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ABSTRACT

We report the use of highly porous Janus membranes with unparalleled forward
osmosis (FO) performance in terms of water flux and reverse salt flux. A porous Janus
FO membrane, comprised of a hydrophilic cellulose acetate layer and a hydrophobic
polyvinylidene fluoride (PVDF) nanofiber layer, was fabricated by electrospinning.
The resultant membrane exhibited outstanding FO performance, with a high water flux
0of 2742 L m™2 h™! and a low reverse salt flux of 1.65 g m? h'! using 1 M NaCl draw
solution. Different from the state-of-the-art thin film composite (TFC) membranes, the
prepared Janus membrane demonstrates unparalleled FO performance via a nanofluidic
diode model, whose high selectivity is determined by the air gap within the hydrophobic
nanofiber layer that can effectively prevent the reverse salt diffusion. Wetting of the
hydrophobic layer is the crucial issue in Janus FO membranes, which deserves further

attention to extend the osmosis longevity.
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INTRODUCTION

Forward osmosis (FO) is an emerging “engineered osmosis technology” for various
desalination'3 and water treatment applications.*’ The driving force of FO is the
osmotic pressure difference between a draw solution (DS) and a feed solution (FS),
separated by a semi-permeable membrane. Considerable interests in FO are inspired by
its nature of spontaneous diffusion, leading to low energy consumption.?-1° However,
FO still faces several challenges, such as membrane fouling,!! internal concentration

polarization (ICP)'? and lack of high performance membranes.!?

Developing high performance osmotic membranes has been a research focus in FO, as
it can minimize both membrane fouling and ICP.!% 4 15 Desirable FO membranes
should have high water permeability, ion selectivity and fouling resistance, but low
structural parameter to mitigate ICP. Most high performance FO membranes consist of
dense active layers and porous support layers. Numerous nanomaterials, such as
graphene oxide,'® carbon nanotubes,'? aquaporins,!” metal organic frameworks!® and
metals/metal oxides nanoparticles '° have been incorporated either into the active layer
or the support layer, or between these two layers. The traditional wisdom believes that
both the support layer and the active layer are preferable to be highly hydrophilic to
maximize membrane permeability?’-23 and minimize membrane fouling.!!-15-24.25 More
recently, a hydrophilic support-free selective layer was used for FO with zero ICP.%¢
However, the mechanical stability and the difficult to scale up of the single-layer

membrane prevent its wide spread applications.
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Janus membranes with opposing properties at an interface have become emerging
materials for various separations.?’” For the first time, we report a porous Janus
membrane with outstanding forward osmosis performances. Such a Janus membrane is
composed of a hydrophilic cellulose acetate (CA) layer and a hydrophobic
polyvinylidene fluoride (PVDF) nanofiber layer via electrospinning (Figure 1a, b). The
hydrophilic porous layer provides a mechanically stable low-fouling support to the
hydrophobic layer. The air trapped in the hydrophobic layer offers a blocking barrier
for reverse ions diffusion, leading to a high selectivity in FO. The unique air-gap
structure could result in zero ICP on the hydrophobic side of the membrane, allowing
for super high water permeability. The membrane surface and cross-sectional
morphologies and surface hydrophilicity/hydrophobicity were evaluated. Both static
diffusion and dynamic asymmetric transport behaviors of the Janus FO membrane were
investigated. Forward water flux and reverse salt flux of the Janus membrane were
tested and compared with the performances of the state-of-the-art FO membranes. The
recovery of FO performance was evaluated by simply drying the membrane. This work
provides a new Janus membrane with unparalleled FO performance via a nanofluidic

diode model as depicted in Figure 1b.

MATERIALS AND METHODS

Materials. PVDF polymer (average My, = 180,000) from Sigma-Aldrich (France) was
dried at 80 °C for 24 h before preparing the membrane. N, N-Dimethylformamide
(DMF), sodium chloride (NaCl) and methylene blue were purchased from Sinopharm

4
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Chemical Reagent Co., Ltd, China and used without further purification. Hydrophilic
cellulose acetate membranes (average pore size: 2.0 um; thickness: 90 pm) were
supplied by Haiyan New Oriental Plastic Technology Co., Ltd. Deionized (DI) water

was employed to prepare the solutions.

