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With excellent permeability as the foremost requirement for membranes used in the membrane distillation
(MD) process, the thermally induced phase separation (TIPS) method is a promising approach for preparing
porous membranes with a bicontinuous structure, which is identified as the best morphology for
permeation. The structure design of membranes prepared by the TIPS process can be strengthened
when a binary solvent is introduced in the casting solution. In this work, the determination principles for
binary solvent were explicated in detail, and further employed for the selection of binary solvent for the
fabrication of polyvinylidene fluoride (PVDF) membrane with different structures. By the TIPS approach,
the porous PVDF hollow fiber membranes with cellular structure were generated by g-butyrolactone
(GBL)/dioctyl phthalate (DOP) and GBL/dioctyl adipate (DOA) binary solvents, while the membrane with
a bicontinuous structure was produced from GBL/dioctyl sebacate (DOS) binary solvent. The phase

diagram was used to explain a feasible mechanism for the formation of the porous structures above.
Received 28th March 2018

Accepted 2nd July 2018 When the morphologies and properties of the membranes were characterized and compared, the

membrane with a bicontinuous structure rather than a cellular structure was identified as the potential
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1. Introduction

The membrane distillation (MD)' technique is a kind of
membrane separation technology combined with traditional
distillation technology, which has been widely used in chemical
separation and enrichment,”> seawater desalination® and
industrial waste water treatment. Among the membrane
materials applied in the MD process, semi-crystalline poly-
vinylidene fluoride (PVDF) has attracted much attention owing
to its notable chemical stability, stain resistance, mechanical
properties, wide processing temperature, and pliability.>”
Nonsolvent induced phase separation (NIPS), which is usually
considered as a common strategy for preparing PVDF
membranes,® induced the formation of macrovoid and finger-
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flux and excellent long-term performance.

like structures inside the membrane due to the exchange of
solvent for a non-solvent phase. The defects caused by the NIPS
process resulted in unsatisfactory mechanical properties, which
are detrimental to long-term practical application especially at
high temperature. The thermally induced phase separation
(TIPS) method,” by contrast, is a promising approach for
preparing porous membranes due to several accepted advan-
tages, such as fewer influencing factors, easy operation,
uniform pore size distribution, high porosity, excellent
mechanical properties and so on.

In the TIPS process, the homogeneous casting solution is
obtained by dissolving the polymer in the solvent with high
boiling point and low molecular weight at an elevated tempera-
ture. Then the casting solution is shaped into a flat sheet or
hollow fiber and cooled in the coagulation bath to induce phase
separation and solidify the membrane. Finally, the residual
solvent is extracted by extractant which is further evaporated to
yield the porous structure. As the thermal energy is removed from
the homogeneous solution, TIPS occurs in the form of solid-
liquid (S-L) or liquid-liquid (L-L) phase separation.” The final
morphology of the membrane is strongly influenced by the
sequence of L-L and S-L phase separation. When the L-L phase
separation is prior to S-L phase separation, the membrane
morphology is always characterized as cellular or bicontinuous
structures with excellent connectivity and high porosity.
However, unexpected spherulitic structures can also be formed
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when the S-L phase separation occurs first, which exhibits poor
membrane strength, a dense skin layer and wide pore size
distribution due to the strong interaction between the PVDF
material and diluents. The compatibility of the system has been
reported as the main factor determining whether L-L or S-L
phase separation occurs.®? Compared with the single diluent
system, the structure design can be strengthened when a binary
diluent is introduced in the casting solution. Tang et al. intro-
duced a binary solvent of diphenyl ketone (DPK) and 1,2-
propylene glycol (PG) to control the mechanisms of the phase
separation, and the bicontinuous cross-section structure was
obtained when the PG/DPK mass ratio is 3/7 and the polymer
concentration is 30 wt%.® Zhou et al. employed a binary solvent of
dibutyl phthalate/dioctyl phthalate (DBP/DOP) to prepare PVDF
hollow fiber membranes via a TIPS process, and found that the
membrane morphology changed from spherulite structure to
uniform interconnected sponge-like structure when the weight
ratio DBP to DOP was changed." Song et al. used a binary solvent
consisting of DBP and dibutyl sebacate (DBS) to fabricate PVDF
membranes, and found that the morphology of the membrane
cross-section changed from spherulitic to bicontinuous structure
as the DBS mass fraction increased in the mixed solvent.®

