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Membrane distillation (MD) is receiving growing interest because of its >99.9% salt rejection even with low-
grade waste heat as the energy supply. However, MD membranes are prone to be wetted and usually require
complicated modification strategies to gain sufficient hydrophobicity. In this work, we report a new type of MD
membranes with hydrophobic films carrying pores in the ultrafiltration range as the separation layers. Such
membranes are prepared by coating an A-B-A triblock copolymer polystyrene-block-polydimethylsiloxane-block-
polystyrene (PS-b-PDMS-b-PS, further abbreviated as SDS) on the macroporous PVDF substrate, followed by
soaking in alkanes to cavitate the SDS coating layers following the mechanism of selective swelling. The PDMS
microdomains in the SDS layers are converted to interconnected nanopores, and the PDMS blocks are enriched
along the pore walls and membrane surface, endowing the membranes with intrinsic hydrophobicity. Thus-
prepared SDS membranes exhibit stable rejection to NaCl (>99.99%) and high permeate flux up to 32.8 kg
m~2 h™}, better than most MD membranes with large pores in the microfiltration range. Moreover, the SDS
membranes display excellent wetting resistance, good heat resistance, and long-term stability. This work pro-
vides a new strategy to prepare MD membranes enabled by selective swelling of hydrophobic block copolymers,
and demonstrates the great potential of hydrophobic ultrafiltration membranes in the long-term use in mem-

brane distillation.

1. Introduction

Membrane distillation (MD) has attracted growing attentions
because of its capability to achieve larger than 99.9% salt rejection with
relatively low cost utilizing low-grade waste heat sources as the energy
supply [1-4]. The process of MD uses hydrophobic membranes with
interconnected pores as a liquid barrier, which only allows vapors to
pass through while the liquid feed including dissolved components is
retained under heating conditions, thus separating the vapor phase from
the liquid phase within the membrane pores [5-7]. To date, MD has
shown potential applications in many fields including desalination of
seawater [8], juice concentration [9], alcohol fermentation [10], and
removal of chemical volatile substances [11]. Typically, MD has been
proven to be a more effective and energy-efficient process to desalinate
seawater and brines compared with conventional desalination methods
such as multi-stage flash [3,8].

Membranes with a hydrophobic surface and porous structure are of
ultimate importance in MD processes [5,12,13]. Usually, hydrophobic
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membranes used in MD are mainly prepared by polyvinylidene fluoride
(PVDF) [14], polytetrafluoroethylene (PTFE) [15], polyethylene (PE)
[16] and polypropylene (PP) [17], etc. These membranes are typical
commercial microfiltration membranes, ie. with pore sizes among
~0.1-1 pm, and exhibit moderate surface hydrophobicity [2,3]. How-
ever, the moderate surface hydrophobicity and large pore size of these
membranes usually result in a relatively low liquid entry pressure (LEP)
[18], which allows liquid water enters the membrane pores at low
pressures or causes solute enrichment on membrane surface, thus hin-
dering the long-term performance in MD [19]. Constructing super-
hydrophobic membrane surfaces has been recently demonstrated to be
one of the most effective strategies to prevent membrane wetting on
account of their extremely high water contact angles (WCAs) [13].
Recent studies regarding the preparation of superhydrophobic mem-
branes mostly rely on increasing the surface roughness and lowing the
surface energy of the membrane-forming materials [2], including sur-
face chemical modification [20,21], plasma treatment [22], as well as
the utilization of nanoparticles and polymers with low surface energy
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[23,24]. However, these methods are usually suffering from tedious
processes, expensive modifying agents, and copious consumption of
organic solvents. Therefore, it is highly demanded to develop facile but
efficient strategies to prepare MD membranes with long-standing desa-
lination performances.

The hydrophobicity, pore size, porosity and effective film thickness
play key roles in determining the performance of MD [7,25,26]. Ac-
cording to the Young-Laplace’s equation [27], improving the hydro-
phobicity (ie. WCA) is not the only way to promote the LEP of
membranes, and lowering the pore size is also able to increase the
wetting resistance (i.e. LEP) of membranes. Typically, liquid water is
more difficult to enter pores with smaller sizes, leading to higher LEPs
and consequently better wetting resistance. Therefore, membranes with
smaller pore size tend to tolerate surface wetting even with relatively
low hydrophobicity [28,29]. However, smaller pore sizes may result in
narrowed transfer channels, leading to lower permeate flux [25].
Currently, there is a lack of studies on the effect of pore size on the MD
performance. Few ultrafiltration membranes and nanofiltration mem-
branes with hydrophobic surfaces have been used for the MD purpose
[30,31], and it is highly demanded to investigate the possibility of ul-
trafiltration and nanofiltration membranes in MD. In this paper, we coat
thin hydrophobic layers with pore sizes in the ultrafiltration range onto
the macroporous substrates to prepare a new type of MD membranes
with long-standing wetting resistance and excellent MD performance.