Fabrication of Janus membrane. 12.5 g PVDF was dissolved in 37.5 g DMF at 60 °C
for 8 h with constant stirring to make a homogeneous solution. Janus membranes (M)
were prepared by electrospinning PVDF layer on the support hydrophilic CA
membrane (My) (Figure 1a).The support was mounted onto a rotating drum (diameter
of 15 cm) to collect the electrosprayed PVDF nanofibers with a constant rolling rate of
90 rpm. The thickness of the hydrophobic PVDF layer was controlled by adjusting the
spinning time (Figure 1c). The injection rate of the PVDF solution was maintained at
1.0 mL h-! and the voltage applied to the needle was 15.5 kV. The fabricated Janus
membrane composed of a hydrophilic CA layer and a hydrophobic PVDF layer, labeled
as Mj, was then dried in vacuum at room temperature (~ 25 °C) for 5h for further

evaluation.

Membrane Characterization. Field-emission scanning electron microscopy (FESEM,
Hitachi S4800, Japan) was used to observe the morphologies of the hydrophilic CA
membrane (M;) and the Janus membrane (M;). Water contact angles of the CA and
PVDF layers of the Janus membranes were measured by a contact angle analyzer
(DCAT21, Germany). The membrane porosity was calculated based on the mass

measurements of the dry and wet samples using the following equation:

5
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My — Mg

Pw

Porosity =

my — Mg

= X 100% (1)

P p

where m,, and m, are the weights (g) of wet and dry membranes, respectively, p,, (g
cm) and p (g cm) are the densities of ethane diol (wetting solvent) and polymer,

respectively.

Membrane Performance Test. A lab-scale diffusion cell (Figure S1) was used to
measure the diffusion of salt across M;, and M;. The membrane was fixed between two
chambers. One chamber was filled with DI water (35 mL) and the other one was filled
with 1 M NaCl draw solution (35 mL). The rate of salt diffusion over time was

determined based on the conductivity change of DI water, monitored by conductivity

meter (CON2700, Eutech, USA).

Janus membrane performance in terms of water flux and reverse salt flux was tested by
a lab-scale cross-flow FO membrane system at 25 + 0.5 °C (Figure S2). A
customized FO membrane cell with two symmetric flow channels (the radius of the
membrane was 1.5 cm) was used and its effective area is 7.1 cm?. The cross-flow rate
was 0.3 L min"! for the feed and draw solutions, controlled by peristaltic pumps
(Masterflex, Cole-Parmer). In our study, DI water was used as the feed solution (FS)
and NaCl solution with different concentration (0.2, 0.5, 1.0, 1.5 and 2.0 M) were used
as the draw solution (DS). FO water flux (Jw) across the membrane was calculated
based on the weight increase of the DS with a precision balance (Metler-Toledo) by

Equation S1. The reverse salt flux, Js, was determined based on the NaCl concentration
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in the feed solution by Equation S2, which was continuously monitored with the

conductivity meter.
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RESULTS AND DISCUSSION

Membrane Fabrication

(a)

Figure 1. (a) Electrospinning for fabricating the Janus membrane, the inset is the photo of the
prepared Janus membrane; (b) The unidirectional transport of water and salt ions repulsion
through the Janus membrane containing an air gap via a nanofluidic diode model; (c) The

thickness of the PVDF layer increased linearly with the electrospray time.

We prepared the Janus membrane by electrospinning hydrophobic PVDF nanofibers

onto a hydrophilic CA layer. In our study, there was no pretreatment for the CA layer.
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In the future, the CA layer can be pretreated by adhesives, such as polydopamine to
enhance the long-term stability between the CA layer and the PVDF layer. The
thickness of the hydrophobic PVDF layer varied from 1.7 to 9.1 um by adjusting the
spinning time (Figure 1c¢). The trapped air in the hydrophobic PVDF layer with micro-
scale thickness offers a free pathway for water molecules transport through the
membrane with low resistance, different from the high resistance mass transfer through
the dense active layer of conventional TFC FO membranes with nano-scale thickness

(typically a few tens to hundreds of nm).?8-30

Dynamic cross-flow tests demonstrate that the fabricated Janus membrane has
unidirectional transport of water. Namely, water preferentially transports from the
hydrophilic side to the hydrophobic side, while salt ions in the draw solution are well
isolated by the hydrophobic layer containing an air gap (Figure 1b). The hydrophobicity
of vapor gap membranes leads to the formation of an air gap between the draw and feed
streams. In contrast, with the hydrophobic layer facing to the feed solution, the Janus
membrane shows low water flux and low rejection to salt. The static diffusion and
dynamic cross-flow tests further confirmed the extremely high rejection of reverse salt
diffusion by the Janus membrane, compared to the massive salt diffusion through the
hydrophilic CA membrane in the absence of hydrophobic layer (Figures S3, S4).
Because of the presence of the air gap, salt ions from the draw solution cannot enter the

porous structure of the Janus membrane. The directional transport behavior of water
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and salt through the Janus membrane is analogous to a nanofluidic diode in which water

transport is favoured in one direction but supressed in the opposite direction.?!

