YSZ membrane and B) the
functional layer.

contact angle was increased to 133-138°with an average of 135°,
revealing that the membrane surfaces were successfully converted
to hydrophobic via surface modification, which is attributed to the
introduced long hydrophobic FAS chain (Fig. 5B-b) on the mem-
brane surface[15,20,23,41].

Fig. 6 shows the typical AFM images of the surface of the func-
tional layer of the membranes before and after FAS grafting. These
AFM images indicate that although the contact angle has been
increased from the range of 34-38° with an average of 36° to
133-138° with an average of 135°, no obvious changes on the sur-
face morphology can be observed.

Fig. 7 shows the pure water flux as a function of the
transmembrane pressure of the bi-layer YSZ membrane
before and after grafting with FAS. A pure water per-
meability of 1.4+0.1x10*Lm=2h-!'bar-! (equivalent to
1440.1x102Lm—2h-1kPa~!) is obtained from the experi-
mental data shown in Fig. 7, which is much higher than porous
multi-layer ceramics membranes, even higher than the results
reported for asymmetric membranes prepared using the phase-
inversion method [17], confirming that this bi-layer YSZ membrane
is expected to be less permeable to gases and liquids. It can be
also found that the pure water permeability remained zero even
a transmembrane pressure of 220 kPa is applied upon the mem-
brane, implying that this grafted bi-layer membrane can operate
under the MD conditions at transmembrane pressure of up to
220KkPa, which is called the liquid entry pressure (LEPw).

3.3. Water desalination performance

On the basis of the above findings, water permeation measure-
ments were carried out to further investigate the potential of this
novel bilayer membranes for high-performance DCMD application.
In this study, DCMD performance of FAS-grafted hierarchically-
structured hydrophobic bilayer YSZ membrane was conducted at
a series of feed temperature (T;) and NaCl concentrations while
the temperature of the entrance of the permeate channel (T) was
fixed at 20°C. Fig. 8 illustrates the water flux through the mem-
branes as functions of Ty and NaCl concentrations of 2-6 wt.%.
In all cases the salt rejection was more than 99%. The water
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Fig. 6. AFM images of the membranes, A) fresh membrane, and B) grafted membrane.

flux increases with increasing Ty and decreasing salt concentra-
tion. Particularly, a significant increase in water flux is observed
from 7.24+0.5 to 28.7+0.5Lm~2h-! (the latter is equivalent to
688.8+12.0Lm~2 day~!) by increasing Ty from 50 to 80°C at a salt
concentration of 2 wt.% and T, of 20°C.

As we all know, during the DCMD operation, the feed and perme-
ate liquid must not penetrate the membrane pores so the applied
pressure should not exceed a limit, LEPw, which highly depends
on the maximum pore size, the membrane hydrophobicity and is
also related to the salt concentration of the feed. According to the
Young-Laplace equation, LEPw can be estimated from Eq. (2) [42].

—Bycost
LEPW = Py 110 — Pp py0 = — L0 2)

T'max

where Py, 0 and P, y,oare the hydraulic pressure on the feed and
permeate side, respectively, Bis a geometric pore coefficient (tortu-
osity), y is the liquid surface tension, 8 the contact angle, and r max
the maximum pore size. As aresult,a membrane having a large con-
tact angle (high hydrophobicity) and small pore size, is preferred in
order to obtain a high LEPw value. In this work, the contact angle 6
is 133-138°with an average of 135°, the geometric pore coefficient
B of the functional layer is 4-10 because the functional layer for the
membrane is composed of unordered sponge-like pores while the
B value of the support is calculated to be 1.58 due to the hierar-
chical structure with large oriented pores, and the maximum pore
size is smaller than 1 wm. In addition, the liquid surface tension, y,
at 80°C is 62 x 10-3 Nm~!. By applying Eq. (2) a LEPw of 176 kPa
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is calculated for this hierarchically-structured hydrophobic bilayer
YSZ membrane.

The driving force for mass transfer in the DCMD operation is the
difference between the water vapor partial pressure (AP, o) at the
two sides of the membrane (cold channel and hot channel as shown
in Fig. 1). According to the Antoine equation, the saturated water
vapor partial pressure (Py y,0) at the membrane can be expressed
as [43]

1730.63
T +233.43

where P;;zo is the saturated water vapor partial pressure at
both sides of the membrane, T is the temperature (°C). Mean-
while, Raoult’s law states that the partial water vapor pressure
(Px,1,0 (x = f, p)) of an NaCl solution is equal to the saturated water
vapor pressure multiplied by the mole fraction (xy, 0 ). The saturated
water partial vapor pressures of the feed side (Py,0) or permeate
side (Pp,p,0) can therefore be described by[43]

log (P;;zo) (Pa)=10.195 — (3)

Pyhy0 (X =f,P) = Pj}, 0 x XHy0 (4)

It can be seen from Egs. (3) and (4) that Pry,o and Py p,0 both
show an exponential increase with increasing operating tempera-
ture. Taking distilled water as an example, when increasing Ty from

50°Cto 80°C, the Py, o increases from 12.3 to 47.3 kPa. At the same
time, since the T is fixed at 20 °C, Py, y, 0 is kept at 2.3 kPa. Therefore,
at a permeate temperature of 20 °C and feed temperatures of 50 and
80°C, the water vapor pressure differences across the membrane
are 10 and 45 kPa, respectively. In a DCMD unit, salt water instead
of distilled water is fed into the hot channel, resulting in a lower
Pf.p,0 and APy, o (see Egs. (3) and (4)). Therefore, APy, o across the
membrane is less than 45 kPa and subsequently significantly lower
than the calculated LEPw value of 176 kPa and the experimental
result (LEPw >200 kPa), implying that the hydrophobic bilayer YSZ
membrane is suitable for DCMD application as studied in this work.

