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ABSTRACT

The ECTFE membrane with bicontinuous structure was prepared by a binary diluent via
thermally induced phase separation method. The effect of binary diluent composition on
membrane structure was investigated systematically. The Flory-Huggins interaction
parameters between ECTFE and diluents were investigated to analyze the mechanism of
phase separation. Dibutyl sebacate (DBS) was selected as the primary diluent due to the
high boiling point and strong interaction with ECTFE, while triphenyl phosphite (TPP) was
selected as the secondary diluent because of the good compatibility with DBS. As the
weight ratio of DBS to TPP was 3/2, a uniform bicontinuous structure was obtained. A typi-
cal upper critical solution temperature behavior was displayed and the monotectic concen-
tration was as high as approximately 50 wt.%. Finally, an ECTFE hollow fiber membrane
with a bicontinuous structure was prepared by the binary diluent and revealed high
mechanical strength (tensile strength of 2.40 MPa) and filtration performance (water flux of
313Lm *h " at 0.1 MPa).

Keywords: ECTFE; Bicontinuous structure; Thermally induced phase separation; Binary

diluent; Hollow fiber

1. Introduction

Water scarcity is one of the most serious global
challenges. Presently, over one-third of the world’s
population lives in water-stressed countries and this
figure will predictably rise to nearly two-thirds by
2025 [1-3]. In the coming decades, surging population
growth, urban development, and industrialization will
increase worldwide demand for fresh water. The avail-
able method to increase water supply is to capture
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water directly from non-traditional sources such as
industrial or municipal wastewaters. Membrane
processes are promising technologies for wastewater
treatment because of their advantages such as low-
energy consumption and small amounts of additive
needed [4,5].

Ethylene chlorotrifluoroethylene copolymer (ECTFE)
has been recognized as one of the most promising
materials in membrane industry because of its resistance
to aggressive chemicals and excellent mechanical prop-
erty [6,7]. Compared with polyvinylidene fluoride
(PVDF) membranes which are most widely used in
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microfiltration and ultrafiltration processes, ECTFE
membranes can bear much stronger and longer cleaning,
indicating the longer membrane lifetime. Due to its high
stability, ECTFE membranes are hardly prepared via the
nonsolvent-induced phase separation method [8].
Thermally induced phase separation (TIPS) method is
another promising technique for the preparation of
polymeric porous membranes by controlling phase
separation [9-12]. It has been reported that ECTFE
membranes were prepared by TIPS method above a
temperature of 220°C [13-15].

Bicontinuous structure is regarded as ideal mem-
brane structure since it contributes to high porosity,
water flux, and tensile strength [16,17]. ECTFE
membranes with bicontinuous structure have been pre-
pared by adding silica powder into the ECTFE-diluent
system during TIPS process [18,19]. The hot NaOH
solution was used to remove silica powder, which
involves a complicated extraction process during the
membrane preparation. Recently, ECTFE membranes
with bicontinuous structure were prepared from the
ECTFE—diethyl phthalate (DEP) system without the
addition of inorganic particles [20]. The phase diagram
of ECTFE-DEP system displays a typical upper critical
solution temperature (UCST) behavior and the
monotectic concentration is approximately 55 wt.%.
Bicontinuous structure of the ECTFE membranes is
obtained at the ECTFE concentration from 10 to
50 wt.%. However, the boiling point of DEP (295°C) is
slightly higher than the temperature of membrane
preparation (250°C). As a result, evaporation of DEP
occurs severely during the TIPS process. In short, it is
difficult to prepare ECTFE membranes with high
performance via TIPS method by a unary diluent.

In our preceding works, the binary diluent com-
prised of a primary diluent and a secondary diluent
has been used to create liquid-liquid (L-L) phase sep-
aration. The resultant PVDF and polypropylene (PP)
membranes with bicontinuous structure are obtained
[21-23]. The effect of the binary diluent on PP mem-
brane formation has been investigated by dissipative
particle dynamics simulation. The primary diluent
should have good compatibility with the polymer,
while the secondary diluent should have good com-
patibility with the primary diluent but poor compati-
bility with the polymer. Consequently, with the
addition of the secondary diluent, the cloud-point
temperature of the PP-binary diluent system is shifted
to a higher temperature, resulting in the membrane
structure changing from spherulitic to bicontinuous.

