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ABSTRACT: Polypropylene (PP) hollow fiber microfiltration membranes with excellent performance were successfully prepared from
the PP-binary diluent system via thermally induced liquid-liquid (L-L) phase separation method. The binary diluent consisted of
myristic acid and diphenyl carbonate. The effects of the binary diluent on phase separation and membrane structure were systemati-
cally investigated. With the decrease in the weight ratio of myristic acid to diphenyl carbonate, the Flory—Huggins interaction parame-
ter between PP and the binary diluent became more positive, and the mechanism of phase separation changed from solid-liquid (S—
L) to L-L. This resulted in the membrane structure changing from spherulitic to bicontinuous. Moreover, as the weight ratio of
myristic acid to diphenyl carbonate decreased from 11/9 to 2/3, the L-L phase separation region kept enlarging while the viscosity of
the whole system became higher. The pore size of the cross-section increased due to the longer coarsening time while the surface
pore size decreased due to the higher viscosity of the system. The bulk porosity of resultant PP membranes was mostly higher than
70% and pure water flux were generally larger than 650 L m~> h™'. In addition, the PP hollow fiber microfiltration membrane pos-
sessed excellent mechanical properties (tensile strength of 3.47 MPa and elongation of 118%) and good separation performance
(rejection to PEO (M,, = 1000 kDa) of 94.6%) when the weight ratio of myristic acid to diphenyl carbonate was 2/3. © 2015 Wiley Peri-
odicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42490.
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ical role in the formation of membrane structure, which deter-
mines the separation performance and mechanical strength of
the membrane."' Solid-liquid (S-L) phase separation usually
leads to the formation of spherulitic structure while liquid-liq-
uid (L-L) phase separation is a preferable choice to prepare
membranes with bicontinuous structure which contributes to
high porosity and mechanical strength.'>™"* Thus, the key point
of PP membrane preparation via TIPS method involves the
identification of a suitable diluent to realize L-L phase separa-
tion. However, lots of work demonstrate that PP membranes
with spherulitic structure are always obtained because only S-L

INTRODUCTION

Polypropylene (PP) has been regarded as one of the most
attractive polymers to prepare microfiltration (MF) membranes
because of its excellent chemical and biological resistance, out-
standing tensile strength, low cost, high temperature resistance,
and easy processing.'™ Since PP membranes are hardly pre-
pared via the nonsolvent-induced phase separation method due
to its high stability, most industrial PP MF membranes are pre-
pared via the dry stretch method.” The oriented elliptical pores
are formed by annealing and stretching PP films, which indi-
cates that the pore size is difficult to be controlled. Meanwhile,

the porosity of obtained PP MF membranes is always <40%.°

Thermally induced phase separation (TIPS) method is a prom-
ising technique for preparation of the desirable PP MF mem-
branes by controlling phase separation.”'* Typically, the TIPS
process involves dissolving a polymer in a diluent at an elevated
temperature to obtain a homogenous solution and cooling the
solution for phase separation. The phase separation plays a crit-
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phase separation occurs using the majority of diluents, such as
eicosane,'® eicosanoic acid,'® mineral oil,'® tetradecane,!” penta-
decanoic acid,"” dotriacontane,'”'® soybean oil,"*" liquid par-
affin,? camphene,”’24 and chloroform.?® Thus, it is difficult to
prepare PP membranes with bicontinuous structure via TIPS
method using a unary diluent. Thereby, diphenyl ether is widely
used to prepare PP membranes with bicontinuous structure in
spite of its unpleasant odor.”*?
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A binary diluent composed of a primary diluent and a second-
ary diluent provides one more degree of freedom compared
with a unary diluent. This indicates that phase separation can
be manipulated by a suitable binary diluent.”* In our preceding
work, the L-L phase separation has been realized and PP mem-
branes with bicontinuous structure have been prepared by a
binary diluent.’>?® Soybean oil which has a good compatibility
with PP is used as the primary diluent while dibutyl phthalate
which has a poor compatibility with PP is used as the secondary
diluent. With the addition of dibutyl phthalate, the compatibil-
ity of the system becomes poor, which leads to membrane
structure changing from spherulitic to bicontinuous. However,
soybean oil is a mixture with five kinds of glycerol esters, which
means the binary diluent actually consists of six chemicals.
Thus, the interaction between PP and the binary diluent cannot
be analyzed without difficulty, and the L-L phase separation
region of the system can hardly be controlled. Moreover, only
irregular pore size can be obtained due to the complicated
binary diluent.