In contrast with macrovoid, finger-like, sponge-like and
spherulitic structures, the cellular and bicontinuous structures
are identified as beneficial structures in MD process due to their
excellent permeability."* A plenty of works have been done on
the fabrication of PVDF hollow fibre membranes with the
cellular and bicontinuous structures for the purpose of
membrane distillation.” However, the selection of binary
solvent has not yet been deeply explicated for preparing the
membranes with the cellular structure and bicontinuous
structure. Moreover, seldom information was reported currently
for an extensive comparison between these two structures. In
this work, the determination principles of binary solvent for
TIPS process were summarized in detail. The feasible binary
solvent was employed to generate the porous PVDF hollow fiber
membranes with the cellular structure and bicontinuous
structure by TIPS approach. The phase diagram was used for
analyzing the possible formation mechanisms of different
structures. The morphology, property and operation perfor-
mance in direct contact membrane distillation (DCMD) of the
hollow fiber membranes were characterized and compared. On
the basis of our findings and comparison with the other MD
membranes in references, this study schematically proposed
a promising strategy to design PVDF membrane with the
cellular structure and bicontinuous structure, and improved the
performance of PVDF membrane in MD process.
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2. Materials and methods

2.1. Binary diluent determination

The determination principles of solvent employed in TIPS
process should comply with the following schemes: (1) the
principles for solvent determination varied with polymer cate-
gories.” As a polar semi-crystalline polymer, the rules of “like
dissolves like” and “solubility parameters theory” are supposed
to be followed by PVDF for the solvent determination. That
means, PVDF can be soluble in a polar solvent or a solvent with
similar solubility parameter. (2) A homogeneous solution is
formed at an elevated temperature by blending the polymer
with a high-boiling, low molecular weight solvent. The initial
temperature must be less than the boiling point of solvent and
is typically 25 to 100 °C greater than the melting temperature or
glass transition temperature of pure polymer. The polymer
must be stable and the solvent should have low volatility at this
temperature. For PVDF, the melting point of which is about
160-170 °C, the solvent with boiling point more than 200 °C is
desirable for preventing severely volatilization. (3) The solution
is supposed to be fabricated into the desired shape (flat sheet,
tube, or hollow fiber) only at appropriate viscosity.'* Thereby the
low fluidity and mobility of solvent are detrimental to the
membrane fabrication. (4) Low toxicity and low corrosivity are
preferred. (5) Low price commercial products are favorable to
control the production cost.

Following the disciplines outlined above, we have selected
four solvents for PVDF membrane fabrication by TIPS method,
the parameters of which were listed in Table 1. In order to verify
the compatibility between PVDF and each solvent, PVDF powder
(Solef 6008, M,, = 2.55 x 105, M,/M,, = 1.9, m.p. 174 °C, Solvay
Solexis) was mixed with GBL, DOP, DOA and DOS with a mass
ratio of PVDF : solvent = 7 : 3 at 200 °C respectively to form four
suspensions. GBL, DOP, DOA and DOS were analytical reagents
(AR grade) and purchased from Guangfu Fine Chemical
Research Institute (Tianjin, China). All chemicals used in this
study were not purified further. For PVDF, a polar semi-
crystalline polymer, polarity and solubility parameter should
be both considered for the solvent determination. The high
dielectric constant value of GBL (39) indicated its strong
polarity. Though the great difference of solubility parameter
between PVDF (19.2 (J cm>)"?) and GBL (26.3 (J cm )", the
polar PVDF can be dissolved in GBL at high temperature
according to the “like dissolves like” principle. Conversely, even
with the close solubility parameter (19.2 (J cm )" for PVDF,
18.2 (J em )" for DOP, 17.4 (J em™3)"* for DOA and 17.2 (]
em™3)"* for DOS), the big gap in dielectric constant between

Table 1 The parameters of four solvents®™ and the compatibility between PVDF and each solvent observed in this study

Boiling point Solubility parameter Dielectric Viscosity
Materials (cc) (J em™3)"2 constant (mPa s) Compatibility
GBL 204 26.3 39 1.7 Dissolved/strong
DOP 284 18.2 5.3 81.4 Swollen/weak
DOA 214 17.4 4-5 13.7 Swollen/weaker
DOS 377 17.2 <4 19.9 Undissolved/weakest
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PVDF (8-9) and DOP (5.3), DOA (4-5) and DOS (<4) demon-
strated a great difference in polarity. Therefore, the poor
compatibility between PVDF and the other three solvents were
characterized and listed in Table 1.