In this work, ECTFE membranes with bicontinuous
structure are prepared from the ECTFE-binary diluent
system via TIPS method. Firstly, the effect of diluent
composition on membrane structure is investigated to
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select the suitable primary and secondary diluents.
The Flory-Huggins interaction parameters between
ECTFE and diluents are investigated to analyze the
mechanism of phase separation. Then, the weight ratio
of the primary diluent to the secondary diluent is opti-
mized to obtain the ECTFE membranes with uniform
bicontinuous structure. Finally, the ECTFE hollow
fiber membrane with bicontinuous structure will be
prepared by a binary diluent and the performance of
the ECTFE hollow fiber membrane will be measured
and discussed.

2. Experimental
2.1. Materials

Ethylene chlorotrifluoroethylene copolymer, Halar®
ECTFE (Grade 902), was purchased from Solvay.
Benzyl benzoate (BB), diethyl phthalate (DEP), dibutyl
phthalate (DBP), dibutyl sebacate (DBS), hexadecanol
(HDC), triphenyl phosphite (TPP), oleic acid (OA),
tetraethylene glycol (TEG), and bovine serum albumin
(BSA, M,, = 66,000) were purchased from Sinopharm
Chemical Reagent Co., Ltd. The BSA was stored at
2-8°C before use.

2.2. Determination of phase diagram

The cloud-point temperature of the ECTFE-diluent
system was defined as the temperature below which
the solution became turbid. It was obtained by an
optical microscopy (Olympus BX51). The blend sample
of ECTFE and the diluent prepared via previously
described method [24,25] was sandwiched between a
pair of glass microscope cover slips which were sealed
with silicone rubber to prevent the evaporation of the
diluent. Then, the sample was placed on a hot stage
(Linkam THMS 600) at 250°C for 5 min and cooled to
40°C at a controlled rate of 10°C/min.

The crystallization temperature was determined by
differential scanning calorimetry (DSC, TA Q200). The
blend sample of ECTFE and the diluent was melted at
250°C for 5 min, and then cooled at 10°C/min to 40°C.
The peak of the DSC curve was regarded as the crys-
tallization temperature.

2.3. Preparation of ECTFE membranes
2.3.1. ECTFE membrane samples

Unary diluents and binary diluents were used to
prepare ECTFE membrane samples via TIPS method,
respectively. ECTFE and the diluent were melt-
blended in a vessel at an elevated temperature (250°C)
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to obtain a homogeneous solution. Phase separation
was induced by quenching the solution in ice water.
The diluent in the blend sample was extracted by
ethanol and the ECTFE membrane samples were
obtained after the volatilization of ethanol [16,24-26].

2.3.2. ECTFE hollow fiber membranes

The ECTFE hollow fiber membranes were prepared
from the ECTFE-binary diluent system via TIPS
method. The binary diluent consisted of DBS and TPP.
ECTFE (20 wt.%), DBS (48 wt.%), and TPP (32 wt.%)
were melt-blended in a twin screw extruder at an ele-
vated temperature (210-250°C) to obtain a homoge-
neous solution. The hollow fiber was extruded from the
spinneret at the end of the extruder and then immersed
into a water bath at 50°C to induce phase separation.
After that, the solidified hollow fiber membrane was
wound on a take-up roller. Glycerol was employed as
bore liquid at 200°C. The air gap was kept at 2 mm
above the water bath. The diluent was extracted by
ethanol and the ECTFE hollow fiber membrane was
obtained after the volatilization of ethanol.

2.4. Characterization of ECTFE membranes
2.4.1. Morphologies

The morphologies of ECTFE membranes were
examined using a scanning electron microscope (SEM,
JEOL JSM7401). ECTFE membranes were fractured in
liquid nitrogen and coated with platinum. The SEM
with the accelerating voltage set to 1.0 or 3.0 kV was
used to examine the cross-section and surface mor-
phologies of membranes.

2.4.2. Porosity and mean pore size

Porosity (¢, %) of ECTFE hollow fiber membranes
was determined by gravimetric measurements of the
difference between dry and fully isobutanol-filled
membranes [27]:

e = (my —my)/pi/((m1 —ma)/p; +ma/p,) @

where m; is the weight of the wet membrane (g); m; is
the weight of the dry membrane (g), p; is the isobu-
tanol density (0.806 gcm™); and p, is the polymer
density (1.71 g em™).