This study aims to investigate the effect of the binary diluent
on phase separation and membrane structure systematically and
to prepare PP MF membranes with excellent performance by
the binary diluent. Myristic acid and diphenyl carbonate are
used as the primary diluent and secondary diluent, respectively.
First, the effect of the weight ratio of myristic acid to diphenyl
carbonate on phase separation is investigated. The Flory—Hug-
gins interaction parameter between PP and the binary diluent is
calculated to reflect the interaction between PP and the binary
diluent as well as to predict the mechanism of phase separation.
The thermodynamic phase diagrams of PP-binary diluent sys-
tems are plotted to analyze the phase separation of different sys-
tems. Then PP hollow fiber MF membranes with bicontinuous
structure are prepared via TIPS (L-L) method using the binary
diluent. Effects of the L-L phase separation region and the vis-
cosity of the system on membrane structure and performance
are investigated in detail.

EXPERIMENTAL

Materials

Polypropylene (PP, MI = 1.4 g/10 min) was provided by Samsung
Total. Myristic acid (M, =228.37 Da), diphenyl carbonate
(M,, = 214.22 Da), and polyethylene oxide (PEO, M,, = 1000 kDa)
were purchased from Sinopharm Chemical Reagent Co., Ltd.

Determination of Phase Diagram

The cloud point temperature of the PP-binary 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 PP and binary diluent
was prepared via previously described method.’”*® Then the
sample was sandwiched between a pair of glass microscope cov-
erslips, which were sealed with silicone rubber to prevent evapo-
ration of the diluent. Finally, the sample was placed on a hot
stage (Linkam THMS 600) at 180°C for 5 min and cooled to
50°C at the rate of 10°C/min.

The crystallization temperature was determined by differential
scanning calorimetry (DSC, TA Q200). The blend sample of the
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Table 1. Preparation Conditions of PP Membranes

PP Weight ratio

Sample concentration of myristic acid to
ID (wt %) diphenyl carbonate
S1 20 1/0

S2 20 4/1

S3 20 713

S4 20 3/2

S5 20 11/9

S6 20 11

S7 20 9/11

S8 20 2/3

PP-binary diluent system was melted at 180°C for 5 min, and
then cooled to 50°C at the rate of 10°C/min. The peak of the
DSC curve was regarded as the crystallization temperature.

Preparation of PP Membranes

The PP hollow fiber membranes were prepared from PP-binary dil-
uent systems via TIPS method. The binary diluent consisted of
myristic acid and diphenyl carbonate. PP, myristic acid, and
diphenyl carbonate powder with certain concentrations were melt-
blended in a twin-screw extruder at an elevated temperature (150—
190°C) to obtain a homogenous dope solution. The temperature of
the spinneret at the end of extruder was 150°C. The dope solution
was extruded from the spinneret and then immersed into a water
bath at 50°C to induce phase separation. The dope flow rate was
16.7 g/min. The air gap between the spinneret and the water bath
was 2 mm. After that, the solidified hollow fiber membrane was
wound on a take-up roller. The take-up speed was 48 m/min. Glyc-
erol was employed as bore liquid at 180°C and the bore flow rate
was 9 g/min. The diluent in the membrane was extracted by etha-
nol and the PP hollow fiber membrane was obtained after the vola-
tilization of ethanol. The preparation conditions of hollow fiber
membranes were listed in Table L.