It is generally accepted that the single diluent casting solu-
tion is incapable of adjusting the polymer-diluent interaction.
Based on the above theoretical considerations and experimental
results, binary diluent is supposed to be essential for adjusting
the compatibility between polymer and diluent. In the following
experiment, therefore, the strong diluent GBL was mixed with
the other three weak diluents (DOP, DOA and DOS) at the mass
ration of GBL : weak diluent = 3 : 7 to form three binary dilu-
ents in different compatibility. Afterwards, PVDF was dispersed
in each binary diluent at the weight percentage of 25 wt% to
produce three homogeneous casting solutions. The membranes
prepared from PVDF/GBL/DOP (casting solution a, CA), PVDF/
GBL/DOA (casting solution b, CB), and PVDF/GBL/DOS
(casting solution ¢, CC) are named as membrane a (MA),
membrane b (MB), and membrane ¢ (MC) respectively. The
influence of binary diluent composition on the phase separa-
tion, membrane structure and performance was explored.

2.2. Fabrication of hollow fiber membranes

To gain a better understanding of binary solvent system, the as-
prepared casting solutions were employed for the following
fabrication process. An extrusion apparatus was used to fabri-
cate hollow fiber membrane as shown in Fig. S1 of ESL.T The
feasible casting solution was fed to the vessel, heated to 190 °C
with stirring for 2 h under the nitrogen atmosphere. After
releasing the air bubbles for 1 h, the homogeneous casting
solution was fed to a spinneret under the nitrogen pressure of
0.2 MPa. The spinneret is consisted of an outer tube and an
inner tube with diameters as 3.1 and 1.1 mm, respectively.
Another stream of nitrogen was blown into the spinneret to
make a lumen at the center of the fiber. The solution was partly
cooled in the air, and then entered into the coagulation bath to
induce the phase separation and solidify the membrane. The
distance between spinneret and bath was 10 cm. The extrusion
rate was fixed as 8 mL min~'. The solidified hollow fiber
membrane was collected by a take-up machine and further
extracted by immersion in ethanol for 24 h to remove the
residual solvent. At last, the wet membrane was dried in the air
at room temperature until yielding porous membrane.

2.3. Membrane characterization

The hollow fiber membrane was freeze-fractured in liquid
nitrogen to yield cross section. For better visualization of the
morphology, the surface and cross section of the membrane
were coated with gold (E1020, Hitachi), followed by observation
using field emission scanning electron microscopy (SEM, S-
4800, Hitachi). Due to the inherent elasticity and flexibility,
the outer diameter, inner diameter and thickness were also
measured by SEM instead of vernier caliper and screw
micrometer. The phase identification of the hollow fiber
membrane based on the XRD pattern was collected through an
X-ray diffractometer (Rigaku Smartlab) equipped with Cu Ka (4

This journal is © The Royal Society of Chemistry 2018
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= 1.5405 A) radiation source at 30 kv and 40 mA. The 20
scanning range was operated in a transmission mode from 10 to
30° with a scanning speed of 10° min~". The overall porosity
and pore size distribution of the membrane were determined by
gravimetric method and bubble point method, respectively. The
detailed description and calculation of porosity and pore size
distribution were provided in Appendix 1 and Fig. S2 of the
ESIL.} The tensile strength of the hollow fiber membrane was
measured using a universal testing machine (MZ-5000C,
Jiangdu Mingzhu). The membrane was fixed vertically
between two pairs of tweezers with the length of 10 cm. Then
the membrane was extended at a constant elongation rate of 10
mm min~" until it was broken. Every specimen was tested 10
times. The contact angle of each membrane was measured at
room temperature by the sessile drop method via a contact
angle instrument (Dataphysics OCA15EC, Germany). The
adopted water droplet volume is 5 pL. For the measurement of
contact angle, three replicates were randomly selected on the
membrane surface.