The mean pore radius ry, of the hollow fiber mem-
brane was determined by the filtration velocity
method. According to Guerout-Elford-Ferry equation,
7m (nm) could be calculated [28] as:
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m = ((2.9 — 1.75¢)8000n1q/ (:AAP))'/? @)

where 7 is the water viscosity (8.9 x 107* Pa s); [ is
the membrane thickness (m); g is the volume of the
permeation water per unit time (m>s™'); A is the effec-
tive area of the membrane (m?); and AP is the opera-
tion pressure (0.1 MPa).

2.4.3. Membrane strength

The tensile strength of the hollow fiber membrane
was measured by a universal testing machine
(Shimadzu AGS-100A) equipped with a 5-kg load cell.
Each sample was stretched at a constant rate of
25 mm/min. The initial distance between the clamps
was 50 mm. Five specimens were tested for each
sample.

2.4.4. Filtration performance

The pure water flux and rejection to BSA of the
ECTFE hollow fiber membrane were determined by a
self-made dead-end filtration under the pressure of
0.1 MPa. The flux (J,, Lm> h™") was calculated by the
following equation [29]:

Jv = m/(pAAt) 3)

where m, p, A, and At are the permeation mass (g),
water density (g m ), outside surface area of the
membrane (m?), and permeation time (h), respectively.

The same setup above was used for rejection
experiments with BSA at the concentration of 0.5 g/L.
The concentrations of BSA in the feed and permeation
solutions were measured by an ultraviolet-visible
spectrophotometer (TU-1810, China) at 280 nm. The
rejection (R, %) was calculated by the following
equation:

R= (1-Cp/Cr) x 100 @

where Cp and Cg are the protein concentrations in the
permeation and feed solutions, respectively.

3. Results and discussion

3.1. Formation of ECTFE membranes with bicontinuous
structure

3.1.1. ECTFE-unary diluent system

In order to obtain a suitable binary diluent to cre-
ate L-L phase separation, the primary diluent should
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be the one having good compatibility with the polymer
[22,23]. Several common chemicals with the solubility
parameter from 18.8 to 21.3 MPa' /2 were used as unary
diluents to determine the suitable primary diluent.
Thermodynamic phase diagram for the ECTFE—diluent
systems with different unary diluents is shown in
Fig. 1. The overall feature in Fig. 1 can be analyzed in
terms of the interaction between ECTFE and the unary
diluent. The Flory-Huggins interaction parameter (y),
typically used to interpret the interaction between
ECTFE and the unary diluent, is calculated from the
differences of the solubility parameter between ECTFE
and the unary diluent as listed in Table 1. The Flory-
Huggins interaction parameter (y) between ECTFE and
DBS is lowest, indicating good compatibility of the sys-
tem. Thus, only solid-liquid (5-L) phase separation
occurs (Fig. 1(a)), resulting in the spherulitic structure
(Fig. 2(a)). With an increase in the Flory—-Huggins
interaction parameter (y) between ECTFE and the unary
diluent, compatibility of the ECTFE-diluent system
becomes poorer. Consequently, the mechanism of
phase separation changes from S-L to L-L [30-32] indi-
cating that the resultant structure of ECTFE membranes
changes from spherulitic to bicontinuous (Fig. 2). When
DBP is used as the diluent, the membrane exhibits a
structure mixed of spherulitic structure and bicontinu-
ous structure (Fig. 2(b)). This is attributed to the narrow
gap between the cloud-point temperature and the crys-
tallization temperature [14,33]. In the cooling process,
the L-L phase separation occurs simultaneously with
polymer crystallization. When DEP is used as the dilu-
ent, the gap between the cloud-point temperature and
the crystallization temperature is large (Fig. 1(c)),
resulting in the uniform bicontinuous structure
(Fig. 2(c)). The membrane prepared from the ECFTE-
BB system shows irregular structure (Fig. 2(d)) due to
the much poorer compatibility of the system.
Meanwhile, the boiling point of DBS is the highest
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among the four diluents, indicating less evaporation of
the diluent. Therefore, DBS is selected as the primary
diluent because of the high boiling point and the low
Flory—-Huggins interaction parameter with ECTFE.