Characterization of PP Membranes

Morphologies. The morphologies of PP hollow fiber mem-
branes were examined using a scanning electron microscope
(SEM, JEOL JSM7401). PP hollow fiber membranes were frac-
tured in liquid nitrogen and coated with platinum. The SEM
with the accelerating voltage of 3.0 kV was used to examine
cross-section and surface morphologies of membranes.

Mechanical Properties. The mechanical strength of the hollow
fiber membrane was measured via 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 ini-
tial distance between the clamps was of 50 mm. To eliminate
the randomness, 5 specimens were tested for each sample.

Crystallinity. The melting curve was carried out on a TA
Instruments Q-200 DSC in a dry nitrogen atmosphere. PP
membranes were sealed in an aluminum pan, which was heated
to 200°C at a rate of 10°C/min. The crystallinity (X.) of PP
membrane was calculated by the following equation:
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Materials V2 (cm3/mol) 54 (MPal/3) 5o (MPal/2) 5n (MPal/3) 5 (MPat’?) P
PP - 18.00° OF 1.00° 18.03 -
Myristic acid 2542 16.48¢ 1.65° 6.27°¢ 17.71 0.35
Diphenyl carbonate 178.9 18.73¢ 3.64° 7.48° 20.49 0.77

V, molar volume; §, solubility parameter at 25°C; y, Flory-Huggins interaction parameter between PP and the diluent at 25°C.
2V calculated using Advanced Chemistry Development (ACD/Labs) Software V11.02 (© 1994-2014 ACD/Labs).

®Data from Ref. 58.
©Data estimated by group contribution methods.>®

dy can be related to &: = 0.34 + V4(61 — 62)°/RT, where 1 and 2, respectively, denote diluent and polymer.>®

XC = AH{/AH{@ X100%

Where AHg is the fusion enthalpy of the precursor and AHg is
209 J/g,* the fusion enthalpy of 100% crystalline PP.

Average Pore Size and Pore Size Distribution. The pore size
and pore size distribution were determined by analyzing SEM
images using the software Image-Pro Plus 6.0 as reported in Ref. 40.

Bulk Porosity and Surface Porosity. The bulk porosity of the
PP hollow fiber membrane é&,, was measured through the
determination of the amount of isobutanol absorbed by the
membranes using the following equation:'?

etk = (M1 —my) /p; /(M1 —ma) [ p;+ma /)

where m,; is the weight of the wet membrane (g); m, is the
weight of the dry membrane (g); p; is the isobutanol density
(0.806 g-cm ™), and pp is the polymer density (0.891 g-cm ).

The surface porosity &gfce Was determined by analyzing SEM
images using the software Image-Pro Plus 6.0. In this case, the
porosity was determined directly by comparing the area of dark
regions (the pores) and light regions (the polymer) as reported
in Ref. 41.

Filtration Performance. The pure water flux and rejection of
the hollow fiber membrane were determined using a self-made
dead-end filtration under the pressure of 0.1 MPa. The flux (J,)
was calculated according to the following equation:*?
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Figure 1. Phase diagram for the PP-binary diluent systems with various
weight ratios of myristic acid to diphenyl carbonate at the PP concentra-
tion of 20 wt %. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Jy=m/(p-A-At)

Where m, p, A, and At are the permeation mass (g), water den-
sity (g/L), outside surface area of the membrane (m?), and per-
meation time (h), respectively.

The same setup was used for rejection experiments with PEO
(M,, = 1000 kD) at the concentration of 2 g/L. The concentra-
tions of PEO in the feed and permeation solutions were ana-
lyzed via total organic carbon. The rejection (R) was calculated
by the following equation:

R:(I_CP/CF)

Where Cp and Cg are the protein concentrations in the permea-
tion and feed solutions after the cyclic filtration, respectively.