Very recently, we reported a facile and nondestructive strategy of
preparing hydrophobic membranes with nanoporosities using selective
swelling of hydrophobic block copolymers (BCPs) [32]. High porosity is
achieved by soaking polystyrene-block-polydimethylsiloxane-block-poly
styrene (PS-b-PDMS-b-PS, abbreviated as SDS below) dense films in al-
kanes at room temperature. As-prepared hydrophobic porous films are
penetrated with interconnected pores of tens of nanometers falling in the
ultrafiltration range and display inherent surface hydrophobicity thanks
to the enrichment of the more hydrophobic PDMS blocks onto the
membrane surface as well as pore walls. Such an intrinsic hydropho-
bicity and interconnected nanoscale porosity imply that thus-prepared
SDS membranes may show new possibility and potential in MD. Be-
sides, PDMS has been utilized in the coating modification of MD mem-
branes owing to the low surface energy and intrinsic hydrophobicity;
however, crosslinking is inevitable on account of the rubber state and
fluidity of PDMS at room temperature [33,34]. Interestingly, the PS
phase in SDS functioned as physical crosslinking points to prevent PDMS
chains from flowing discretionarily, therefore, the SDS BCPs were not
needed to be further crosslinked and could be repeatedly used. In this
paper, we report the preparation of composite MD membranes with
hydrophobic nanoporous SDS coatings enabled by selective swelling as
the function layers, and demonstrate the feasibility and distinguished
performances of hydrophobic membranes with pores in the ultrafiltra-
tion range as a strong player for MD. Besides, the effect of pore size,
porosity and effective film thickness on membrane distillation perfor-
mance are systematically investigated.

2. Experimental section
2.1. Materials

Styrene (>99.9%), bis(aminopropyl)-functionalized PDMS (with M,
of PDMS ~5, 10, and 25 kDa, respectively), 4,4’-azobis (4-cyanovaleric
acid) (ACVA, >98.0%), dicyclohexylcarbodiimide (DCC, >98.0%), and
N, N-dimethylpyridin-4-amine 4-methybenzenesulfonate (DPTS,
>98.0%) were provided by Energy Chemical. n-hexane (C6, >95%) was
purchased from Sigma Aldrich. N, N-dimethylformamide (DMF,
>99.9%) and n-octane (abbreviated as C8, >95%) were supplied by
Macklin. n-heptane (abbreviated as C7, >99.0%), anhydrous tetrahy-
drofuran (>99.9%), n-decane (abbreviated as C10, >99.0%) and sodium
dodecyl sulfate (>99.0%) were obtained from Aladdin. Anhydrous
ethanol (>99.8%), chloroform (>99.0%), methanol (>99.7%) and NaCl
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(>99.8%) were purchased from local suppliers. Silicon wafers were
treated by ultrasonic cleaning before using. Hydrophilic PVDF mem-
branes with the nominal pore size of 0.22 pm were purchased from
Millipore and used as macroporous substrates to prepare composite
membranes. All reagents were used as received. Deionized water (DI
water) with a conductivity of 8-20 pS em ™! was used in all tests.

2.2. Synthesis of SDS BCPs

SDS BCPs with varied PDMS contents and molecular weights were
synthesized from the PDMS macroinitiators and styrene monomer
following our previous work [34]. First, we used bis(aminopro
pyD-functionalized PDMS to synthesize PDMS macroinitiators at room
temperature for 48 h. Then, a preset amount of PDMS macroinitiator,
styrene, as well as the solvent, anhydrous tetrahydrofuran, were added
into a reaction flask followed by degassing and sealing under vacuum.
The polymerization of styrene was initiated by the PDMS macro-
initiators, and the reaction took place at 80 °C for 24 h. After purifica-
tion, as-synthesized SDS copolymers with the molecular weight of the
PDMS block of 5k, 10k, and 25k were named as SDS5k-X, SDS10k-X, and
SDS25k-X, respectively, in which X represents the weight percentage
value calculated by 'H NMR. For example, SDS10k with 21.5 wt% PDMS
was denoted as SDS10k-22.

2.3. Selective swelling of SDS thin films

The casting SDS solution with a concentration of 2 wt% in chloro-
form was repeatedly filtrated through 0.22 pm PTFE filters three times
before use. To investigate the swelling behavior of SDS BCPs with
different contents, the dense BCP films were fabricated by spin-coating
BCP solutions onto silicon wafers at 2000 rpm for 30 s (Fig. S1). The
obtained films were then soaked in alkanes with varied carbon numbers
(C6, C7, C8, C10) at 25 °C for 1 h to perform selective swelling. After
swelling, the films were taken out from the solvent and dried at ambient
conditions for at least 24 h to evaporate the volatile alkanes.