Membrane Characterization

CA Layer

PVDF Layer

Figure 2. (a, b) Surface morphologies and (c, d) cross-sectional images of CA and PVDF layer
of the Janus membrane; (e, f) water droplets on and (g, h) water contact angles of both sides of
the Janus membrane, showing opposite wetting and anti-wetting behavior. The PVDF layer

with a thickness of 3.3 um was used for characterization.

The CA support layer (thickness 90 pm) and the PVDF thin layer (thickness 3.3 pm)
of the Janus membrane were characterized by SEM and water contact angle
measurement (Figure 2). The support CA membrane has typical spongy-like pores
formed by phase inversion (Figure 2a). After electrospinning of PVDF, numerous
nanofibers covered on the CA support to form an intertwined nanofiber layer with
decreased pore size (Figure 2b, d, S5). The thickness of this hydrophobic PVDF layer,
which plays the critical roles in trapping air and preventing ion transfer, can be precisely

controlled by simply adjusting the electrospinning time (Figure 1c).

Water contact angle measurement confirms that the CA support membrane is highly

hydrophilic, with a water contact angle of nearly 0° (Figure 2e, g). The hydrophilic CA
9
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layer is anticipated to protect the hydrophobic layer and allow it to be resistant to flow
shearing and fouling. By guiding the water flow through the porous CA structure, the
air trapped in the hydrophobic PVDF layer (water contact angle = 141.6 + 1°, salt water
contact angle is 140 + 2°, Figure 2f, h) with high wetting potential (7500 Pa, Figure S6)

is better kept from being flushed away.

Separation Performance

To better understand the transport behavior of Janus membrane, the influence of the
hydrophobic layer thickness on water and reverse salt flux was investigated. Both the
water flux and reverse salt flux of the Janus membrane decrease with increasing the
thickness of the hydrophobic PVDF layer or decreasing the osmotic pressure,
corresponding to the draw solution concentration (Figure 3a, b). Our porous Janus
membrane displays unparalleled water flux and reverse salt selectivity. For example,
the Janus membrane with a PVDF layer thickness of 1.7 um shows ultra-high water
flux up to 274.2 L m2 h™! and low reverse salt flux of 1.65 g m? h'! under typical
conditions (DI water as FS, 1 M NaCl as DS at room temperature). The corresponding
specific reverse salt flux (Js/Jw) was extremely low (0.006 g L™!). Our water flux is
almost four times higher than the so far highest flux recorded in literature (70 L m 2 h™!
with the selective layer against the feed).?? The super high water flux is closely related
to the high porosity (91.2%) of the PVDF layer of the membrane, compared to previous

nanofluidic transport via alumina membrane (porosity ~10%).4* The reverse salt flux

10
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of our membrane also keeps lowest. Such FO performance in terms of Jw and Jw/Js

outperforms the results in the existing literature (Figure 3c).!7- 22 32-40

The super high water flux of the Janus membrane cannot be explained by the classical
solution-diffusion model for FO.#¥* The dense active layer of traditional TFC
membrane presents a tremendous resistance to water transport, which limits the
permeability of FO. In our study, the trapped air gap within the porous hydrophobic
layer provides unidirectional nanofluidic diode-like channels for the ultra-fast water
transport while rejecting the reverse salt diffusion. Here, we propose a diffusion-
evaporation-condensation mechanism for the mass transfer of Janus membranes.
Namely, before the hydrophobic layer was wetted, water molecules fast diffuse into the
hydrophilic layer first, evaporate into vapor, go through the air gap in the hydrophobic
layer, and then condensate on the liquid draw solution side. The osmotic pressure is to
depress the vapour pressure on the draw solution side, therefore driving the diode-like
vapour transport across the hydrophobic PVDF layer. In addition, the hydrophobic
PVDF side is able to block the ion reverse diffusion due to the presence of air gap layer.
Similar phenomena were reported in nanofluidic applications** and osmotic
distillation*. More systematic investigations on mass transfer mechanisms will be
carried out in the future work. Indeed, the water flux and reverve salt flux increase
almost linearly with the rise in DS concentration (Figure S7). Such performance is

different from the rising trends in conventional FO, where water flux increases non-

11
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linearly with the increase of the DS concentration (i.e. driving force) due to ICP.!2 46