RESULTS AND DISCUSSION

Phase Diagram

The L-L phase separation can be directly realized if a suitable
binary diluent is used.”>™° Generally, the primary diluent is the
one that has good compatibility with the polymer.*****” In this
work, myristic acid is selected as the primary diluent because of

Table III. Flory—Huggins Interaction Parameters Between PP and Binary
Diluents

Weight ratio of
myristic acid to Vg® o8°

diphenyl carbonate (cm3/mol) (MPa'?) X

1/0 254.2 17.71 0.35
411 242.3 18.15 0.34
713 235.9 18.39 0.35
3/2 229.1 18.64 0.37
11/9 225.6 18.77 0.39
11 221.9 18.90 0.41
9/11 218.2 19.04 0.43
2/3 214.3 19.18 0.45
7/13 210.4 19.33 0.48

Vg, molar volume of binary diluent; ég, solubility parameter of binary dilu-
ent at 25°C.

#Vg = ¢iVi+¢;V;, where ¢; and ¢, respectively, are the volume fraction of
myristic acid and diphenyl carbonate; i and j, respectively, denote the
myristic acid and diphenyl carbonate.

b(BB:(/)‘(S,‘F(/)J(sj, where ¢; and ¢;, respectively, are the volume fraction of
myristic acid and diphenyl carbonate; i and j, respectively, denote the
myristic acid and diphenyl carbonate.
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Figure 2. Phase diagram for the PP-binary diluent systems with various
weight ratios of myristic acid to diphenyl carbonate. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

its low Flory—Huggins interaction parameter () with PP (seen
in Table II). In order to obtain L-L phase separation, diphenyl
carbonate that has poor compatibility with PP is added into the
PP—myristic acid system to alter the interaction of the system.

Phase diagram for PP-binary diluent systems with various
weight ratios of myristic acid to diphenyl carbonate at the PP
concentration of 20 wt % is shown in Figure 1. When the
weight ratio of myristic acid to diphenyl carbonate is more than
3/2, only S-L phase separation is observed and the crystalliza-
tion temperature slightly decreases. As the weight ratio decreases
to 11/9, the mechanism of the phase separation changes from
S-L phase separation to L-L phase separation with the subse-
quent polymer crystallization. With the continuous decrease of
the weight ratio, the gap between the cloud point temperature
and the crystallization temperature becomes larger while the
crystallization temperature remains unchanged.

The overall feature in Figure 1 can be analyzed in terms of the
interaction between PP and the binary diluent. The Flory—Hug-
gins interaction parameter (), typically used to interpret the
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interaction between the polymer and the diluent, is calculated
from the differences of the solubility parameters between PP
and the binary diluent as listed in Table III. The solubility
parameter (0) of the binary diluent increases as the weight ratio
of myristic acid to diphenyl carbonate decreases, which results
in a more positive y. When the weight ratio of myristic acid to
diphenyl carbonate is more than 3/2, the Flory—Huggins interac-
tion parameter value is relatively small (lower than 0.37), which
indicates good compatibility of the system. Thus only S-L phase
separation occurs. Meanwhile, it has been reported that the
addition of “poor” solvents increases the viscosity, since poly-
mer chains form a network, which prevents the polymer chains
from flowing.**** Thus, the mobility of PP segments decreases
with the addition of diphenyl carbonate, preventing crystal
nucleation and growth of PP.’°* Therefore, the system needs
deeper degree of super cooling to form crystal nuclei of PP and
the crystallization temperature decreases as the weight ratio of
myristic acid to diphenyl carbonate decreases. Furthermore, the
Flory—Huggins interaction parameter value continually increases
as the weight ratio of myristic acid to diphenyl carbonate
changes from 11/9 to 2/3. This means that the Gibbs free energy
of mixing A G, becomes positive and demixing would occur.”®
Thus, the L-L phase separation region is enlarged. Finally, the
homogenous solution cannot be obtained at an elevated tem-
perature as the weight ratio of myristic acid to diphenyl carbon-
ate is 7/13 due to the much poorer compatibility of the PP-
binary diluent system.