In this work, during all DCMD tests the salt rejection was above
99.5%, also confirming that the APy, across the membrane was
lower than the limit (LEPw). Furthermore, during the contact angle
measurement, it was found that the contact angle kept constant
(~135°) after 10-h condensation reaction, which is shorter than
that (12 h) used in this study. These results demonstrate that the
pores in the YSZ functional layer (Fig. 4B) are small (<1 wm) and
that a complete grafting of FAS was achieved (Fig. 5B).

The transmembrane mass flux (Ny;) in the DCMD operation can
be written as [44]

Nim = Kin (Pr.t,0 — Pp.H0) = Kin AP0
or
N Nm

Km = =
" Prmo—Pomo  APhyo

(5)

where K, is the intrinsic mass transfer coefficient, which is depen-
dent on the operating temperature and pressure, and is assumed
to be constant in many cases [44,45]. By increasing Ty from 50 to
80°C, the water vapor pressure difference (AP, o) over the mem-
brane increases significantly (from 10 to 45 kPa, as calculated by
the Antoine equation), resulting in a remarkable increase in driving
force for water vapor transfer through the membrane, and there-
fore leading to a profound increases in water flux (Nm) (Eq. (5)).
In this work, based on the experimental results shown in Fig. 8,
the K, values at 50 °C/20°C and 80 °C/20°C temperature gradients
are calculated to be 0.72 and 0.64Lm~2h~!kPa~!, respectively,
demonstrating that the experimental K;; value is not a constant
value but will decrease slightly with increasing the feed temper-
ature, which is possibly attributed to the increased temperature
concentration in the feed side with increasing Ty [44,45].

It can also be seen from Fig. 8 that at all temperatures, increasing
the NaCl concentration at the feed side results in a decrease in water
flux. This phenomenon can be explained by Raoult’s law [43 ], which
states that higher salt concentrations lead to decreased water
vapor pressure. However, even at the highest NaCl concentration of
6 wt.%, at 80°C the water flux still maintains 21.6+£0.5Lm=2h~1,
indicating that the hierarchically-structured hydrophobic bilayer
YSZ membrane is an attractive membrane for seawater desalination
via the DCMD process.

By comparing these results with literature data as given in [14],
it can be observed that the water fluxes obtained in our study
are significantly higher than that of the other ceramic membranes
having a more symmetric pore structure [14]. For example, at a
60°C/20°C temperature gradient and a salt concentration of 6 wt.%,
a water flux of 9.2+0.3Lm~2h~! is obtained (see Fig. 8), which
is more than 10 times higher than that of a zirconia membrane
(0.7Lm~2h1) at the 60°C/5°C temperature gradient and a salt
concentration of 0.1 M NaCl solution (equivalent to 5.8 wt.%) [14].
This difference is attributed to the remarkably smaller thickness
of the functional layer in our case (20 um instead of 1500 p.m)
and thus a decreased water vapor transport resistance through
the membrane bulk. It should also be pointed out that although
the bilayer YSZ membrane with a total thickness of 600 wm is
three times thicker than the SizN4 hollow fibers with finger-like
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Fig. 9. Overview of test results obtained for the YSZ bilayer membrane plotted as
a function of the elapsed time. Shown are the average water fluxes, recorded at
80°C/20°C temperature gradient.

macro-pores, its water fluxes are 137% higher than the latter [17],
demonstrating that the bilayer membrane structure prepared using
the freeze drying tape casting, is favorable for mass transfer in the
bulk of the membrane and even better than that prepared using the
phase inversion method [16].

Finally, the stability of the water flux of the hydrophobic YSZ
membranes under different NaCl concentrations at a feed temper-
ature of 80°C is studied and the results are given in Fig. 9. At each
stage, the exposure time is 210 min and the water flux was recorded
as a function of the elapsed time with an interval of 30 min. A
total stability test of 630 min is applied and no adverse effect on
water flux was observed, demonstrating that the hierarchically-
structured hydrophobic bilayer YSZ bilayer membranes can be used
for seawater desalination application via a DCMD process.

4. Conclusions

A novel bilayer YSZ membrane, consisting of a thin func-
tional layer with micron-sized pores and a thick support layer
with hierarchically-structured oriented macro-pores, has been
successfully prepared by a combined freeze drying tape cast-
ing and screen printing method. The 2D and 3D microstructure
show that this novel membrane holds the promise to significantly
decrease the mass transfer resistance in the membrane and thus
dramatically enhances the water flux in desalination by apply-
ing direct contact membrane distillation (DCMD) experiments. A
high water flux is achieved, and at an 80°C/20°C temperature
gradient, using an aqueous solution of 2 wt.% NaCl solution, the
water flux reaches a value of 28.7+0.5Lm~2h~! (equivalent to
688.8+12.0Lm~2day~!), while the salt retention remains more
than 99%. This demonstrates that this novel bilayer YSZ membrane
is an ideal membrane structure for high-performance DCMD appli-
cations.
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