2.4. Preparation of SDS composite membranes

Hydrophobic SDS composite membranes were prepared by coating
SDS solutions onto macroporous PVDF substrates (Fig. S1). Before
coating, hydrophilic PVDF substrates which have a WCA of 0° (Fig. S2)
were immersed in DI water for 30 min to fill the pores with water to
avoid the leakage of SDS solutions during the coating process. After
being removed from water, the PVDF substrates were placed on a clean
glass plate. SDS solutions were spin-coated on PVDF substrates (2000
rpm, 30s), followed by drying at 25 °C for at least 24 h. Afterwards, the
SDS-coated PVDF substrates were soaked in alkanes at 25 °C to perform
selective swelling to the SDS layers. After certain durations, the samples
were removed from alkanes, and dried at ambient conditions for at least
24 h, thus obtaining composite membranes with hydrophobic nano-
porous SDS coating layers (Fig. 1). The WCAs of the composite mem-
branes were ~120° (Fig. S3).

2.5. Characterizations

The chemical structures of synthesized SDS BCPs were determined by
'H nuclear magnetic resonance (‘H NMR, AV400, Bruker) using CDCl3
as the solvent. Thermogravimetric analysis (TGA) was conducted using a
synchronous thermal analyzer instrument (Netzsch, STA 449 F3). The
TGA curves from room temperature to 800 °C were recorded at
10 °C-min~! under Ny, The cross-sectional and surface morphologies
were recorded using a Hitachi S-4800 field emission scanning electron
microscope (FESEM) under an accelerating voltage of 3 kV. Before
testing, the SDS films were sputter-coated with platinum to increase the
electrical conductivity. Besides, the samples used for cross-sectional
observation were immersed in liquid nitrogen and ruptured.
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Fig. 1. Schematic diagram of the preparation of SDS composite membranes via coating and selective swelling.

The thicknesses of SDS films coated on the silicon wafer before and
after swelling were tested via a spectroscopic ellipsometer (Complete
EASE M — 2000U, J. A. Woollam) with an incidence angle of 70°. The
volume porosities of the SDS films were then calculated by comparing
the film thickness before and after swelling. The surface porosities,
however, were estimated by measuring the proportion of pore area on
the film surface from SEM images.

2.6. Wetting resistance tests

Wetting resistance of MD membranes is generally characterized by
LEP. LEP is the maximum pressure value that liquid cannot pass through
the membrane pores. The LEP value can be calculated by the Young-
Laplace’s equation.

_ —2By,cos @

LEP (€9)

Tmax

where rpax is the maximum pore size of surface pores on SDS coating
layers after swelling. y; represents the liquid surface tension while 6 is
the water contact angle. B is a geometric factor involving pore mor-
phologies [27,35]. In this work, a dynamic measurement technique was
applied on a cross-flow filtration device to determine the practical LEP
experimentally. The SDS composite membrane was put into the
cross-flow filtration device where deionized water was recirculated at
20 °C. Then the hydrostatic pressure on the feed side is increased from
0.1 to 6 bar by a step of 0.1 bar every 5 min. The LEP value was
determined as the pressure at which the first drop of liquid water was
observed. Each measurement was carried out three times, and the
average value and standard deviation were reported.

2.7. Membrane distillation tests

The MD of SDS composite membranes was operated on a homemade
apparatus with an effective membrane area of 1.19 cm? utilizing the
vacuum membrane distillation (VMD) process (Fig. S4). During the VMD
test, the hydrophobic SDS side was facing the feeding NaCl solution
while the PVDF side supported by a steel mesh was facing the vacuum.
The membranes used in MD tests were prepared by selective swelling in
C6 at 25 °C. The operating temperature was controlled at 50 °C by a
water bath and the flow rate of feed solution (a 0.6 M NaCl aqueous
solution) was fixed at 500 mL min~! using a peristaltic pump. The
temperature of the condensation water was set as 1 °C while the pressure
was kept at 2 kPa on the permeate side. The MD test was first stabilized
for 2 h, and then lasted for 8 h. The mass and conductivity of the
distillate (permeate solution) were measured every 1 h via an electronic
balance and a conductivity meter (S230-K, Mettler Toledo), respec-
tively. The permeate flux (J) was calculated using Eq. (2)

w

= @)

where J (kg~m’2~h’1) is the permeate flux, W (kg) is the mass of
distillate. A (m?) and t (h) are the effective membrane area and the
recording time, respectively. The salt rejection of membrane (R, %) was
computed via Eq. (3)

R= (1 Ji) x 100% )
Hy

where y, (uS-em™Y) and Hy (uS-em™?) represent the conductivity of the
permeate solution and the feed solution, respectively.

The long-term MD performance was conducted on the SDS10k-22
membrane. The test was run continuously for 156 h with a 0.6 M NaCl
feeding solution. The feed temperature was set at 50 °C, and the
permeated liquid was returned to avoid the variation of the feed solution
concentrations. A 0.6 M NaCl aqueous solution containing 0.05 mM
sodium dodecyl sulfonic acid was also used to test the effect of surfac-
tants on the long-term MD performance of the SDS10k-22 membrane.
Besides, the MD performances were tested at different heating temper-
atures ranging from 30 to 80 °C to evaluate the heat resisting property of
the SDS composite membranes.