3.1.2. ECTFE-binary diluent system

In order to obtain ECTFE membranes with bicon-
tinuous structure, a suitable secondary diluent should
be added into the ECTFE-DBS system to alter the
phase separation. Four nonsolvents of ECTFE includ-
ing HDC, TPP, OA, and TEG are used as the sec-
ondary diluents to weaken the interaction between
ECTFE and diluents. The different secondary diluents
lead to the difference in membrane structure as shown
in Fig. 3. As HDC or TEG is used as the secondary
diluent, the big holes (Fig. 3(a) and (d)) appear in the
membrane structure. When OA or TPP is used as the
secondary diluent, the resultant membrane shows a
typical bicontinuous structure (Fig. 3(b) and (c)). As
reported in our preceding work [37], the phase separa-
tion is significantly influenced by the interaction
between the primary diluent and the secondary dilu-
ent. The secondary diluent is firstly separated from
the homogenous solution of the polymer-binary dilu-
ent system when the interaction between the primary
diluent and the secondary diluent is weak, resulting
in an irregular structure (Fig. 3(a) and (d)). Thus, the
secondary diluent should have good compatibility
with the primary diluent but poor compatibility with
ECTFE. According to the solubility parameters in
Table 1, the solubility parameters (5) of OA
(19.3 MPa'/?) and TPP (19.0 MPa'/?) are much closer
to that of DBS (18.8 MPa'/?), indicating the superior
compatibility of the binary diluents. Thus, a bicontinu-
ous structure is obtained when OA or TPP is used as
the secondary diluent. Nevertheless, OA containing
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Fig. 1. Thermodynamic phase diagram for the ECTFE-diluent systems with different unary diluents: (a) DBS, (b) DBP,

and (c) DEP.
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Table 1

Properties of ECTFE and diluents

Polymer and diluents V2 (em?/mol) Tl (C) TP (°C) T (‘C) 5 (MPa'’?) )(f
ECTFE - 220-230° - - 17.3¢ -
BB 188 21 323 148 21.3 1.55
DEP 199 -3 295 140 20.5 1.16
DBP 266 -35 340 171 19.0 0.66
DBS 337 1 344 177 18.8 0.64
HDC 299 49 334 135 17.8¢ -
TPP 262 22 360 218 19.0 -
OA 316 13 360 189 19.3¢ -
TEG 173 -6 307 176 20.3 -

Notes: V, molar volume; Ty, melting point; Ty, boiling point; Ty, flash point; y, Flory-Huggins interaction parameter between ECTFE and
diluent at 298 K; d, solubility parameter at 298 K.

Calculated by Advanced Chemistry Development (ACD/Labs) Software V11.02 (©1994-2015 ACD/Labs).

PData from the Ref. [34].

‘Data from Solvay.

9Data from the Ref. [35].

®Calculated by molecular dynamics simulation [20,36].

fy can be related to o: y = 0.34 + Vi(5; — 5,-)2/ RT, where i and j respectively denotes diluent and polymer.

NOME

NOME

Fig. 2. Cross section morphologies of ECTFE membranes prepared by various unary diluents at the ECTFE concentration
of 30 wt.%: (a) DBS, (b) DBP, (c) DEP, and (d) BB.
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Fig. 3. Cross section morphologies of ECTFE membranes prepared by various secondary diluents: (a) HDC, (b) TPP, (c) OA,
and (d) TEG. (ECTFE concentration: 30 wt.%; primary diluent: DBS; weight ratio of DBS to the secondary diluent: 3/2.)

unsaturated double bonds is extremely easy to oxidize
at an elevated temperature. As a result, TPP is chosen
as the secondary diluent in the following study.

As shown in Fig. 4, the phase diagram of the
ECTFE-binary diluent system displays an UCST
behavior as the weight ratio of DBS to TPP is 3/2. The
L-L phase separation region is large and the
monotectic concentration is approximately 50 wt.%.
Additionally, the crystallization temperature of the
ECTFE-binary diluent system (Fig. 4) is higher than
that of the ECTFE-DBS system (Fig. 1(a)). The higher
crystallization temperature of the polymer-diluent
system indicates a lower degree of super cooling or a
lower driving force needed for polymer crystallization.
As reported, the weak interaction between polymer
and diluent leads to the high mobility of polymer seg-
ments and enhances crystal nucleation and growth of
polymer [26,38]. As a result, the ECTFE-binary system
with lower interaction needs lower degree of the
super cooling to form the crystal nuclei of ECTFE and

230
220 |
.
210 .
5} .
o 200} . L]
= L] .
o - -
2 190 =
E
]
LR T
170 L ® Crystallization temperature
® Cloud point temperature
160 1 L 1 " 1 " 1 . 1 L 1

10 20 30 40 50 80
ECTFE concentration (wt. %)

Fig. 4. Thermodynamic phase diagram for the ECTFE-
binary diluent system. (Weight ratio of DBS to TPP: 3/2.)

the crystallization temperature increases with the
addition of TPP.
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Fig. 5. Cross section morphologies of ECTFE membranes prepared by binary diluents with various weight ratios of DBS
to TPP: (a) 1/0, (b) 4/1, (c) 7/3, (d) 3/2, and (e) 1/1. (ECTFE concentration: 30 wt.%.)

