Ethylene glycol as bore fluid for hollow fiber membrane preparation
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ABSTRACT
We proposed the use of ethylene glycol and its mixture with water as bore fluid for the
preparation of poly(ether imide) (PEI) hollow fiber membranes and compared their performance
and morphology with membranes obtained with conventional coagulants (water and its mixture
with the solvent N-methylpyrrolidone (NMP)). Thermodynamics and kinetics of the systems
were investigated. Water and 1:1 water:EG mixtures lead to fast precipitation rates. Slow
precipitation is observed for both pure EG and 9:1 NMP:water mixture, but the reasons for that
are different. While low osmotic driving force leads to slow NMP and water transport when
NMP:water is used, the high EG viscosity is the reason for the slow phase separation when EG is
the bore fluid. The NMP:water mixture produces fibers with mixed sponge-like and finger-like
structure with large pores in the inner and outer layers; and hence leading to a high water
permeance and a high MWCO suitable for separation of large-sized proteins. As compared to
NMP:water, using EG as bore fluid provides fibers with a finger-like bilayered structure and
sponge-like layers near the surfaces, and hence contributing to the higher water permeance. It
also induces small pores for better protein rejection.
Keywords: hollow fiber, bore fluid, ethylene glycol, precipitation rate, kinetics.
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1. Introduction
Along with membrane chemistry, membrane pore characteristics such as surface pore size,
porosity and pore size distribution are crucial factors in ultrafiltration process because they
contribute to determine water flux, solute rejection and even resistance to fouling [1]. In the
phase inversion process, a versatile technique for fabrication of asymmetric ultrafiltration
membranes, membrane pore structures can be tailored by changes in polymer dope composition,
solvent evaporation temperature and duration, and the chemistry and temperature of the
coagulation bath. The addition of pore-forming agents is an important strategy in membrane
preparation to enhance permeation properties. These additives can be inorganic (e.g. water [2, 3],
LiCl [3-6], ZnCl2 [7] or phosphoric acid [8]), small organic molecules (alcohols [3, 9], acetone
[10], ethylene glycol [11] or glycerol [3, 8]) or organic macromolecules (e.g.

poly(vinyl

pyrrolidone) (PVP) [12-15] or poly(ethylene glycol) (PEG) [16-19]). Their action mechanism
combines thermodynamic and kinetic aspects, such as coagulation capability, viscosity, phase
separation mechanism and rate, diffusion coefficient, etc. For example, LiCl, glycerol and
phosphoric acid are known to increase the viscosity of polyvinylidene fluoride (PVDF) dope
solution, because of their stronger interactions with the solvent or polymer [4, 8], and the
addition of PVP in the PVDF dope solution is reported to increase the precipitation rate in water
due to its hydrophilic nature [12].
It is accepted that the fabrication of hollow fiber membranes involves additional factors to those
involved in the flat-sheet membrane formation because of the large number of spinning
parameters (polymer dope chemistry and flow rate, bore fluid composition and flow rate,
spinneret design, air gap, take-up speed, etc.). Similar to the formation of flat-sheet membranes,
many efforts have been made to investigate the introduction of additives in dope solutions to
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improve membrane pore characteristics. On the other hand, it has also been reported that the
presence of additives in the bore fluid (i.e. internal coagulant) has significant effects on
membrane pore structure. Most studies have used volatile solvents (e.g. ethanol [20]) or nonsolvent (water) [21] as such additives to control the pore formation in the lumen of the hollow
fiber and adjust the internal skin. This method mostly changes the pore size of the internal
surface and overall cross-sectional morphology, while the external skin (selective layer) remains
unchanged when the strong non-solvent (water) is used as the external coagulant. In this study,
we demonstrate that ethylene glycol added to the bore fluid can be used to tailor also the pore
size of the external selective layer. Its similar compounds (e.g. diethylene glycol, glycerol and
polyethylene glycol) have been known as pore-forming agents when added to polymer dope
solutions, due to their high viscosity and hydrophilicity [3, 5, 22, 23]. However, to the best of our
knowledge, there are no studies on the effects on ethylene glycol as a bore fluid component on
membrane pore structure.
Aromatic poly(ether imide) (PEI) (Figure 1) was used for the fabrication of ultrafiltration hollow
fiber membranes. PEI is a high performance membrane material for various applications. Its
aromatic imide units offer high separation performance, while its flexible ether linkages facilitate
good processability [23, 24]. We believe this approach will be very useful for the optimization of
spinning process for high-perfomance hollow fiber membrane preparation.