3. Results and discussion
3.1. Synthesis of SDS block copolymers

Several SDS BCPs with varied PDMS contents were synthesized. The
block ratios were examined with '"H NMR and TGA, and the results are
illustrated in Fig. 2 and Table 1. As shown in Fig. 2a, all three SDS10k
BCPs exhibited two-step degradation curves, in which PS segments
degraded at the temperature region of 300-360 °C while the PDMS
blocks degraded after 360 °C, implying that BCPs with varied PDMS
contents were successfully synthesized. The block ratios of PDMS could
be estimated from the degradation curves to be 11.7 wt%, 20.5 wt%, and
28.7 wt%, respectively. Meanwhile, the percentage of PDMS can also be
determined according to the proton signals of PS (6.5 ppm and 7.0 ppm)
and PDMS (0.08 ppm) from 'H NMR spectra. The weight percentages
calculated by 'H NMR were 11.8, 21.5 and 30.2% for the three BCPs,
respectively, which were very close to the feed ratios of the two blocks.
Besides, the results in '"H NMR were also close to those obtained from
TGA. Given that NMR is a more accurate technique to analyze the
composition of BCPs, the weight percentages calculated by 'H NMR
were considered as the real values and used in this work. These syn-
thesized SDS BCPs were named as SDS10k-12, SDS10k-22, and SDS10k-
30, respectively. Furthermore, to investigate the effect of chain length
(the molecular weight of the PDMS block) on the swelling behavior and
pore sizes, we also synthesized SDS5k-24 and SDS25k-20 following the
same procedure, and the corresponding compositions were also dis-
played in Table 1 and Fig. S5.
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Fig. 2. (a) TGA curves and (b) '"H NMR spectra of SDS10k-12, SDS10k-22, and SDS10k-30.

Table 1
The feed percentage, and weight percentage of PDMS calculated by 'H NMR and
TGA of SDS BCPs.

Samples Feed Weight percentage Weight percentage
percentage (%)  calculated by 'H NMR calculated by TGA(%)
(%)
SDS10k- 10 11.8 11.7
12
SDS10k- 20 21.5 20.5
22
SDS10k- 30 30.2 28.7
30
SDS5k- 20 23.8 NA
24
SDS25k- 20 20.1 NA
20

3.2. Effect of PDMS contents

According to our previous work, alkanes can produce well-defined
nanoporosities in hydrophobic SDS films following the principle of se-
lective swelling [32]. When soaked in alkanes, the PDMS microdomains
dispersed in the PS matrix are strongly swollen, forming a new contin-
uous phase thanks to the strong interaction between alkanes and the
PDMS blocks. With the evaporation of alkanes, the swelling PDMS
phases collapse, leading to interconnected pores with the PDMS chains
lined along the pore walls and the film surface. This endows the SDS
membrane with an intrinsic hydrophobic surface. Thus-produced porous
films could achieve a volume porosity as high as 50% by simply soaking
SDS10k-15 in C8, however, an elevated temperature (e. g. 55 °C) was
required. However, swelling at room temperature is more desired in
real-world applications for the sake of lower energy consumption and
environmental risks [36]. Unfortunately, swelling SDS10k-15 films at
room temperature could produce a volume porosity of no more than
42% [32]. Considering that the volume porosity is also greatly influ-
enced by the block ratio of BCPs [37,38], we believe that SDS with
sufficiently high content of PDMS can achieve considerably high volume
porosity when swelling-treated at room temperature.

Three SDS BCPs (SDS10k-12, SDS10k-22, and SDS10K-30) were
coated onto silicon wafers, and soaked in alkanes for 1 h to determine
the appropriate PDMS percentage reaching the strongest swelling de-
grees (i.e. the highest volume porosity) at 25 °C. The changes in volume
porosities and surface SEM images of the SDS films with varied PDMS
percentages and the carbon number of alkanes after swelling are dis-
played in Fig. 3 and Fig. S6. As shown in Fig. 3a, the volume porosities of
swollen SDS films depended not only on the kind of selective solvents
but also on the composition of BCPs. SDS-10k-12 and SDS10k-22 both
exhibited gradually declined swelling degrees with the increasing car-
bon numbers of alkanes as a result of smaller interactions between

(a) 60
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=40 e
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O 30+
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Fig. 3. (a) Evolution of volume porosities with varied PDMS contents after
swelling at 25 °C in different alkanes for 1 h. Surface SEM images of (b)
SDS10k-12, (c) SDS10k-22, and (d) SDS10k-30 films after swelling in C6 at
25 °C for 1 h. All images have the same magnification as the scale bar given
in (d).

