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ABSTRACT

High porosity and strong hydrophobicity of polymeric hollow fiber membranes are of great
interest for membrane distillation (MD). Poly(tetrafluoroethylene–cohexafluoropropylene)
(FEP) exhibits excellent chemical resistance, thermal stability, strong hydrophobicity owing
to the perfluoro-structure. Comparing with polytetrafluoroethylene (PTFE), the meltable
property endows FEP good processability for fabricating hollow fiber membrane by melt-
spinning method. In our previous articles, FEP hollow fiber membranes have been fabricated
successfully by melt spinning method for the first time. In this study, the effect of the dioctyl
phthalate (DOP) content on the performance and morphology of FEP hollow fiber membrane
was discussed. And the hollow fiber membranes’ properties in terms of porosity, liquid entry
pressure (LEP), mean pore size and also morphologies were characterized, respectively.
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1. Introduction

As the aggravation of water pollution, the emer-
gency of wastewater treatment and water purification
becomes more and more evident [1,2]. In comparison
with other water purification technologies, reverse
osmosis (RO) is a widely used membrane process for

water desalination, especially for seawater desalination.
However, RO suffers many problems such as high
operating pressure, sensitive to membrane fouling, and
secondary pollution caused by the concentrated water
[3–6]. Nowadays, membrane distillation (MD) receives
increasing attention because it provides many advanta-
ges [7–9] including (1) a low operating pressure, (2)
much larger membrane pore sizes than RO which
results in a higher water flux, (3) a high rejection for
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non-volatile components, and (4) much less sensitive to
membrane fouling. Furthermore, comparing with the
conventional distillation, MD requires less head space
for vapor and lower feed temperatures (40–80�C). Thus,
this provides a potential opportunity to use such
alternative energy sources as geothermal, solar energies
or other low grade energies in MD [10–13].

MD is a potential membrane technology based on
the use of hydrophobic micro-porous membrane [14].
The principle of MD can be simply described like this
[4,15], a porous hydrophobic membrane is used to per-
form the barrier between feed streams and permeate
side. The aqueous liquid feed stream is kept out of the
membrane pores because of the hydrophobic nature of
membrane, while water vaporizes from the “hot” feed
side. Then, water vapor diffuses through the membrane
under a vapor pressure gradient across the membrane
to reach the permeate side, where water vapor is con-
dense into liquid on the “cold” permeate side. As a
result, purified water is obtained on the permeate side,
and minerals and other nonvolatile components are left
on the feed side [4,11]. Therefore, the membrane plays
a significant role during the MD process. The mem-
brane properties, including membrane hydrophobicity,
pore size distribution, are crucial to MD process [16,17].
Nevertheless, most of the membrane materials for MD
process have not been specifically made. Presently, the
three most common polymer materials suit for MD
process are polypropylene (PP), PTFE, and polyvinylid-
enefluoride (PVDF) [18,19]. Comparing with PP and
PVDF, PTFE has the lowest surface tension which
induces the most strong hydrophobicity [20,21]. In
addition, the exceptional combination of outstanding
thermal resistance, good chemical stability, and low
surface friction makes PTFE be the preferred material
for MD [22,23]. However, the main disadvantage
of PTFE is the poor processing property which
prohibits common phase inversion or melt spinning
methods from manufacturing porous membrane
[24,25]. As same as PTFE, poly(tetrafluoroethylene–
cohexafluoropropylene) (FEP) exhibits excellent chemi-
cal resistance, thermal stability, strong hydrophobicity
owing to the perfluoro-structure [26,27]. Comparing
with PTFE, the introduction of –CF3 into the tetrafluo-
roethylene endows FEP good meltable processability
[28,29]. Therefore, FEP can be fabricated into hollow
fiber membrane by melt spinning method. Thus, not
only the membrane pore size distribution but also the
efficiency of membrane manufacturer can be improved
effectively [30]. Fortunately, FEP hollow fiber mem-
branes were fabricated successfully for the first time
with dioctyl phthalate (DOP) as diluent and composite
powder (composed of dissolvable and indissolvable
particles) as pore-creating agent.

On the basis of our previous researches [31], the
main objective of this article was the investigation of
the effects of DOP contents on the performance and
morphology of FEP hollow fiber membrane.