Figure 1. Chemical structure of PEI.
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2. Experimental
2.1. Materials
Polyetherimide (PEI) Ultem® 1000, provided by Sabic (Saudi Arabia), diethylene glycol (DEG,
99%, Alfa-Aesar), ethylene glycol (EG, 99.8%, Sigma-Aldrich) and N-methyl-2-pyrrolidinone
(NMP, ≥ 99.5%, Merck) were used to prepare the dope solution and bore fluids for the
fabrication of hollow fiber membranes. Poly(ethylene glycol) (PEG) and poly(ethylene oxide)
(PEO) with different molecular weights from Sigma-Aldrich were used for pore size analyses.
Myoglobin from equine skeletal muscle (95-100%), bovine serum albumin (BSA, ≥ 96%) and γglobulin from bovine blood (≥ 99%) for protein rejection tests were also obtained from SigmaAldrich. The information on their molecular weights and isoelectric points (pIs) are listed in
Table 1 (from Sigma-Aldrich).

Table 1. Protein molecular weights and isoelectric points.
Protein

Molecular
weight
(kg mol-1)

Isoelectric point

Myoglobin

~ 17

~ 7.3

BSA

~ 66

~ 4.8

γ-Globulin

155-160

~ 6.9

2.2. Phase diagram
The phase diagram of the PEI/NMP/DEG/EG/water system was estimated by cloud point tests. A
series of PEI solutions with different polymer concentrations was prepared in DEG/NMP
(13/70). Their cloud points were determined by adding different non-solvents (NMP:water (9:1),
water, water:EG (1:1) and EG) at 60 oC (temperature at which PEI can be completely dissolved
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in NMP) until turbidity was observed. The amounts of PEI, DEG/NMP, and non-solvent for each
cloud point were plotted in a ternary diagram.

2.3. Phase inversion kinetics
The phase inversion kinetics was studied by light transmittance experiments in different nonsolvents. The polymer solution was cast on a glass plate, forming a solution layer of 1 mm and
then the glass plate was immediately immersed in a cuvette, containing non-solvent. The changes
in light transmittance were monitored at 600 nm (water, NMP and EG have no absorbance peak
at this wavelength) using a Cary 5000 UV-Vis-NIR, Agilent. The transmittance curves were
plotted as a function of time.

2.3. Hollow fiber spinning
PEI hollow fiber membranes were fabricated by non-solvent-induced phase-separation process,
using a dry-jet wet spinning line, as described in Figure 2. The detailed procedure can be found
elsewhere [25] and spinning conditions are listed in Table 2. All spinning parameters were kept
unchanged while different bore fluid compositions were used. The membrane modules were
prepared with 2-3 fibers per module and their effective length was around 13.4 cm.
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Table 2. Spinning conditions for PEI hollow fiber membranes.
Spinning parameter

Value

Dope solution (wt%)

PEI/DEG//NMP (17/13/70)

Bore fluid (wt%)

NMP:water
(9:1)

Dimensions of spinneret

0.9:0.6

External coagulant

Water

Temperature (◦C)

Ambient

Dope flow rate (ml/min)

6

Bore fluid
(ml/min)

flow

rate

Water

Water:EG
(1:1)

EG

6

Air gap distance (cm)

1

Take-up speed (m/min)