DCMD test was carried out to evaluate the permeability of
the fabricated hollow fiber membranes, the schematic diagram
of which was shown in Fig. S3 of ESI.T Several PVDF hollow fiber
membranes were assembled and encapsulated into a module. A
hot NaCl solution with 3.5 wt% by mass concentration was
reserved in a thermostatic tank as feed. The water vapor was
evaporated from the feed side and transferred across the fiber
into the permeation side. The permeated water vapor was
condensed by a cooler and then flowed into the permeate
stream collector through the lumen of the hollow fiber
membranes with a magnetic pump. The permeate stream
amount was measured and recorded by an electrical balance
and a computer, respectively. The DCMD flux of the hollow fiber
membranes was calculated based on the inner surface area of
membranes by the following equation:

AM
" wditn (1)

where F is the permeate flux (kg (m> h) "), AM is the quantity of
distillate (kg), d is the diameter of the fiber (m), / is the length of
the fiber (m) and ¢ is the system running time (h), n is the
number of fibers.

The electric conductivity of the distillate was determined
using an electric conductivity meter (RC-19, Beckman) at 25 °C
to measure the salt rejection of the membrane. To further
estimate the long-term performance of the membrane, the
DCMD process was extended to 240 h at the feed inlet
temperature of 70 °C. The flux of the membrane was recorded
every 10 h in this continuously running process. Afterwards, the
surface and cross section morphology of the membrane were
observed by SEM testing again. Chemical cleaning has been
undertaken to address the issue of membrane fouling. Chem-
ical cleaning was performed by drawing some cleaning chem-
ical into the lumen of the membrane and soaking the module in
each of the cleaning agent for 12 h. The sequence of chemical
cleaning was alkali treatment of the module, followed by a brief
rinse of the module with DI water, and then acid treatment of
the module. The alkali used is a mixture of 1 mol L' NaOH and

RSC Adv., 2018, 8, 25159-25167 | 25161
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0.05% sodium hypochlorite solution while 1 mol L™' HNO;
solution was used for acid treatment. Then the surface and
cross section of the cleaned membranes were coated with gold,
followed by observation using SEM testing.

3. Results and discussion

3.1. Properties of hollow fiber membranes

In principle, the final membrane structure is thought to rely on
the thermodynamic state of the casting solution to be
quenched, as schematized by the phase diagram of Fig. S4 in
ESI.} Fig. 1 exhibits the surface and cross section morphology of
MA, MB and MC. A skin layer can be observed in each
membrane surface as demonstrated in Fig. la-c. The quick
evaporation of casting solution extruded from the spinneret
(above 180 °C) induced great concentration difference between
the surface and internal of the membrane.’ The subsequent
solvent diffusion from membrane surface to water also caused
the increase of polymer concentration at the surface'” when the
membranes were solidified in cooling bath. The formation of
skin layer was determined by the entire solidification process,
and showed no indication of morphology variation with the
casting solution. This skin layer served as a barrier for providing
high selectivity in MD process.

The different binary solvents used in this study were taken to
be indicative for engineering of the membrane structures. The
cellular structure in Fig. 1d and e and bicontinuous structure in
Fig. 1f demonstrate that these three casting solutions in certain
composition followed the right branch of the binodal curve as
the phase diagram shown in Fig. S4b of ESLf The casting
solutions entered the region between the binodal and spinodal
curves, and became the droplets dispersion of polymer-lean
phase and polymer-rich phase. Under the driving force of
surface energy difference at the interface of two phases, the
droplets in the same phase merged together gradually, with

(b) MB-outer surface (c) MC-outer surface

(a) MA-outer surface

Fig. 1 The surface and cross section morphology of membrane
a (MA), membrane b (MB) and membrane c (MC) prepared from PVDF/
GBL/DOP (casting solution a, CA), PVDF/GBL/DOA (casting solution b,
CB), and PVDF/GBL/DOS (casting solution c, CC), respectively.
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eventual growth into larger ones. In CA and CB, the polymer-
rich phase droplets grew into the solid spherulites while the
merging of polymer-lean phase droplets until the casting solu-
tion reached the crystallization curve. The spherulites trans-
formed into cell walls eventually, meanwhile the collision of
growing polymer-lean phase droplets became the pores con-
necting the cells, finally forming the cellular structure. By
comparison with CA, the bigger difference in dielectric constant
between PVDF and DOA induced the worse compatibility of CB
and thus the larger gap between binodal curve and crystalliza-
tion curve. The longer coarsening time allowed greater growth
of pores without qualitatively altering the structure, which can
be clearly observed in Fig. le. In the same way, the biggest
difference of dielectric constant between PVDF and DOS
induced the worst compatibility of CC and the largest space
between binodal curve and crystallization curve. The polymer-
rich phase droplets in CC transferred into the spherulites
with interconnected pores as temperature dropped down. The
boundary among the polymer-lean phase droplets disappeared
and gap junction pores were formed gradually during their
collision. The connection of interconnected pores and gap
junction pores constituted the bicontinuous structure (Fig. 1f)
due to the longest coarsening time, which is identified as the
best membrane structure with excellent permeability.