2. Experimental

2.1. Materials

FEP resin (6100, DuPont Co., Ltd.), and dilute
dioctyl phthalate (DOP, >99.5%, Tianjin Kermel Chem-
ical Reagent Co., Ltd). The composite powder (mix-
ture of nanoscale KCl and SiO2 particles) was
provided by Tianjin Motian Membrane Engineering &
Technology Co., Ltd. (Tianjin, China).

2.2. Preparation of FEP hollow fiber membrane

FEP resin, composite powder (dried for 12 h at 100
± 2 �C in a vacuum oven to remove the moisture
content, respectively) and DOP mixture with different
DOP contents were homogeneous mixed under high
speed agitation. Then, the mixture melt was extruded
into the hollow fiber spinneret by a twin-screw
spinning machine, the resulting hollow fiber were
spun into external coagulation bath (water) after
passing through an air gap of 3 cm. Subsequently, the
FEP hollow fiber membranes were obtained after
immersing in pure water for approximately two days.
The scheme of melt-spinning apparatus was shown in
our previous article [31]. The spinning conditions
were tabulated in Table 1 for a quick reference.

2.3. Characterization of FEP hollow fiber membrane

2.3.1. Membrane porosity and mean pore size

The porosity of the membrane was determined by
the gravimetric method [32], which is based on the
weight of liquid contained in the membrane pores.
Owing to the hydrophobicity of FEP, isopentane was
used as the wetting liquid, and the porosity (e) of the
membrane was determined from

e ¼ ðw1 � w2Þ=D1

ðw1 � w2Þ=D1 þ w2=Dp
ð1Þ

where w1 is the weight of the membrane wetted by
isopentane, w2 is the weight of the dry membrane, D1

is the density of isopentane (D1 = 0.62 g/cm3) and Dp is
the density of the FEP polymer (DFEP = 2.15 g/cm3).
The mean pore size was determined by the gas
permeation method using a capillary flow porometer
(CFP-1100-A, Porous Materials Inc., Ithaca, NY).
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2.3.2. Liquid entry pressure (LEP)

Liquid entry pressure (LEP) is the pressure that
must be applied onto liquid before it penetrates into
dried membrane pores. In this study, the LEP of FEP
hollow fiber membranes were measured at 25 �C. The
outside of hollow fiber (feed side) was filled with
3.5% NaCl aqueous solution while the inside
(permeate side) was in contact with the pure water.
Then, pressure was applied to the NaCl aqueous
solution using regulated nitrogen. The pressure
increased until the NaCl solution penetrated through
the membrane and was mixed with the pure water
in the beaker. The penetration of NaCl was detected
via a change in conductivity in the pure water by
using a conductivity meter. The pressure at which
the NaCl aqueous solution penetrated the membrane
was recorded, and the average of three measure-
ments was recorded the LEP of FEP hollow fiber
membrane.

2.3.3. Membrane morphologies

The morphologies of FEP hollow fiber membranes
were examined using a field emission scanning
electron microscope (FESEM X4800, Hitachi, Japan).
Samples were frozen in liquid nitrogen followed by
fracturing to expose the cross-sectional areas. Where
after, they were gold sputtering using an ion beam

sputtering device (JFC-1100E, JEOL, Japan) and
viewed by FESEM.

3. Results and discussion

3.1. Liquid entry pressure (LEP)

LEP determines the maximum operating pressure
at which the hot feed water does not wet and pene-
trate the membrane pore. It depends on the integra-
tion of hydrophobic character of the membrane
material, the liquid surface pressure, and the pore
diameter. The relation is described by the Laplace-
Young equation.

DP ¼ PF � PD ¼ �4Br cos h
dp

ð2Þ

where B is the pore geometry coefficient (B= 1 for
cylindrical pores), r is the surface tension of the liquid
(Nm�1), h is the contact angle ( �), dp is the pore size
(m), PF and PD are the hydraulic pressure on the feed
and distillation side (MPa), respectively.

As it is well known, the larger LEP would lead to
higher water permeate flux. However, according to
the Eq. (3), a higher LEP requires membrane stronger
hydrophobicity and smaller pore size. The porosity,
mean pore size and also LEP of FEP hollow fiber
membranes were characterized, as listed in Table 2.