alkanes and BCPs [32]. However, when the PDMS percentage was
increased to 30 wt%, volume porosities of the membranes soaked in C6,
C7, C8 and C10 were 46.0%, 48.0%, 42.9% and 24.4%, respectively.
Interestingly, the volume porosity of the SDS10k-30 film soaked in C6
was even lower than that soaked in C7. As the molecular weight of PDMS
is invariable for SDS10k copolymers, the chain length of PS decreased
for SDS10k with larger PDMS percentages. SDS10k-30 has the shortest
PS chains, which is easier to move under pressures gradually accumu-
lated by the expansion of PDMS. Therefore, the excessive swelling of the
SDS with the highest percentage of PDMS was found in C6 because C6
has the strongest affinity to PDMS among the four alkanes [32,37]. It is
clear that the volume porosity was increased evidently with the increase
of the PDMS percentage except for the cases using C6 as the swelling
agent. Moreover, SDS10k-22 exhibited the highest volume porosity of
50.2% when swelling was performed in C6 at 25 °C, which is compa-
rable to the highest value obtained by SDS10k-15 (C8, 55 °C). This is
almost the highest porosity value ever achieved in the selective swelling
process, and it is significant when considered that it is achieved at room
temperature.

The surface morphologies of the nanoporous films obtained by
swelling in C6 for 1 h are displayed in Fig. 3b—d. For SDS10k-12, the
surface porosity was as low as 2.9% with sparse circular lying on the film
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surface, and the average pore size was just 19.9 nm. For SDS10k-22 with
the PDMS percentage increased to 22%, a typical bicontinuous structure
with interconnected pores was observed, and the surface porosity and
pore size rose to 14.7% and 24.3 nm, respectively. For SDS10k-30, the
film surface became slightly micellization as a result of a stronger
swelling degree, and the surface porosity and pore size were decreased
to 11.6% and 22.6 nm, respectively. Besides, as shown in Fig. S6, when
swelling in C7, C8, and C10, the surface porosity and pore sizes could be
enhanced with increased PDMS percentage and decreased carbon
numbers in alkanes. Conclusively, SDS10k-22 films achieved the highest
volume porosity and surface porosity when swelling at room tempera-
ture. Therefore, 22% was adopted as the most suitable PDMS percentage
and was utilized in our following investigations.

High hydrophobicity and good wetting resistance are crucial for MD
membranes. The hydrophobicities of PVDF substrates and SDS com-
posite membranes were examined by dripping water directly on the
membrane surface. As is shown in Fig. 4a, colored water was unable to
wick through the membrane thanks to the hydrophobicity of the coated
SDS layer while the 0.22 pm macroporous PVDF substrate was easily
wetted by liquid water, verifying that the porous thin layer of SDS10k-
22 endowed the substrate with strong hydrophobicity. As displayed in
Fig. 4b, the PVDF substrate exhibited an irregular macroporous surface
structure, the practical pore size is determined to be 280 + 38 nm
(ImagelJ). Besides, the dynamic contact angle of PVDF substrate was
shown in Fig. S2. Liquid water passes through the hydrophilic PVDF
within 5 s. After coating of the SDS layer followed by selective swelling,
the PVDF substrate was covered with a uniform nanoporous layer with a
surface WCA of ~120°.The thickness of the coating layer was ~650 nm
while the pore size was dozens of nanometers (Fig. 4c and d). The
improvement of hydrophobicity and reduction of pore size were also
beneficial in improving the wetting resistance during the MD process.

The MD performance of the SDS10k-22 membrane subjected to
swelling in C6 (25 °C, 1 h) was tested and shown in Fig. 4e. The mem-
brane showed consistent and relatively stable permeate flux (the mean
permeate flux was 13.8 kg m~2 h™!) and maintained a salt rejection
above 99.99% during an 8-h test duration. Therefore, we have demon-
strated that SDS films could form interconnected pores by a simple yet
effective selective swelling process even at room temperature, and thus-
obtained composite membranes showed great potential in the
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applications of MD.

3.3. Effect of PDMS molecular weights

Considering the porosities and pore sizes of the nanoporous films
after selective swelling are also affected by the molecular weight of the
minority blocks, we also investigated the effect of the PDMS molecular
weights on the SDS film morphologies and MD performances. We
investigated the swelling behaviors of SDS films with the PDMS per-
centage fixed at ~20-24% but the PDMS molecular weights varied
among 5k, 10k, and 25k. As shown in Fig. 5a, all three samples achieved
rather high volume porosities after swelling at C6 for only 1 min, and
reached the equilibrium swelling condition within 1h. Afterwards, the
volume porosities changed little even with an extended swelling time of
4 h. Therefore, the change of the volume porosity has little relation to
the molecular weight of PDMS but is strongly affected by its contents in
the copolymer.