Fig. 1g-i reveals no morphology variation, the macrovoid
structures could be observed in the inner surface of each
membrane. The inner surface was exposed to the nitrogen
which was already heated by the surrounding solution,
inducing a long time for cooling the casting solution to the
coagulation bath temperature, as well as barely evaporation of
solvents at the inner surface. The enough time for the collision
and growth of the droplets was beneficial for the generation of
macrovoid.

Besides, the high solvent content at the inner surface
provided substantial space for pores growth when extraction

Intensity/(a.u.)

20/(°)

Fig. 2 The crystalline form of membrane a (MA), membrane b (MB)
and membrane ¢ (MC) prepared from PVDF/GBL/DOP (casting solu-
tion a, CA), PVDF/GBL/DOA (casting solution b, CB), and PVDF/GBL/
DOS (casting solution ¢, CC), respectively.

This journal is © The Royal Society of Chemistry 2018
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Table 2 Several characteristics of membrane a (MA), membrane b (MB) and membrane c (MC) prepared from PVDF/GBL/DOP (casting solution
a, CA), PVDF/GBL/DOA (casting solution b, CB), and PVDF/GBL/DOS (casting solution c, CC), respectively

Outer diameter  Inner diameter = Thickness  Porosity Mean pore size  Tensile strength ~ Elongation Contact angle
Code  (mm) (mm) (um) (%) (um) (MPa) (%) )
MA 1.06 + 0.05 0.71 £ 0.08 175 £ 17 56.7 £ 1.5 0.29 £ 0.01 4.74 £ 0.16 51.06 £ 0.34 109.3 £ 1.2
MB 1.07 £ 0.04 0.72 £ 0.05 175 £ 12 63.9 £ 1.7 0.30 £+ 0.02 5.32 4+ 0.23 55.37 £ 0.31 111.4 £ 0.8
MC 1.09 + 0.02 0.75 £ 0.06 170 + 20 67.2 £ 2.0 0.32 £ 0.02 6.59 £ 0.19 62.66 £ 0.29 107.8 £ 1.5

occurred, which also leaded to the increase of pore size. In this
regard, the macrovoid can be formed at the inner surfaces of
three membranes even with different phase separation
mechanisms.

PVDF is qualified as a polar semi-crystalline polymer with at
least four crystalline forms, i.e. a-, B-, y-, and d-phases.'® Among
them, the o phase is the most common and stable polymorph
due to the monoclinic unit cell with trans-gauche-trans-gauche
chain conformation,* while B phase shows all-trans confor-
mation comprising fluorine atoms and hydrogen atoms on
opposite sides of the polymer backbone.? It is known that the
peaks at 17.1°, 18.5° and 19.6° correspond to the o phase, while
the peak at 20.6° corresponds to the B phase.”* As can be seen
from the XRD patterns of MA, MB and MC in Fig. 2, the
predominant peak of the B phase of PVDF can be clearly
observed in each membrane. For the a phase of PVDF, although
very tiny, the most presentative peak of the o phase can still be
detected from MB and MC when both patterns were compared
with that of MA. The coexistence of both o and B phase is
attributed to the similar atomic radii of hydrogen and fluorine
atoms. With the poorest compatibility, the CC solution is
representative of the lowest energy, which is beneficial for the
formation of the most stable o phase in MC. As discussed in
Section 2.1, the compatibility between the PVDF and the binary
solvent is in the order of CC < CB < CA. Therefore, when phase
separation occurs during the solidification process, a part of
polymer chains in the o phase can obtain energy from the
relatively high energy casting solution and transformed into the
B phase in all-trans conformation, leading to the intensification
of B phase in MB especially in MA.