Table 1
Spinning parameters of FEP hollow fiber membranes

FEP hollow fiber membrane ID

F-0 F-3 F-5 F-10

Dope composition FEP/composite powders: 60/10

DOP loading in polymer mixture (%) 0 3 5 10

Bore fluid N2

External coagulation bath Water (temperature was 0, 25, 50, 90 �C, respectively)
Air gap (cm) 3

Take up speed Free flow

Post treatment Three days store in tap water

Spinneret dimension (mm) OD/ID/L: 2.6/2.0/6

Table 2
Summary of the characterization results for FEP hollow fiber membranes

Hollow fiber ID Wall thickness (mm) Porosity (%) Mean pore size (lm) LEP (MPa) calculated LEP (MPa)

F0 0.61 ± 0.01 52.4 0.432 ± 0.002 0.339 0.32 ± 0.02

F3 0.52 ± 0. 01 65.8 0.526 ± 0.002 0.278 0.25 ± 0.02

F5 0.52 ± 0.01 75.4 0.554 ± 0.002 0.264 0.24 ± 0.02

F10 0.53 ± 0.01 79.3 0.658 ± 0.002 0.225 0.18 ± 0.02
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The characterization results indicated that the
porosity and mean pore size increased with the
increase in DOP content. The porosity enhancement
resulted from the increase of DOP volume in the ter-
nary mixture. This brought about more dissolved pore
when membrane suffered extracting with alcohol. It
was easy to understand the decrease LEP as the DOP
content increasing. As the DOP content increasing, the
bigger membrane pore size induced the lower LEP.
The results agreed the Laplace-Young equation well.

3.2. Morphologies of FEP hollow fiber membrane

The micrographs in Fig. 1 showed the cross-section
morphologies of FEP hollow fiber membranes with
different DOP contents. It can be clearly seen that
there were two parts in the cross-section which were
the dense layer and microvoid structure in the cross-
section. The formation of the dense layer was owing
to the dissolve of DOP while the microvoid structure
was owing to the composite powder. The dissolved
DOP was aided to form dense pore structure, and the
dissolved composite powder was aided to form micro-
void structure. The dense layer was in the surface of

membrane which was because the increase of DOP
content brought about the decrease of melt viscosity,
and the DOP migrated to the membrane surface dur-
ing the spinning process. When DOP was extracted,
the small pore structure of dense layer was formed.

Microvoids formation was owing to the dissolve
of the composite powder which was micron size.
Furthermore, the quantity and size of the microvoids
increased with the increase of the DOP contents which
induced the promotion of the membrane porosity. It
was because that the liquid DOP made the connection
of composite powder which made the dissolved pore
formation easier.

The micrographs in Fig. 2 showed the inner and
outer surface morphologies of FEP hollow fiber mem-
branes. The inner surface image exhibited a relatively
highly porosity. This result was mainly due to the
different temperatures in the inner and outer surface
of hollow fiber membrane during the spinning
process. When the DOP content was 3% (F3), there
were amounts of pores in the inner surface, and the
pore size was relative small. When the DOP content
rose to 10% (F10), the pore size increased obviously in
the fiber axis direction. It was owing to the promotion

Fig. 1. SEM micrographs show the cross-section morphologies of the FEP hollow fiber membrane. (a) F3; (b) F5; (c) F10.
(a1) (b1) (c1) represent the enlarge cross-section.
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of melt flowability which induced the stretching of the
nascent hollow fiber F10, the unsolidified inner
surface was easily to deform. And the deformation of
the inner surface was the main reasons of the pore
formation.

4. Conclusions

A series of FEP hollow fiber membranes with
different DOP contents have been fabricated via
melt spinning method. Effects of DOP content on the
membrane properties and morphology were dis-
cussed. Results showed that the formation of dense
layer was owing to the DOP while the formation of
big microvoid was owing to the composite powder.
The membrane porosity and mean pore size increased
with the increase in DOP content. And there founded
stretching pore structure in the inner surface when
the DOP content rose to 10% which induce the
promotion of membrane porosity.
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