12

Figure 2. Schematic diagram of PEI hollow fiber membrane spinning system.
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2.4. Membrane characterizations
The cross-sectional and surface morphologies of PEI hollow fiber membranes were observed on
a field emission scanning electron microscope (FESEM, Quanta 200 or Nova Nano). Before
imaging, the membranes were fractured in liquid nitrogen and then coated with iridium, using a
coater.
The water contact angle on the hollow fiber membrane surfaces, which characterizes their
hydrophilicity, was measured by a Sigma 701 Tensiometer from KSV Instruments Limited. The
hollow fibers were sealed at one end and then immersed into distilled water. Their advancing
contact angles were calculated with the help of a computer software. Five readings were
recorded and an average was obtained.
The porosity of hollow fiber membranes was determined by weight and volume measurements.
Wet fibers were taken out from the water bath and cut into 5 cm in length (l) and then freeze
dried overnight before weighed (m) with 5 samples for each measurement. The overall porosity 
(%) was calculated using the following equation:

=

1
𝑙(𝑂𝐷2 −𝐼𝐷2 )−𝑚
4
1
𝑙(𝑂𝐷2 −𝐼𝐷2 )
4

× 100

(1)

where OD and ID are the outer and inner diameters of the fiber, respectively.  is the polymer
density (1.28 g/cm3).
The pore structural characteristics of PEI hollow fiber membranes, including pure water
permeance, molecular weight cut-off (MWCO), pore size, and pore size distribution were
analyzed, by using nanofiltration experiments in a lab-scale circulating filtration unit, as
previously described [23]. Since the selective layer locates on the outer surface of the fibers, the
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feed solutions were circulated into their shell side, while the permeate solution were collected
from their lumen side. The pure water permeance PWP (L m-2 bar-1 h-1) was measured by
circulating water into the module at a constant flow rate of 0.1 Lmin-1 under a pressure of 1 bar
and then calculated using the equation:

𝑃𝑊𝑃 =

𝑄

(2)

𝑃×𝐴𝑚

where Q is the water permeation volumetric flow rate (L/h), Am is the effective area (m2), and ΔP
is the transmembrane pressure (bar).
The pore size, pore size distribution, and MWCO of PEI hollow fiber membranes were evaluated
via solute rejection experiments with 200 ppm neutral organic solutes (PEG and PEO with
different molecular weights) at 1 bar. The system was stabilized for 1 h before both feed and
permeate were collected 3 times for the consecutive time intervals of 0.5 h. The variation of
rejection was less than 2 %. Concentrations of feed and permeate were measured by gel
permeation chromatography (1260 infinity GPC/SEC, Agilent technologies). The solute rejection
RT (%) was calculated using the equation:

𝑅𝑇 (%) = (1 −

𝑐𝑝
𝑐𝑓

)

(3)

where cp and cf are the solute concentrations in the permeate and feed solution, respectively.
From the relationship between RT (%) and solute molecular weight, pore size, pore size
distribution, and MWCO can be calculated as described previously [26].

2.5. Ultrafiltration tests
The ultrafiltration performance was examined by filtration tests of different proteins, with the
same set-up used for pore size tests. These solutions were prepared in phosphate phosphate
9

buffered saline solution. Their rejection was calculated by Eq. (3), based on their permeate and
feed concentrations, which were analyzed on a UV spectrometer at 280 nm (Thermo scientific,
Nanodrop 2000c).

3. Results and Discussion
3.1. Effect of different coagulants on the phase diagrams
Different coagulants have been investigated in this study to fabricate porous hollow fibers, which
include common coagulants – the non-solvent water and the mixture of solvent and non-solvent
(NMP and water) – and newly proposed coagulants – EG and their mixture with water. The
nature of coagulants contributes to govern the precipitation rate of the polymer dope, which is an
important parameter for fabricating porous membranes. Figure 3 depicts the cloud points of the
polymer dopes with different concentrations, when they were well mixed with the coagulants.
The red line is very close to the solvent axis, which implies that water is a strong non-solvent for
the PEI polymer. This agrees with the huge difference in their solubility parameters (26.3 MPa1/2
for PEI and 47.8 MPa1/2 for water) as presented in Table 3. As a result, even small amount of
water can lead to thermodynamic instability and induce solution turbidity. The water
concentration is almost constant for all solutions (around 1 wt%).
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Figure 3. Phase diagram of PEI/solvent/non-solvent systems at 60 oC.