Tensile strength is one of the crucial factors that influencing
the industrial application of membranes.”> The membrane
vibration in membrane-aerated biofilm reactor system, the fluid
tangential force on membrane in cross flow membrane distil-
lation and other membrane processes had set rigorous
requirements on the tensile strength of membranes.”® The
morphology, crystalline form and crystallinity degree of PVDF
are recognized as three determinants of the tensile strength.
Table 2 demonstrates the tensile strength of MA, MB and MC,
the highest of which can be observed in MC. Firstly, the
bicontinuous structure of MC homogeneously distributed the
external force on the entire membrane, enhancing the
mechanical property effectively.>* Secondly, it is proved that the
amount of stable o phase was very important in obtaining PVDF
membrane with a higher tensile strength.*® Therefore, the
improvement of tensile strength was emphasized by the most

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 The pore size distribution of membrane a (MA), membrane
b (MB) and membrane c (MC) prepared from PVDF/GBL/DOP (casting
solution a, CA), PVDF/GBL/DOA (casting solution b, CB), and PVDF/
GBL/DOS (casting solution ¢, CC).

amount of o phase in MC. Thirdly, the much lower viscosity of
DOS (19.9 mPa s) than DOP (81.4 mPa s) induced the higher
mobility of PVDF chains during the crystallization at the same
PVDF concentration, further improving the crystallinity degree
mechanically of MC when compared with MA.>* However, the
slight difference of viscosity between DOS (19.9 mPa s) and DOA
(13.7 mPa s) was not sufficient to produce a dramatic decrease
on crystallinity degree between MC and MB. Due to the above
mentioned aspects, the highest tensile strength at 6.37 MPa is
obtained in MC. For MA and MB with the same cellular struc-
ture, crystalline form and crystallinity degree become the
predominate factors in determining the tensile strength. On
one hand, more o phase contained in MB is beneficial to the
mechanical property. On the other hand, a much lower viscosity
of DOA (13.7 mPa s) than DOP (81.4 mPa s) induced a higher
mobility of PVDF chains and crystallinity degree of membrane.
The more amount of o phase and the higher crystallinity degree
induced the higher tensile strength of MB than MA. The best
compatibility of CA also indicated the most entanglements and
strongest physical interactions among the molecular chains of
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Fig. 4 The DCMD flux of membrane a (MA), membrane b (MB) and
membrane ¢ (MC) with (a) inlet feed temperatures from 50 to 90 °C
when using 3.5 wt% NaCl solution as feed in a 24 h operation and with
(b) prolonged time to 240 h at operation temperatures of 70 °C when
using 3.5 wt% NaCl solution as feed.
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Table 3 Performance comparison between the current work and the references
Feed solution Permeate solution
NaCl Flow Flow
concentration Temperature rate Temperature rate Permeate flux
Membrane (Wt%) ({9)] (ms™) (°C) (ms™") Morphology (kgm>h™") References
PVDF single-layer 3.5 81.3 1.80 17.5 1.20 A thin, sponge-like porous  79.2 34
hollow fiber layer located between two
thick layers full of finger-
like macrovoids
PVDF single-layer 3.5 81.8 0.50 20 0.15 Long finger-like cavities, 40.5 35
hollow fiber ultra-thin skin and the
porous network sponge-
like structure
PVDF/PTFE single- 3.5 80 1.94 17.5 0.95 A porous skin layer and 40.4 36
layer composite a porous sponge-like
hollow fiber substrate layer with finger-
like macrovoids
PVDF single-layer 3.5 90 0.8 15.5 0.4 Lotus root-like morphology 69.1 37
hollow fiber with seven uniformly
distributed bore channels
PVDF@Cloisite15A 3.5 90 0.023 20 0.01 Large finger-like 15.1 38
single-layer hollow macrovoids stretched from
fiber the outer to the inner fiber
skin
PVDF dual-layer 3.5 80 1.4 17 0.7 A macrovoid-free globular ~ 83.4 39
hollow fiber structure in the
hydrophobic outer layer
while the hydrophilic inner
layer comprises a layer of
macrovoids near the inner
edge
PVDF dual-layer 3.5 90.3 1.60 16.5 0.80 Sponge like structure 37.4 40
hollow fiber
PVDF dual-layer 3.5 78.2 1.8 16.6 0.72 The outer hydrophobic 66.9 41
hollow fiber layer has a macrovoid-free
structure, the inner
hydrophilic layer has many
macrovoids with irregular
shapes
PVDF/PTFE dual- 3.5 80 1.90 17.5 0.90 Delamination-free and 52.5 42
layer composite fully sponge-like structure
hollow fiber
PVDF dual-layer 3 64.5 0.8 17 0.5 Macrovoids with different  21.0 43
hollow fiber size and shape dominate
the structure of the inner
half annulus; whereas, the
macrovoids with more
uniform shape and the
much smaller size existing
in the outer half annulus of
the fibers
PVDF/CaCO; 3.5 80.5 0.50 20.0 0.15 Three layers: a sponge-like  46.3 44
composite porous layer located
hollow fiber between two layers full of
finger-like macrovoids
PVDF dual-layer 3.5 60 1.4 15 0.7 Dual-layer hollow fiber: 98.6 45
hollow fiber a fully finger-like
macrovoid inner-layer and
a sponge-like outer-layer
PVDF/GO-NBA dual- 3.5 80 0.5 16 0.1 Dual-layer hollow fiber: 61.9 46
layer a finger-like macrovoid
hollow fiber inner-layer and a nodular