The phase diagram for the PP-binary diluent systems with the
weight ratios of myristic acid to diphenyl carbonate from 11/9
to 2/3 is shown in Figure 2. A typical upper critical solution
temperature type phase behavior is shown. As reported, the
monotectic point ¢y, increases as y increases.” As the weight
ratio of myristic acid to diphenyl carbonate ranges from 11/9 to
2/3, the monotectic point ¢,, increases from 20 to 60%, indi-
cating a fast extend of the L-L phase separation region. On the
other hand, the crystallization temperature is barely influenced
by varying the weight ratio of myristic acid to diphenyl carbon-
ate as shown in Figure 1. The fluctuation of the crystallization

Figure 3. Cross-section morphologies of PP membranes (magnification: 3000X).
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Figure 4. Stress—strain curves of PP membranes. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

temperature at a fixed PP concentration is <1%. Therefore, the
crystallization temperatures in Figure 2 are obtained by averag-
ing the several crystallization temperatures of various weight
ratios of myristic acid to diphenyl carbonate. Nevertheless, the
crystallization temperature slightly increases by increasing the
PP concentration. As reported, the addition of diluent lowers
the chemical potential of the polymer in the solution.”»* So
addition of the binary diluent here also lowers the chemical
potential, leading to the depression of the crystallization tem-
perature of PP. Meanwhile, the lower crystallization temperature
of the system indicates a higher degree of supercooling or a
larger driving force needed for polymer crystallization.® This
suggests that larger driving force is needed for PP crystallization
with the increase in the weight ratio of myristic acid to
diphenyl carbonate.

The result of the phase diagram demonstrates that the mecha-
nism of phase separation has been altered by changing the com-
position of the binary diluent and the L-L phase separation
region can be continuously manipulated. Additionally, myristic
acid to diphenyl carbonate can be conveniently recycled by
recrystallization with low energy consumption since it is solid
around room temperature,”’ which indicates a more environ-
mental and cost-effective membrane preparation process.

Cross-Section Morphologies
The evolution in the structure of membrane preparation via
TIPS method is closely related to the thermodynamics of the

Table IV. Mechanical Properties of PP Membranes

Figure 5. DSC melting curves of PP membranes. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

phase separation process.° As shown in Figure 2, with the
decrease of the polymer concentration, the gap between the
cloud temperature and the crystallization temperature is larger,
which suggests that the enhanced effect of the L-L phase sepa-
ration on membrane structure can be easily analyzed. Neverthe-
less, it is difficult to prepare membranes with the much lower
polymer concentration due to lower viscosity of polymer solu-
tion. Thus, the effect of thermodynamics of the phase separa-
tion process on membrane structure is investigated at the
polymer concentration of 20 wt % in the following section.

Cross-section morphologies of PP hollow fiber membranes pre-
pared by various weight ratios of myristic acid to diphenyl car-
bonate are shown in Figure 3. When the weight ratio of
myristic acid to diphenyl carbonate is more than 3/2, the PP-
binary diluent system undergoes the S-L phase separation,
which has been illustrated in Figure 1. Thus, the cross-section
structure of resultant membranes is mainly spherulitic as shown
in Figure 3. With the decrease in the weight ratio of myristic
acid to diphenyl carbonate, the spherulites become bigger. This
is attributed to the weaker interaction between PP and the
binary diluent which prevents the nucleation activity of PP and
leads to the formation of fewer primary nuclei at the beginning
of crystallization as well as the lower crystallization temperature
(Figure 1).