The mixture of NMP:water (9:1) significantly shifts the system far apart from the axis. More
coagulant is required to induce phase separation, since NMP alone is a solvent for PEI. This low
precipitation rate leads to a delayed demixing of the polymer dope when the mixture is used as
the bore fluid for fiber spinning.
Compared to water, EG (solubility parameter of 32.9 MPa1/2) is a weak non-solvent for PEI, and
promotes demixing at a slower rate than water. The binodal curve for 1:1 water:EG (pink) is
close to the binodal curve for water (red).
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Table 3. Solvents solubility parameters. [27]
Solubility parameter (MPa1/2)

Solvent
Dispersive
parameter d

Polar
parameter p

Hydrogen bonding
parameter h

Total solubility
parameter t

NMP

18.0

12.3

7.2

22.9

NMP:water (9:1)

-

-

-

25.5a

water

15.6

16.0

42.3

47.8

EG

17.0

11.0

26.0

32.9

Water:EG (1:1)

-

-

-

40.7a

PEI

-

-

-

26.3

a

The values were calculated accordingly to the mathematical method for solvent mixtures in ref
[27].

3.2. Kinetics of phase inversion with different coagulants
Precipitation kinetics or phase inversion kinetics is important to understand the membraneforming mechanism. Figure 4 depicts the precipitation kinetics of the PEI solution in different
coagulants by light transmittance measurement, similar to that described by Reuvers and
Smolders [28]. The precipitation rate is in the order of water > water:EG > EG > NMP:water.
Liquid-liquid phase separation can occur by spinodal decomposition (SD) or nucleation and
growth (NG) [29, 30]. SD is preferentially favored when the system is abruptly brought to a twophase condition. This is probably the case of the fast coagulation in water in this investigated
system, as well as coagulation in water:EG. On the other hand, when EG or NMP:water are used
as coagulants, phase separation is slow. The transition from one to two-phases being slow,
allows a long period in a metastable condition, which favors the NG mechanism.
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Figure 4. Plots of light transmittance vs time for PEI solution in different coagulants.

The kinetics of phase separation is strongly influenced by the non-solvent viscosity and by the
solvent/non-solvent miscibility. EG is 16-fold more viscous than water and 10-fold more than
NMP, as listed in Table 4. In the cloud point tests, stirring facilitates the mixing of EG and
PEI/NMP solution. As a result, EG can express its full function as a non-solvent and easily
induce thermodynamic instability. On the contrary, in the precipitation kinetics, which partially
mimics the phase separation during membrane formation, EG approaches the thin polymer
solution film and forms a skin at the solution/non-solvent interface. The skin becomes a barrier
to restrict the diffusion of EG, and due to its high viscosity the solvent/non-solvent exchange
becomes even slower, as seen in Figure 4. When water:EG is used as non-solvent mixture the
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viscosity is much lower and the phase separation follows a mechanism similar to that observed in
pure water as coagulant.

Table 4. Solvents physical properties. [31]
Solvent

Molecular
volume (Å3)

Boiling point
(oC)

Viscosity
(10-3 Pa.s)

Density
(g/cm3)

NMP

160

202

1.65

1.028

water

30

100

1

1

EG

55.8

197

16.1

1.113

The reason for the low precipitation rate in NMP:water (9:1) is different than in EG. Since a
large amount of NMP is present in the coagulant (low water concentration), the osmotic force
driving the solvent diffusion to the non-solvent (bore fluid) and the simultaneous diffusion of
non-solvent into the dope solution is low. As a result, the solvent/non-solvent exchange is slow.
In addition to that, as depicted in its phase diagram, the NMP:water (9:1) mixture is a very weak
non-solvent for PEI and hence more non-solvent is required to lead to precipitation.