25164 | RSC Adv., 2018, 8, 25159-25167

structure outer-layer
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Table 3 (Contd.)
Feed solution Permeate solution
NaCl Flow Flow
concentration Temperature rate Temperature rate Permeate flux
Membrane (Wt%) (°Q) (ms™) (°C) (ms™) Morphology (kgem >h™') References
MA 3.5 90.0 0.80 25.0 0.80 Cellular structure with 56.1 This study
dense skin in the outer
surface and macrovoids in
the inner surface
MB 3.5 90.0 0.80 25.0 0.80 Cellular structure with 68.5 This study
dense skin in the outer
surface and macrovoids in
the inner surface
MC 3.5 90.0 0.80 25.0 0.80 Interconnected sponge-like 77.6 This study

PVDF, leading to difficult slippage of chains under loading.””
For this reason, MA exhibited the lowest elongation and could
be qualified as the most vulnerable membrane of the three. In
the same way, the compatibility of CB enabled a higher elon-
gation of MB than that of MA and decreased the fragility of the
membrane. The weakest compatibility of CC allowed
a substantial increase in the free volume of PVDF molecules
expansion under the external stress, thereby making MC the
softest and most flexible of the three membranes. In general,
the tensile strength of the membrane prepared by NIPS method
is in the range of 2-4 MPa,*® which is much lower than that of
the membrane prepared by TIPS method in this study. By
avoiding the formation of macrovoid and finger-like structure,
the excellent mechanical property produced by TIPS approach
shows a potential advantage in the industrial application.*

Table 2 and Fig. 3 delineate the porosity and pore size
distribution of MA, MB and MC. The porosity of three
membranes is in the range of 56.7-67.2% without dramatic
difference due to the fixed PVDF concentration in the casting
solution. The solvents in the casting solutions were extracted to
be the pores while PVDF form the membrane skeleton after the
extraction. In the L-L phase separation process of MA and MB,
the polymer crystallized out of the polymer-rich phase droplets
and initiated the spherulites.

Meanwhile the growing polymer-lean phase droplets are
entrapped within the polymer spherulites with the decline of
the temperature. The weaker compatibility of CB caused the
longer coarsening time of polymer-lean phase droplets, further
leading to the pores with more uniform size connecting the cells
in the cellular structures.

In the L-L phase separation process of MC, the polymer-rich
phase droplets in this casting solution transferred into the
spherulites with interconnected pores when the temperature
decreased. At the same time, the boundary among the polymer-
lean phase droplets disappeared and gap junction pores are
originated gradually during their collision. The largest gap
between the binodal curve and crystallization curve induced the

This journal is © The Royal Society of Chemistry 2018

structure with dense skin
in the outer surface and
macrovoids in the inner
surface

enough time for the growth and connection of interconnected
pores and gap junction pores. Therefore, the biggest pore size
and narrowest pore size distribution of bicontinuous structure
are derived in MC.