However, the morphology of surface pores changed greatly with the
PDMS molecular weight as shown in Fig. 5b—d. For SDS10k-22, most of
the surface pores were between 10 and 40 nm, and the average pore size
was ~24 nm. SDS5k-24 with a shorter chain length of PDMS displayed a
narrower pore distribution while the surface pores were between 10-20
nm, and the average pore size was only ~14 nm. When the molecular
weight of PDMS was increased to 25 kDa, the film surface showed large
and sparse pores with a mean diameter of ~41 nm. Therefore, we un-
derstand that the molecular weight of PDMS greatly influenced the pore
size during selective swelling. The surface pore sizes were increased
significantly with the molecular weight of PDMS as a result of the
increased size of the PDMS microdomains in the original SDS films
before swelling for the SDS with longer PDMS blocks. Besides, the sur-
face porosities of SDS films for SDS5k-24, SDS10k-22 and SDS25k-20
were 11.2%, 14.7%, and 9.2%, respectively, which were only varied
slightly regardless of their discrepancy in the molecular weight of PDMS
(Fig. 6a). Therefore, increasing the molecular weight can only effec-
tively enlarges the pore size of the swelling-treated films, but hardly
influences their porosities.

We tested the MD performance of the three SDS membranes. The
permeate flux of the SDS5k-24, SDS10k-22, and SDS25k-20 membranes
were 13.8, 13.2, and 13.2 kg m 2 h™?, respectively, and they all

o—0—0—0—0—0—0-—0 F 100

O,
0==0—0n (~O o o

2 4 6 8
Time (h)

Fig. 4. (a) Digital photographs of microporous PVDF substrates (left) and the SDS10k-22 membrane (right) exposed to water drops. Surface SEM image of (b) the
PVDF substrate and (c) the SDS10k-22 membrane. (d) Cross-sectional SEM image and (e) MD performance of the SDS10k-22 membrane. The SDS10k-22 membrane
was prepared by swelling in C6 for 1 h. Insets in (b—d) show the corresponding magnified SEM images.



Z. Lietal

=]
o

SDS10k-22

o
o

_—
Q
~—

Volume porosity (%)

SDS25k-20
SDS5k-24

N
£

w
o

N
(=]

-
o

o

0 60 120 180 240

Swelling duration (min)

"V OF o
Diameter (nm)

Journal of Membrane Science 679 (2023) 121710

=

Frequency ('
>

(=)

10 20 + 30 %40 50

Diameter (nm)
5. ¢

Frequency (%)
ST OGS

Lo

20 40 €0

Diameter (nm)

Fig. 5. (a) Variations of volume porosities of SDS films with different molecular weights of PDMS after swelling in C6 at 25 °C. Surface SEM images of (b) SDS5k-24,
(c) SDS10k-22, (d) SDS25k-20 films after swelling in C6 (25 °C, 1 h). All images have the same magnification as the scale bar given in (d). Insets in (b-d) show the

pore size distribution and the average pore size of the corresponding membranes.

O

(b)

6
— L100
;\315_ 54 ‘:\15- -
> lC 80 _
= ’g 44 o X
5™ 2, gw- %0
a o ] < 2
w | (6]
3 a2 s 400
© 54 = 5] )
= L 14
S 1. L 20
n
. . . 0 . . , 0 T T T
SDS5k-24 SDS10k-22 SDS25k-20 SDS5k-24 SDS10k-22 SDS25k-20 SDS5k-24  SDS10k-22 SDS25k-20
(d) 16 () 2 —
- /n L 100
Q _ ]
<124 ; <151 o0 ==
2 < le— =
D o <
S 8 £ 104 60 &
a 2 5
) vt Q
x L40 =
3 41 3 4
= L 51
? L 20
04 o
. . x . . 0 | } . r
0 60 120 180 240 1min  1h 4h  8h 12h

Swelling duration (min)

Swelling Duration

Fig. 6. (a) Surface porosities, (b) LEP values, and (¢) MD performance of the SDS5k-24, SDS10k-22, and SDS25k-20 composite membranes. (d) Surface porosity and
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exhibited salt rejections above 99.99%. That is, the MD performances of
the three SDS composite membranes were very close to each other
regardless of their various PDMS molecular weights. This should be
attributed to the amount of water vapor passing through the membranes
depended on the porosities of membranes rather than the pore size.

As the LEP value is inversely proportional to the surface pore size,
changing the surface pore sizes of membranes by using SDS with

different PDMS molecular weights may also influence the wetting
resistance of membranes without tuning the WCAs. As shown in Fig. 6b,
all three membranes exhibited high LEP values, which were increased
with the decline of the PDMS molecular weight. The LEP values for
SDS5k-24, SDS10k-22 and SDS25k-20 were 5.1, 4.4 and 3.7 bar,
respectively. The WCAs of these three membranes were all 120° or so
(Fig. S§3), so the variation in LEPs should be attributed to that SDS with
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lower PDMS molecular weights obtained smaller pore sizes. Such high
LEP values indicated the composite membranes possessed good wetting
resistance which could avoid pore wetting during long-term MD oper-
ations. Despite the molecular weight hardly influence the WCAs of
membranes, the decrease in molecular weight indeed brings smaller
pore sizes, and consequently better wetting resistance. In contrast, for
commonly used microfiltration membranes, the increase of LEP value
could only be achieved by increasing the WCAs [39].