3.3. Membrane morphologies
Figures 5 and 6 display cross-sectional and surface morphologies of PEI hollow fiber membranes
spun with different bore fluids. A comparison between the first two rows in these two figures
shows the difference in morphology when NMP:water is used as bore fluid instead of water. The
fiber spun with NMP:water has a mixed structure of one sponge-like layer and one finger-like
layer while the fiber spun with water has two virtually symmetric finger-like layers. In addition,
the former has a larger overall diameter with a thinner wall thickness, more porous sublayers (at
the inner and outer edges) than the latter. Their inner surfaces indicate that the NMP:water as
14

bore fluid produces a highly porous layer with large pores, while water generates a relatively
dense layer with no pores detected even at high magnification. Although their outer surfaces
have a similar structure, their pores have different sizes with the smaller one observed for the
fiber spun with water. When NMP:water is used, a delayed demixing takes place from the lumen
side and a rapid demixing occurs from the shell side (because water is used as the external
coagulant). Under the rapid demixing condition, the membrane has a very thin outer top layer (as
depicted in its outer edge image) and a sublayer with finger-like macrovoids.
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Figure 5. Cross-sectional morphologies of fiber membranes spun with different bore fluids: (a)
NMP:water (9:1); (b) water; (c) water:EG (1:1) and (d) EG.
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Figure 6. Surface morphologies of fiber membranes spun with different bore fluids: (a)
NMP:water (9:1); (b) water; (c) water: EG (1:1) and (d) EG.

The dimensional difference between fibers spun with NMP:water and water can be explained by
their coagulant strength and the difference in diffusion rates of solvent to the coagulation bath (or
bore fluid stream) and non-solvent diffusion into the dope. As discussed from their phase
diagram and precipitation kinetics, water is a strong coagulant. When the nascent fiber
encounters water from lumen and shell sides, its inner and outer surfaces are immediately
solidified and hence its shape and dimension are virtually fixed and less affected subsequently by
the internal and elongation forces. On the contrary, the weak coagulant NMP:water produces an
elastic and flexible cylindrical fiber at the early stage which can be dimensionally changed under
forces. Its larger diameter and smaller thickness indicate that the internal force from the lumen
may dominate in this case.
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The last three rows of images in Figures 5 and 6 show the morphological transition of the fibers
by gradually changing the bore fluid from water to EG. Although all of them have a finger-like
bilayered structure, the symmetry is lost when EG is used as bore fluid. Although EG leads to a
slow precipitation rate similar to NMP:water as shown in Figure 4, their overall morphologies
are different. As explained above the solvent/non-solvent exchanges in the two systems are
governed by different parameters. Water diffuses into the dope faster than EG, due to the
difference in their viscosity. More NMP is allowed to diffuse out of the dope while EG goes into
the dope to promote phase separation and membrane solidification. A thinner fiber wall is then
obtained (Figure 5d compared to Figures 5b and c) when high content of EG is used instead of
water. In addition, compared to water, EG produces a more elastic nascent cylindrical fiber, the
wall thickness of which is more easily narrowed by the combined compression of the internal
force from the lumen and the elongational stress from the outer. The delayed demixing observed
with EG suppresses the macrovoid formation at least in part. The finger-like macrovoids become
smaller and the sublayers close to the top layers turn into more porous sponge-like structures.
The comparison between the outer surfaces of the three hollow fibers spun with water, water:EG
and EG shows that the 1:1 water:EG mixture produces the fiber with the smallest pores on the
outer surface. This observation is due to the fact that the structure of the top layer (porous or
dense) also depends on the time that phase separation is allowed to proceed and how much
solvent goes out of the dope before solidification. EG promotes slow phase separation and hence
the membrane solidification takes place with a higher polymer concentration (solvent outflow
larger than non-solvent inflow) in a system spun with EG. Another aspect is how impermeable
the incipient skin is at the interface between dope and coagulant. When pure EG is used as bore
fluid, the skin may be completely formed only at later stages of phase inversion. When water:EG
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is used, the skin is formed faster, freezing a structure with smaller pores at an earlier stage of
phase separation.