When the weight ratio of myristic acid to diphenyl carbonate
ranges from 11/9 to 2/3, the interaction between PP and binary
diluent becomes weaker and the L-L phase separation occurs.
The system enters an unstable or a metastable region. The phase

Table V. The Fusion Enthalpy and Crystallinity of PP Membranes

Tensile
Sample Modulus strength Elongation
ID (MPa) (MPa) at break (%)
S1-S4 = = Almost

no elongation

S5 129 1.05 129
S6 13.5 1.29 215
S7 25.3 2.05 50.2
S8 49.7 3.47 118

Sample ID AH: (J/g) X (%)
§'5 1041 49.8
S6 93.94 449
S7 85.24 40.8
S8 75.01 359
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Figure 6. Thicknesses of PP membranes (magnification: 500X).

separation proceeds through nucleation and growth in the met-
astable region, whereas it occurs through spinodal decomposi-
tion in the unstable region. The system is divided to two
phases, namely, rich-polymer phase and lean-polymer phase.
Then the rich-polymer phase solidifies and the structure is
formed when the temperature of the system is below the crys-
tallization temperature. In this case, the resulting phase separa-
tion process is determined by spinodal decomposition. Phase
separation proceeds instantaneously and results initially in a
regular, highly interconnected structure. When the weight ratio
of myristic acid to diphenyl carbonate is 11/9, the cloud point
temperature of the system is close to the crystallization temper-
ature. In the cooling process, since the L-L phase separation
occurs almost simultaneously with polymer crystallization, the
resultant membrane exhibits the structure mixed of spherulitic
and bicontinuous structure. With the decrease in the weight
ratio of myristic acid to diphenyl carbonate, the region between
the cloud point curve and crystallization curve becomes larger.
As a consequence, the phase separation of spinodal decomposi-
tion occurs far before polymer crystallization. Therefore, the
spherulitic structure disappears gradually and is replaced by the
uniform bicontinuous structure. In short, the cross-section mor-
phologies of the PP membranes can be significantly altered by
the mechanism of phase separation and the L-L phase separa-
tion region.

Mechanical Properties

It is well known that the cross-section morphologies play an
important role on the mechanical properties of the
membranes.”"®” Figure 4 describes the stress—strain curves of
PP hollow fiber membranes prepared at the PP concentration of
20 wt % by various weight ratios of myristic acid to diphenyl

400 - - 400
Il Average cross section pore size
Il Average surface pore size

- 300
- 250
- 200
- 150
100
S6 s7 s8

Sample ID

Average cross section pore size (nm)
(wu) azis aiod aoeuns abelany

Figure 7. Average pore sizes of PP membranes. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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carbonate. Specific values of the mechanical properties of mem-
branes are summarized in Table IV. It should be noted that
when the weight ratio of myristic acid to diphenyl carbonate
decreases from 1/0 to 3/2, the resultant membranes (S1-S4) are
brittle and have little elongation due to the spherulitic structure,
which demonstrates that the membranes (S1-S4) are difficult to
characterize. With the continuous decrease in the weight ratio,
the structure of the resultant membranes changes from spheru-
litic to bicontinuous. The tensile strength and elongation of the
resultant membranes (S5-S8) with bicontinuous structure are
above 1 MPa and 10%, respectively, due to the better connectiv-
ity. The membrane S8 prepared with 2/3 weight ratio of myris-
tic acid to diphenyl carbonate has the highest tensile strength
(3.47 MPa) and elongation (118%). It is attributed to the uni-
form bicontinuous structure. This interconnected structure leads
to the much more conductive plastic flow under applied stress,
thereby delaying crack formation.

Bicontinuous structure contributes to high tensile strength
which is needed for characterization of PP membranes. Thus,
only the membranes (S5-S8) with bicontinuous structure are
analyzed systematically to investigate the phase separation on
the PP membrane performance in the following section.

Thermal and Crystalline Properties

As mentioned above, when the weight ratio of myristic acid to
diphenyl carbonate ranges from 11/9 to 2/3, the L-L phase sep-
aration occurs, followed closely by polymer crystallization. The
crystallization of the PP membrane is investigated by DSC. DSC
melting curves of the PP hollow fiber membranes prepared at
the PP concentration of 20 wt % by various weight ratios of
myristic acid to diphenyl carbonate are shown in Figure 5. As
the weight ratio of myristic acid to diphenyl carbonate
decreases, the melting curve shows only one wide temperature
peak at about 165°C. There is no obvious change in peak tem-
perature and the shape of the melting curve, indicating the
addition of diphenyl carbonate does not induce the formation
of a new crystal phase. Meanwhile, the fusion enthalpy and
crystallinity of PP membranes prepared by varying the weight
ratio of myristic acid to diphenyl carbonate are summarized in
Table V. PP membranes with spherulitic structure have higher
fusion enthalpy and crystallinity.