3.4. Effect of swelling durations

Except for the effect of molecular weight, the effect of swelling du-
rations on the MD performance was also studied. In addition to the
overall porosity, the surface porosity of SDS10k-22 membranes also
reached a constant value after swelling in C6 for 4 h at 25 °C (Fig. 6d),
implying that the real equilibrium swelling condition was reached when
the swelling duration was 4 h. In this case, it is expected that all pores
are interconnected and no blind pores exist. Fig. 6e shows the permeate
flux and salt rejection performance of the SDS10k-22 composite mem-
brane as the function of the swelling duration. After swelling in C6 for
only 1 min, the SDS10k-22 composite membrane exhibited a permeate
flux of 10.3 kg m~2 h™! and a 99.99% salt rejection. As the swelling
duration was extended to 1 h, a slight increase of permeate flux to 13.2
kg m~2 h™! was observed. However, with the swelling duration further
increasing to 4 h, the permeate flux was increased to 17.8 kg m 2 h™%.
Further prolonging the swelling duration, the permeate flux and salt
rejection did not show noticeable changes. The increase in permeate flux
should be ascribed to the increment of the pore size and the porosity
with extending swelling durations, as well as the interconnection of a
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small portion of blind pores (Fig. S7). Once the equilibrium swelling
condition was reached, the porosities and pore sizes did not change
obviously and no room for the permeate flux to grow.

3.5. Effect of thickness of the SDS coating layers

As microfiltration membranes used for MD usually displayed large
pore sizes, poor hydrophobicity or large surface roughness, the effective
hydrophobic separation layers were relatively thick and were usually
tens of microns in thickness (Table S1). In contrast, the nanoporous SDS
films prepared by selective swelling having pore sizes of only tens of
nanometers could function as the effective MD layer with only several
hundred nanometers in thickness. To elucidate the influence of the
coating layer thickness on the MD performance, SDS10k-22 solutions
with various concentrations were used to prepare composite mem-
branes. Generally, a more dilute solution leads to a thinner coating layer,
thus leading to lower mass transfer resistance. Fig. 7a—f show the cross-
sectional SEM images of SDS10k-22 membranes with different dope
solution concentrations ranging from 1 to 5 wt%. The coating layer with
different film thicknesses all displayed uniform nanopores, which was
distinguished from the macroporous PVDF substrates. As is presented in
Fig. 7g, the thickness of the coating layers after swelling was increased
to ~150, 470, 680, 980, 1400, and 2040 nm, respectively. When the
dope solution concentration was less than 1 wt%, the coating layer was
too thin that defects occurred easily, as-prepared composite membranes
were easy to be wetted during MD.

As shown in Fig. 7h, the LEP value was also influenced by the
thickness of the SDS layer to some extent. When the SDS solution con-
centration was 1 wt%, composite membranes displayed the smallest LEP

Thickness
o
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LEP (bar)
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Fig. 7. (a-f) Cross-sectional SEM images of nanoporous SDS layers, all images have the same magnification as the scale bar given in (f). (g) Evolutions of the SDS
layer thickness, (h) LEP values, and (i) MD performance with varied SDS solution concentrations. The selective swelling of SDS10k-22 composite membranes were

performed in C6 for 1h.
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value of 2.5 bar, which could also be comparative with other MD
membranes [5]. With the increase of the SDS concentration, the LEP
value was enhanced and reached a saturated value when the solution
exceeded 3 wt%. When the film thickness exceeded 980 nm, the LEP
values were close to 5.7 bar. Fig. 7i showes the effect of the SDS con-
centration on membrane performances. When the thickness was only
~150 nm, the SDS10k-22 composite membrane exhibited the highest
permeate flux of 20.2 kg m~2h™! while the salt rejection still maintained
99.99%. As the solution concentration increased from 2 wt% to 3 wt%,
the flux declined from 13.2 kg m 2 h™! to 9.6 kg m2 h™!. This is
because a thicker separation layer contributed more mass transfer
resistance. In addition, when the SDS10k-22 concentration exceeded 3
wt%, the composite membranes showed only slightly decreased
permeate flux. The permeate flux was still 7.2 kg m~2 h™! when the
solution concentration reached 5 wt%.