3.4. Membrane physicochemical properties
Table 5 lists the physicochemical properties of PEI hollow fiber membranes. Porosity strongly
affects the membrane permeation and increases in the following order: water > NMP:water >
water:EG > EG. Although the fibers spun with NMP:water as coagulant has a highly porous
inner and outer surfaces, and an open cross-sectional structure at the inner edge, as shown in
SEM images (Figures 5 and 6), the total porosity is lower than that of fibers spun with water,
because the number of finger-like macrovoids is smaller. Similarly, although the presence of EG
in bore fluid increases the porosity of the sublayers close to the surfaces, it disfavors the
formation of finger-like macrovoids and hence decreases the overall porosity.
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Table 5. Characteristics of the PEI hollow fiber membranes spun with different bore fluids.
Membrane
sample

Contact
angle (o)

Porosity (%)

Mean pore
size (nm)

MWCO
(kg mol-1)

NMP:water (9:1)

89

74.8  0.5

10.2 ± 1.8

97

Water

89

77.7  0.4

9.1 ± 1.7

74

Water:EG (1:1)

89

74.4  0.4

8.2 ± 1.7

59

EG

89

72.0  0.5

8.6 ± 1.7

67

The pore structural characteristics of fiber outer surfaces were evaluated, by solute filtration
tests. Figure 7 depicts the solute rejection versus solute molecular weight and their pore size
distribution. From these data, the mean pore size, and molecular weight cut-off (MWCO) were
calculated and listed in Table 5. Consistent with the SEM images, the mean pore size and
MWCO decreases in the following order: NMP:water > water > EG > water:EG.

Figure 7. Solute rejection and pore size distribution of PEI hollow fiber membranes spun with
different bore fluids.
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The hydrophilicity of the membranes was investigated by measuring the water contact angles.
There is no significant difference in contact angle for all fibers spun with different bore fluids.
The contact angle of a membrane depends on the material chemistry and surface roughness.
Although there are pore size differences among the fibers, the difference is in the nanometer
range and did not have a remarkable effect. It indicates also that ethylene glycol is not retained in
the membrane matrix.

3.5. Ultrafiltration performance
Table 6 provides the pure water permeance and protein rejection for all fibers. Three kinds of
protein were tested: myoglobin, BSA and -globulin. The pure water permeance increases in the
following order: EG > NMP:water > water:EG > water. Interestingly, although the fiber spun
with EG has the lowest total porosity, it achieves the highest pure water permeance. This is the
combined result of its finger-like bilayered structure and porous sublayers close to the surfaces.
The fiber spun with the common bore fluid of NMP:water has the lowest protein rejection with a
high MWCO (97 kg mol-1). Its rejections for BSA and -globulin are still higher than 90 %.
Other fibers can reject 100 % -globulin (155-160 kg mol-1) and > 98 % BSA (~66 kg mol-1).
Rejection is a function of pore size and charge. PEI membranes were reported to be negatively
charged at pH 7 [32]. At this pH value, BSA with the isoelectric point of ~ 4.8 also have the
same sign of charge. Therefore, the electrostatic repulsion plays an important role in supportively
reject BSA from the PEI membrane surface. Since all membranes have remarkably high rejection
of -globulin and BSA, a smaller protein molecule with an isoelectric point of close to the neutral
pH, i.e. myoglobin (~17 kDa, pI 7.3), was used to evaluate the sieving effect of the fibers. As
expected, the myoglobin rejection follows the similar trend with the surface pore size.
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Noticeably, the fiber spun with water:EG has a relatively high rejection of ~80% for myoglobin,
which implies that by adding EG to the bore fluid membrane structure, porosity and surface pore
size could be tailored for better separation performance. Other related liquids (high viscosity,
high miscibility with water, and weak non-solvent strength) such as diethylene glycol, glycerol
and polyethylene glycol may have similar effects. Ethylene glycol was chosen because of its
relatively small molecular weight. Effects of higher molecular weights may include further
restricted diffusion, lower solvent/non-solvent exchange and hence need further investigation.