The overall feature of the membrane crystallization can be ana-
lyzed by the change of viscosity of the PP-binary diluent system,
which strongly affects regular folding of polymer molecules in
the crystallization process.”® As reported, the addition of “poor”
solvents increases the viscosity, since polymer chains form a net-
work, which prevents the polymer chains from flowing.**** The

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.42490



http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE WILEYONLINELIBRARY.COM/APP
S5 ., $6 87 . 58
i I i

1000 1500
Poie size (nm)

Figure 8. Cross-section morphologies and pore size distributions of PP membranes (magnification: 10,000X). [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 9. Surface morphologies and pore size distributions of PP membranes (magnification: 10,000X). [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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Figure 10. Porosities of PP membranes. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

change of the viscosity of the PP-binary diluent system can also
be verified by the variation of the membrane thickness. As
shown in Figure 6, the membrane thickness decreases with the

Mﬁ%} WWW.MATERIALSVIEWS.COM
1

42490 (7 of 10)

addition of the “poor” diluent (diphenyl carbonate). This
means the extrusion of the PP-binary diluent system becomes
more difficult, which implies the higher viscosity of the PP-
binary diluent system. Meanwhile, it has been reported that
higher viscosity prevents the regular folding of polymer mole-
cules in the crystallization process, which results in the decrease
in the crystallinity.”®>* Thus, with the decrease in the weight
ratio of myristic acid to diphenyl carbonate, mobility of PP seg-
ments decreases, preventing crystal nucleation and growth of
PP.

Average Pore Size, Pore Size Distribution, and Porosity

The filtration performance of the PP membrane is determined
by the average pore size, pore size distribution, and porosity.
The average pore size of PP membranes prepared at the PP con-
centration of 20 wt % by various weight ratios of myristic acid
to diphenyl carbonate are shown in Figure 7. The pore size dis-
tributions of the PP membranes prepared at the PP concentra-
tion of 20 wt % by various weight ratios of myristic acid to
diphenyl carbonate are shown in Figures 8 and 9. With the
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Figure 11. Pure water flux and rejection of PP membranes. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

decrease in the weight ratio of myristic acid to diphenyl carbon-
ate, the cross-section pore size increases from 181 to 240 nm
while surface pore size decreases from 361 to 124 nm.

The pore size mainly depends on the droplet growth. When the
weight ratio of myristic acid to diphenyl carbonate ranges from
11/9 to 2/3, the resulting phase separation is determined by spi-
nodal decomposition. Then the two-phase system will continue
to evolve in response to its tendency to reduce the surface
energy associated with interfacial area. The coarsening process
has been interpreted by three different mechanisms: ostwald rip-
ening, coalescence, and the hydrodynamic flow mechanism. All
the mechanisms present that droplet growth is closely related to
the coarsening time and viscosity.°>®® With the decrease in the
weight ratio of myristic acid to diphenyl carbonate, the L-L
phase separation region gets wider. As a result, the L-L phase
separation occurs at the higher temperature while the system
solidifies around the similar temperature, which leads to the
longer coarsening time for droplet growth under identical cool-
ing process. Thus, the pore size of the membrane cross-section
increases. Nevertheless, polymer solution near the surface rap-
idly solidifies at the moment entering to the water bath. Thus
the coarsening time is similar although the weight ratio of
myristic acid to diphenyl carbonate is changed. In this case, the
viscosity plays a more critical role in droplet growth.*>*® The
viscosity of the system increases with the decrease in the weight
ratio of myristic acid to diphenyl carbonate, resulting in the
decrease in the diffusivity of the diluent. This hinders the rapid
growth of the droplet. Thus the surface pore size decreases with
the decrease in the weight ratio of myristic acid to diphenyl
carbonate.