The evolution in membrane structure via TIPS
method is closely related to thermodynamics of the
phase separation process [39]. As mentioned above,
the mechanism of phase separation is greatly influ-
enced by the interaction between ECTFE and diluents.
The membrane structure is also affected by the weight
ratio of DBS to TPP. Typical spherulitic structure

(Fig. 5(a)) is obtained due to the S-L phase separation
when the weight ratio of DBS to TPP is 1/0. With a
decrease in the weight ratio of DBS to TPP, the
spherulitic structure disappears and is replaced by the
bicontinuous structure gradually. This is attributed to
the mechanism of phase separation changing from S-L
to L-L as well as the expanding L-L phase separation
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Fig. 6. Cross section morphologies of ECTFE membranes prepared from ECTFE-binary diluent systems with various
ECTFE concentrations: (a) 10 wt.%, (b) 20 wt.%, (c) 30 wt.%, (d) 40 wt.%, (e) 50 wt.%, and (f) 60 wt.%. (Weight ratio of

DBS to TPP: 3/2.)

region. Nevertheless, when the weight ratio of DBS to
TPP is 1/1, the membrane with cellular structure is
obtained due to the much poorer compatibility of the
ECTFE-binary diluent system. Thus, 3/2 is the opti-
mum weight ratio to prepare the ECTFE membrane
with bicontinuous structure. Consequently, the weight
ratio of DBS to TPP is 3/2 in the following study.

The phase separation is also significantly influ-
enced by the polymer concentration, resulting in dif-
ferent membrane structure and performance. Fig. 6
shows the cross section morphologies of ECTFE mem-
branes prepared with various ECTFE concentrations.
When the ECTFE concentration is above the monotec-
tic concentration (approximately 50 wt.%), only S-L
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Fig. 7. Tensile strength and porosity of ECTFE membranes
prepared from ECTFE-binary diluent systems with various
ECTFE concentrations. (Weight ratio of DBS to TPP: 3/2.)

phase separation occurs, resulting in typical spheruli-
tic structure (Fig. 6(f)). When the ECTFE concentration
ranges from 10 to 50 wt.%, L-L phase separation with
subsequent polymer crystallization occurs. The system
enters an unstable or a metastable region. The phase
separation proceeds through nucleation and growth in
the metastable region, whereas it occurs through
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spinodal decomposition in the unstable region [39].
The system is divided into two phases, rich-polymer
phase and lean-polymer phase. The rich-polymer
phase solidifies as well as the structure is formed
when the temperature of the system is below that of
crystallization. As the ECTFE concentration is 10 or
50 wt.%, the homogeneous solution resides within the
meta-stable region and phase separation occurs by
nucleation and growth. The homogeneous solution
with the ECTFE concentration of 10 wt.% consists of a
small volume fraction of the rich-polymer phase dis-
persed in a lean-polymer phase, leading to the clear
beads string structure (Fig. 6(a)). The opposite applies
for the homogeneous solution with the ECTFE concen-
tration of 50 wt.% resulting in the typical cellular
structure (Fig. 6(e)). When the ECTFE concentration
ranges from 20 to 40 wt.%, the phase separation pro-
cess is determined by spinodal decomposition. Phase
separation proceeds instantaneously and results in the
regular bicontinuous structure (Fig. 6(b)-(d)). The ten-
sile strength and porosity of ECTFE membranes pre-
pared with various ECTFE concentrations are shown
in Fig. 7. When the ECTFE concentration is 10 wt.%,
the resultant membrane is brittle due to the clear
beads string structure. With the ECTFE concentration
increasing from 20 to 60 wt.%, the tensile strength

Fig. 8. Morphologies of the ECTFE hollow fiber membrane prepared at the ECTFE concentration of 20 wt.%. (a) Inner sur-
face 500x, (b) cross section 300%, (c) outer surface 10,000%, (d) cross section near inner surface 3,000%, (e) inner surface

3,000%, and (f) cross section near outer surface 3,000x%.
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Table 2
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Performance of the ECTFE hollow fiber membrane prepared at the ECTFE concentration of 20 wt.%

ID/OD (mm) J. Lm™2h7}, 0.1 MPa) R (%)

& (%) m (M) Tensile strength (MPa)

1.03/0.65 313 + 35

67.8 £5.3

81.2+3.2 463 +2.5 240 +0.16

increases from 2.3 to 4.2 MPa. Nevertheless, the poros-
ity of ECTFE membranes decreases from 89 to 45%
when the ECTFE concentration increases from 10 to
60 wt.%.