Table 6. Pure water permeability and protein rejection of PEI hollow fiber membranes spun with
different bore fluids.
Bore fluid

Pure water
permeance

Myoglobin
rejection (%)

BSA
rejection (%)

γ-Globulin
rejection (%)

(Lm-2h-1bar-1)

NMP:water (9:1)

338

33

91

96

Water

217

38

98

100

Water:EG (1:1)

254

80

98

100

EG

368

63

98

100

Table 7 shows the filtration performance of PEI ultrafiltration membranes reported in the
literature in comparison with those in this study. The data imply that the technique of membrane
preparation can lead to significant differences in their performance. Our proposed approach,
introduction of a viscous liquid (i.e. ethylene glycol) as a bore fluid component, produces fiber
membranes with a higher water permeance and much better protein rejection with a narrower
surface pore size (smaller molecular weight cut-off).

Table 7. Filtration performance of PEI membranes.
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Membrane

Membrane
configuration

Pure water
permeance

Solute
rejection

Solute molecular
weight

(L m-2 h-1 bar-1)

(%)

(kg mol-1)

Ref.

PEI/PEG/NMP
(18/6/76)

Flat-sheet

~ 400

~ 85

γ-globin (157)

[33]

PEI/PVP/NMP
(17.5/8/74.5)

Flat-sheet

~ 175

85.2

BSA (~ 66)

[34]

PEI/NMP
(16/84)

Flat-sheet

~ 160

~ 99

BSA (~ 66)

[35]

PEI/DMAc
(25/75)

Hollow fiber

30

81

Dextran (40)

[36]

PEI/HAc/DMA
c (25.0/5.4/69.6)

Hollow fiber

34

83

Dextran (40)

[37]

PEI/DEG/NMP
(17/13/70)

Hollow fiber

368

98.4

BSA (~ 66)

100

γ-globulin
(155-160)

This
study

DMAc: dimethylacetamide; HAc: acetic acid

4. Conclusions
In this study, different bore fluids including conventional and newly proposed coagulants were
used to tailor membrane structures and separation properties for ultrafiltration application. The
thermodynamics of the polymer dope solution, kinetics of phase separation, fiber membrane
morphologies, physicochemical properties and separation performance were investigated indepth. The following conclusions can be drawn based on this work:
(1) Two strategies for slow precipitation during fiber spinning were demonstrated: one is
based on the solvent/non-solvent interaction or osmotic driving force for mixing, while
another is based on non-solvent high viscosity. They lead to different morphologies of the
resultant membranes.
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(2) The presence of ethylene glycol with its weak non-solvent property and high viscosity in
bore fluid can lead to high porosity and improve pure water permeance.
(3) Controlling the ethylene glycol amount in the bore fluid can tune the membrane towards
smaller surface pore size for high separation efficiency of a smaller protein.
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List of abbreviations and nomenclatures
Abbreviations
HAc

: acetic acid
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BSA

: bovine serum albumin

DEG

: diethylene glycol

DMAc

: (2-dimethyl amino) ethyl methacrylate-co-butyl methacrylate)

EG

: ethylene glycol

FESEM

: field emission scanning electron microscope

MWCO

: molecular weight cut-off

NG

: nucleation and growth

NMP

: N-methyl-pyrrolidone

PEG

: poly(ethyleneglycol)

PEI

: polyetherimide

PEO

: poly(ethylene oxide)

PVDF

: polyvinylidene fluoride

PVP

: poly(vinyl pyrrolidone)

pI

: isoelectric point

SD

: spinodal decomposition

Nomenclatures

Am

: effective membrane area (m2)

ID

: inner diameter (m)

OD

: outer diameter (m)

Q

: water permeation volumetric flow rate (L/h)

RT

: solute rejection (%)
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cp

: solute concentration in the permeate (ppm)

cf

: solute concentration in the feed (ppm)

l

: length (cm)

m

: weight (mg)

t

: time (s)

ΔP

: transmembrane pressure (bar)

Δv

: volume (L)



: porosity (%)



: density (g/cm3)
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