3.6. Evaluation of MD performances under different conditions

We have previously proved that the PDMS phase migrated to pore
walls as well as the film surface after swelling, thus endowing the SDS
membrane surface with permanent hydrophobicity. The long-term MD
performance of the SDS10k-22 membranes swelling in C6 for 1 h is
shown in Fig. 8a. During the MD evaluation for 156 h, the permeate flux
of the SDS10k-22 membrane remained at around 14.2 kg m~2 h™! and
the rejection to NaCl was always greater than 99.99%. We also studied
the effect of surfactants on the long-term performance of SDS10k-22
membranes. As shown in Fig. S8, the membranes still maintained
almost unchanged flux and salt rejection after running MD at 50 °C for
156 h even in the presence of 0.05 mM sodium dodecyl sulfonic acid.
Therefore, the SDS composite membranes prepared by selective swelling
exhibited stable MD performance without any loss of salt rejection. This
should be attributed to the outstanding wetting resistance (a high LEP
value of 4.4 bar), smaller pore sizes and narrower pore size distribution
compared to other MD membranes having pores in the range of
microfiltration.

Furthermore, the permeate flux of SDS membranes could also be
improved by adjusting other parameters. To better understand the effect
of temperature on the permeate flux and verify the thermal stability of
SDS composite membranes, the MD tests were conducted at different
feed temperatures. As shown in Fig. 8b, the permeate flux of SDS
membranes increased dramatically with the ever-increasing feed tem-
peratures. At a low feed temperature of 30 °C, the permeate flux was
only 4.0 kg m~2h™!. When the feed temperature was increased to 50 °C,
the permeate flux was increased to 13.2 kg m 2 h™L. It is interesting that
the SDS10k-22 composite membrane could be well used at a high feed
temperature of 80 °C, in which the permeate flux was as high as 32.8 kg
m~2 h™! with the rejection to NaCl maintained above 99.99%. The
enhanced permeate flux was ascribed to the increased driving force
caused by the higher temperature difference between the permeate and
feed side so that more water vapor molecules passed through the SDS
membrane pores. Therefore, higher flux could be achieved by
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minimizing the film thickness as possible and elevating the feed tem-
perature of feed liquids without sacrificing the salt rejection perfor-
mance (99.99%).

Therefore, SDS composite membranes with hydrophobic nanoporous
layers with pore sizes in the ultrafiltration range prepared by selective
swelling could be well used in MD while the membranes exhibited
outstanding and stable performances. Compared to other MD mem-
branes under the VMD condition in the literature (Fig. 9, detailed in-
formation was listed in Table S1), the SDS composite membranes in this
work showed several advantages. First, all the SDS composite mem-
branes exhibited a >99.99% rejection to NaCl and high LEP values
larger than 2.5 bar, which are much higher than other membranes.
Second, the flux of SDS composite membranes can be enhanced by
adjusting the parameters, and the permeate flux could be as high as 32.8
kg m™2 h! at the feed temperature of 80 °C. More importantly, the
effective layer of SDS composite membranes could reach as thin as
hundreds of nanometers as a result of the small pore sizes (tens of
nanometers) in the coating SDS layers. Considering the separation layers
of most MD membranes were tens of micrometers in thickness, the SDS
composite membranes with such thin coating layers consume much
fewer materials and solvents.

4. Conclusions
In summary, we report a new type of composite membranes for

membrane distillation with hydrophobic ultrafiltration membranes as
the functional coating layer. The porous hydrophobic layer is prepared
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Fig. 9. Performance comparison of the SDS10k-22 composite membrane with
other MD membranes [40-45].
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by a simple coating and selective swelling of SDS (polystyrene-block-
polydimethylsiloxane-block-polystyrene) films at room temperature.
The volume porosities and pore sizes of the swollen SDS films are
strongly affected by the composition of SDS, swelling durations and the
selective solvents. When the weight percentage of PDMS blocks is
around 20%, the SDS films can reach high volume porosities of ~50%
regardless of the molecular weight. Typically, the highest volume
porosity of 50.2% is achieved with SDS10k-22 as the coating material
and n-hexane as the swelling solvent. Besides, the pore sizes on film
surface, and therefore the wetting resistance, increase dramatically with
the molecular weight of PDMS while the porosities hardly changed. All
SDS composite membranes show high LEP values above 2.5 bar
although their WCAs are only ~120°. The LEP values can also be
increased by increasing the film thickness when thinner than 1000 nm.
The MD permeate flux is mainly affected by several factors including
pore sizes, porosities and thickness of the nanoporous SDS layers, and
the rejection to NaCl always exceeds 99.99%. Besides, the SDS com-
posite membranes can tolerate high feed temperatures of 80 °C. In this
condition, the permeate flux increases drastically to 32.8 kg m~2-h~!
without sacrificing the rejection performance. Furthermore, the SDS
composite membranes display excellent long-term stability. Therefore,
this work demonstrates that hydrophobic SDS films with pore sizes in
the ultrafiltration range prepared by selective swelling can be used as
MD membranes, and thus-obtained membranes display excellent and
long-standing MD performance.
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