The bulk and surface porosities of PP membranes prepared at
the PP concentration of 20 wt % by various weight ratios of
myristic acid to diphenyl carbonate are shown in Figure 10. The
bulk porosities of all four PP membranes are higher than 70%,
indicating good permeability. With the decrease of the weight
ratio of myristic acid to diphenyl carbonate, the bulk porosity
increases gradually. As reported, more crystallites would push
more diluent outside of membrane, thus decreasing the porosity
of the membrane.®* As a result, the membrane with bicontinu-
ous structure and lower crystallinity has the higher bulk poros-
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ity. On the contrary, with the decrease of the weight ratio of
myristic acid to diphenyl carbonate, the surface porosity reduces
greatly from 30 to 2.8%, which results from the simultaneous
decrease of the pore number and the pore size.

Filtration Performance

Pure water flux and rejection to PEO (M, = 1000 kDa) of PP
hollow fiber membranes prepared at the PP concentration of 20
wt % by various weight ratios of myristic acid to diphenyl car-
bonate are shown in Figure 11. The pure water flux is both
influenced by bulk porosity and surface porosity. Four PP hol-
low fiber membranes have large pure water flux above 650 L
m > h™", which is much higher than that of the relative refer-
ence.”> The pure water flux increases firstly with the decrease in
the weight ratio of myristic acid to diphenyl carbonate due to
the higher bulk porosity. Then the pure water flux decreases
due to the reduction in surface porosity. The membrane S6 has
the considerable pure water flux of 1060 L m > h™ .

Rejection is mainly influenced by surface pore size.”” The mem-
brane S5 has many big pores on its surface, which is much
larger than diameter of PEO (M, = 1000 kDa). Thereby, the
rejection is as low as 18.9%. With the decrease in the weight
ratio of myristic acid to diphenyl carbonate, the surface pore
size decrease and big pores disappear, which indicates a fast
increase of the rejection. When the weight ratio of myristic acid
to diphenyl carbonate is 2/3, the rejection of the resultant mem-
brane is as high as 94.6%.

In short, the reduction of the weight ratio of myristic acid to
diphenyl carbonate increases the bulk porosity and decreases
the surface porosity and pore size. As the weight ratio of myris-
tic acid to diphenyl carbonate is 2/3, the pure water flux and
rejection to (M, = 1000 kDa) are 655 L m 2 h ! and 94.6%,
indicating an excellent MF performance.

CONCLUSIONS

PP MF membranes are prepared from the PP-binary diluent
system via TIPS method using the binary diluent of myristic
acid to diphenyl carbonate. As the weight ratio of myristic acid
to diphenyl carbonate decreases, the mechanism of phase sepa-
ration changes from S-L to L-L. The PP membranes with

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.42490


http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE

bicontinuous structure are successfully prepared. Meanwhile, the
membrane porosity and pore size can be continuously manipu-
lated by varying the weight ratio of myristic acid to diphenyl
carbonate due to the change of L-L phase separation region
and viscosity of the system. As the weight ratio of myristic acid
to diphenyl carbonate is 2/3, the PP hollow fiber MF membrane
with excellent mechanical properties (tensile strength of 3.47
MPa and elongation of 118%) and filtration performance (pure
water flux of 655 L m 2 h™! and rejection to PEO (M,, = 1000
kDa) of 94.6%) is prepared. The conclusions are also beneficial
to the preparation of other polymer membranes with excellent
performance. Nevertheless, the final membrane structure also
depends on the kinetics of the phase separation process. In the
future work, the kinetics of the L-L phase separation and the
subsequent polymer crystallization as well as its effect on mem-
brane formation will be investigated to further improve the per-
formance of PP MF membranes.
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