3.2. Performance in DCMD process

The DCMD flux of MA, MB and MC varied with inlet feed
temperatures from 50 to 90 °C when using 3.5 wt% NaCl solu-
tion as feed in a 24 h operation is shown in Fig. 4a. No obvious
change in the membrane thickness was listed in Table 2,
revealing the stable membrane size throughout the entire
fabrication process and normalizing the effect of thickness on
DCMD performance. It also can be observed that the DCMD flux
of MB is higher than MA, which is accordance with the more
uniform pore size of MB aforementioned. According to the
biggest pore size and narrowest pore size distribution discussed
above, MC indicated a highest DCMD flux when compared with
MA and MB at the same temperature. Intrinsically, the high
connectivity of bicontinuous structure in MC was seemed to be
another decisive factor for higher permeability than the other
two membranes. The DCMD flux of MC achieved 77.5 kg (m?
h)™" at the feed temperature of 90 °C, which reached the
international advanced level.**** The detected solution
conductivity of the distillate was less than 40 uS em™*, which
demonstrated that the NaCl rejection rate of three membranes
was above 99.99%.

Table 3 lists a performance comparison in DCMD process
between the current work and the references. The DCMD flux of
MC reached 77.6 kg (m> h)™* at the feed temperature of 90 °C,
illustrating the self-fabricated PVDF hollow fiber membranes in
this work have comparable or even better performance than the
membranes reported in the ref. 32-44.

The long-term DCMD operations for MA, MB and MC were
conducted within 240 h at operation temperatures of 70 °C
when using 3.5 wt% NacCl solution as feed, and the variations in
flux were illustrated in Fig. 4b. There is an 18.34% decrease in
MC over the 240 h of the operation, which is much lower than

RSC Adv., 2018, 8, 25159-25167 | 25165
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Fig. 5 The morphology of the outer surface (a—c), cross section (d—f), and inner surface (g—i) of membranes MA (left two columns), MB (middle
two columns), and MC (right two columns) after a 240 h operation (no. 1 on the left of the two columns for each membrane) and after a chemical
cleaning process (no. 2 on the right of the two columns for each membrane).

that of MA (29.47%) and MB (23.08%). As the system proceeded,
NaCl in the feed would be saturated or oversaturated, and thus
began to crystallize on the surface of the membranes due to the
effect of concentration polarization. Besides, the contaminants
which have been presented in the feed solution and dust which
has entered in MD system during the operation may deposited
on the membrane surface and accumulated inside the pores,
although no foulants were added to the feed solution.*>**® Fig. 5
illustrates the morphology of the membrane before (after
operation) and after chemical cleaning. From the images shown
in Fig. 5, a fouling layer was completely formed and fully
covered on the outer and inner surfaces of all membranes after
operation. And simultaneously, the pores of the membrane
were partially or completely blocked from the microstructures
of the cross section. However, from the membrane morphology
after chemical cleaning, it can be clearly observed that most of
the foulants were removed and the pores reappear in the cross
section. There is no obvious difference between the morphology
of the original membranes (Fig. 1) and the cleaned membranes,
which indicates that the membrane structure has not been
changed under the DCMD operating conditions. The
membrane fouling reduced the temperature difference across
the membrane, which is likely to contribute to both thermal and
hydraulic resistances, and thereby caused the less driving force.
Therefore, a flux decrease with time over the 240 h of contin-
uous operation in each membrane can be observed, even if the
flux can be very stable for the first 50 h. The initial MD flux and
flux decline pattern were in the order of MC > MB > MA,
revealing more excellent long-term performance of MC.

4. Conclusions

In this work, different membrane structures for the direct
contact membrane distillation (DCMD) process were discussed

25166 | RSC Adv., 2018, 8, 25159-25167

in terms of phase diagram analysis, binary solvent determina-
tion, membrane properties and performance comparison.
Butyrolactones (GBL)/dioctyl-phthalate (DOP) and GBL/dioctyl
adipate (DOA) binary solvents were employed to generate
porous PVDF hollow fiber membranes with cellular structure,
while the bicontinuous structure was produced from GBL/
dioctyl sebacate (DOS) binary solvent by the thermally
induced phase separation (TIPS) approach. The phase diagram
was introduced to explain feasible formation mechanisms of
the different structures. The morphology and properties of the
hollow fiber membranes were characterized and compared. The
membrane with a bicontinuous structure exhibited the largest
amount of the a phase, the highest tensile strength, the most
uniform pore size distribution, the highest DCMD flux and the
best long-term performance when compared with the other two
membranes with a cellular structure. The tensile strength of the
membrane with a bicontinuous structure reached 6.37 MPa,
and the DCMD flux achieved was 77.5 kg (m*> h)™" at a feed
temperature of 90 °C, indicating the potential prospect of
membranes with a bicontinuous structure in the membrane
distillation (MD) process.
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