3.2. Performance of the ECTFE hollow fiber membrane

In this work, it is the first time to prepare an
ECTFE hollow fiber membrane with bicontinuous
structure by a binary diluent. Fig. 8 shows the mor-
phologies of ECTFE hollow fiber membranes prepared
from the ECTFE-binary diluent system at the ECTFE
concentration of 20 wt.%. The cross section morpholo-
gies of the ECTFE hollow fiber membrane are shown
in Fig. 8(b) and (e). As described in the former section,
the bicontinuous structure of the ECTFE hollow fiber
membrane is obtained since the homogeneous solution
resides within the unstable region and phase separa-
tion occurs by spinodal decomposition. Fig. 8(c) and
(f) shows the outer surface morphology and cross sec-
tion morphology near the outer surface. A skin layer
with small pores is formed near the outer surface. The
formation of the skin layer depends on several factors
including the evaporation of the diluent, the rapid
cooling rate as well as the low surface energy of
ECTFE, which result in enrichment of ECTFE near the
outer surface. Fig. 8(a) and (d) shows the inner surface
morphology and the cross section morphology near
the inner surface. As the experiment described,
Glycerol at 200°C is employed as bore liquid while the
outer surface is immersed in the water bath (50°C).
Thus, the cooling rate near the inner surface is slower
than that near the outer surface. Meanwhile, the bore
liquid prevents the evaporation of the diluent. As a
result, there is no skin layer near the inner surface
and the pore size and porosity of the inner surface are
much higher than those of the outer surface.

The performances of the ECTFE hollow fiber
membrane are listed in Table 2. The porosity and ten-
sile strength of the membrane are as high as 81.2%
and 2.40 MPa, respectively. This is attributed to the
ideal bicontinuous structure. The pure water flux and
rejection to BSA of the ECTFE hollow fiber membrane
is more than 300 L m>h™' and 65% at the operation
pressure of 0.1 MPa. In short, an ECTFE hollow fiber

membrane with the high performance is prepared via
TIPS method by a binary diluent.

4. Conclusions

The ECTFE membranes with bicontinuous struc-
ture were prepared from ECTFE-binary diluent sys-
tem via TIPS method. DBS with a high boiling point
and good compatibility with ECTFE was chosen as the
primary diluent. TPP with good compatibility with
DBS but poor compatibility with ECTFE was used as
the secondary diluent. As the weight ratio of DBS to
TPP decreased, the interaction between ECTFE and
the binary diluent became weaker, which was
accompanied by an extension of L-L phase separation
region. Uniform bicontinuous structure was obtained
as the weight ratio of DBS to TPP was 3/2. The
ECTFE hollow fiber membrane with bicontinuous
structure was initially prepared by a binary diluent
and showed high tensile strength of 2.40 MPa and
water flux of 313L m>h™' at 0.1 MPa. The conclu-
sions are also beneficial to the preparation of other
polymer membranes with bicontinuous structure.
Nevertheless, the final membrane structure also
depends on the kinetics of the phase separation pro-
cess. In the future work, the effects of preparation
conditions such as air gap, water bath temperature,
and bore liquid temperature will be investigated to
further improve the performance of ECTFE hollow
fiber membranes.
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Abbreviations

SEM — scanning electron microscope

ECTFE — ethylene chlorotrifluoroethylene copolymer
BB — benzyl benzoate

DEP — diethyl phthalate

DBP — dibutyl phthalate
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DBS — dibutyl sebacate

HDC  — hexadecanol

TPP — triphenyl phosphite

OA — oleic acid

TEG — tetraethylene glycol

BSA — Dbovine serum albumin

& — porosity

my — mass of the wet membrane

my — mass of the dry membrane

p — density

"m — mean pore radius

n — water viscosity

l — membrane thickness

q — volume of the permeation water per unit
time

A — effective area of the membrane

AP — operation pressure

I« — pure water flux

m — permeation mass

At — permeation time

R — rejection

C — protein concentrations
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