This suggests ICP in the porous hydrophobic layer can be negligible.
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Figure 3. (a) Water flux and (b) reverse salt flux of the Janus membranes with varied PVDF
layer thicknesses; DI water was used as feed solution and the PVDF layer faced the 1 M NaCl
solution. (c) Osmosis performance of Janus membrane far outnumbers the-state-of-art FO
membranes in literature. (d) Water flux and reverse salt flux as a function of operating time for
the Janus membrane with a PVDF layer thickness of 3.3 um; DI water was used as the feed
solution and the PVDF layer faced 1 M NaCl solution. (e) Water flux and reverse salt flux of

Janus membrane with the hydrophobic PVDF layer (thickness 3.3 pum) facing to the draw
12
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solution (DS, 1M NaCl ) and the feed solution (FS, DI water) respectively. (f) The recovery of
water flux and reverse salt flux of the Janus membrane during 5 permeation-drying cycles; the
PVDF layer thickness of the Janus membrane was 3.3 pm; DI water was used as the feed
solution and the PVDF layer faced 1 M NaCl solution; natural drying was performed at room

temperature for at least 10 h. All of these results were based on the crossflow FO tests.

Figure 3d shows the changes in water flux and reverse salt flux of the Janus membrane
over time. Once the hydrophobic layer was partially wetted, salt could transport through
the air-gap layer, and the FO performance was reduced accrodingly. Figure 3e
compares the different FO water flux and reverse salt diffusion behavors in different
operational modes. Obiviously, when the hydrophobic PVDF layer faces the draw
solution, the Janus membrane shows a much higher water flux of 171.3 L m? h'!' but
a lower reverse salt flux of 1.23 g m™ h™! than those in the other mode. Figure 3f shows
the reversible FO separation performance of the Janus membrane. In the first 2 h, the
drop in water flux was relatively small and the rise in reverse salt flux was also minimal,
which is mainly caused by the dropping osmotic driving force as the DS is diluted
without supplementing salts. After 2 h, the water flux and reverse salt flux show a
significant inflection trend due to the severe wetting. However, we simply dried the
Janus membrane after 2 h FO operation, both water flux and reverse salt flux nearly
completely recovered in a 5-cycle test, indicating the essentiality of re-charged air in

the hydrophobic PVDF layer.

IMPLICATIONS

13
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In this study, we show a Janus membrane made of an electrospun hydrophobic PVDF
layer supported by a hydrophilic CA layer. With the air gap trapped in the PVDF layer
acting as nanofluidic diode-like channels, this Janus membrane exhibited ultra-fast
water transport while rejecting the reverse salt diffusion in FO tests. The current study
opens up a new avenue of developing porous Janus membranes with unprecedented
osmosis performance. The porous Janus membranes with unparalleled osmosis
performance may find their potential applications in desalination, juice and medicine

concentration and power generation via pressure retarded osmosis.

Nevertheless, wetting plays an important role in the Janus membrane to deteriorate the
membrane selectivity as well as FO water flux. Further research is therefore needed to
enhance the anti-wetting performance of the Janus membrane in order to enable a long-
term stable separation performance. The wetting resistance, fouling and scaling issue
of the Janus membrane could be improved by reducing the pore size and porosity of the
hydrophobic layer, or introducing a buffer layer between the hydrophobic layer and the
DS (e.g. coating another hydrophilic layer on top of the hydrophobic layer) to minimize
the impact of shearing force on wetting. In real application, it is possible to recover the
performances by cleaning and drying once the membrane was fouled or wetted. Since
membrane distillation which has the similar wetting issue has been commercialized,
there is a good hope for our proposed Janus membrane for real application rather than
only limited in lab. In addition, the long-term wetting resistance of the membrane can

be enhanced by reducing the pores size or introducing protective layer (e.g. thin

14
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hydrophilic layer or re-entrant structures with low surface energy via post-treatment,
such as surface fluorination).*”*° There should be a tradeoff between the membrane
wetting resistance and porosity (flux). Our Janus membrane is structurally different
from conventional TFC FO membrane. Systematic studies on the effect of the thickness
and pore structure of each layer are thus needed to optimize the membrane separation
performance and stability. Meanwhile, the typical parameters (e.g. structural parameter
and ICP) and mass transfer mechanisms developed for conventional FO
membranes/processes may not be directly applicable for Janus membranes. Thus,
further studies are required to model the transport behavior for these novel FO
membranes. We did not observe adhesion issues under the moderate experimental
conditions, even though we did not performed any pretreatment for the CA layer. Where
harsh operational conditions are applicable, the CA layer can be potentially pretreated
by adhesives, such as polydopamine to enhance the long-term stability between CA
layer and PVDF layer. In the future, Janus membranes with unique ionic transfer
behaviors®> 3! could significantly advance the osmotically driven membrane

technology due to their superhigh FO performance demonstrated in this study.
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