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Effect of spinning parameters of polyethersulfone based hollow fiber
membranes on morphological and mechanical properties
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Abstract. Hollow fiber (HF) membranes are gaining wide interest over flat membranes due to their compaction and high area
to surface volume ratio. This work addresses the fabrication of HF from polysulfone (PS) and polyethersulfone (PES) using N-
methylpyrrolidone (NMP) as solvent in addition to other additives to achieve desired characteristics. The semi-pilot spinning
system includes jacketed vessel, four spinneret block, coagulation and washing baths in addition to dryer and winder. Different
parameters affecting dry-wet spinning phase inversion process were investigated. Dope compositions of PES, NMP and
polyvinyl pyrrolidone (PVP) of varying molecular weights as additive were addressed. Some critical parameters of importance
were also investigated. Those include dope flow rate, air gap, coagulation & washing baths and drying temperatures. The
measured dope viscosity was in the range from 1.7 to 36.5 Pa.s. Air gap distance was adjusted from 20 to 45 cm and coagulation
bath temperature from 20 to 46°C. The HF membranes were characterized by scanning electron microscope (SEM), atomic
force microscope (AFM) and mechanical properties. Results indicated prevalence of finger like structure and average surface
roughness from about 29 to 78.3 nm. Profile of stress strain characteristics revealed suitability of the fibers for downstream
interventions for fabrication of thin film composite membrane. Different empirical correlations were formulated which enable
deeper understanding of the interaction of the above mentioned variables. Data of pure water permeability (PWP) confirmed that

the fabricated samples fall within the microfiltration (MF)-ultrafiltration (UF) range of membrane separation.
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1. Introduction

Polyethersulfone (PES) is considered one of the most
important polymeric materials for use in water and gas
membrane separation applications (Bolong et al. 2009;
Rahimpour et al. 2012; Kumar et al. 2015). Controlling the
membrane structure was a common target for improving
membrane performance (Lalia et al. 2013) which is
generally related to dope composition, spinning parameters
and post treatment. (Peng et al. 2012, Feng et al. 2013, Wan
and Chung 2015).

Chung et al. (2000), Qin and Chung (1999), Wang et al.
(2004) studied the effect of dope flow rate of PES
ultrafiltration (UF) hollow fiber (HF) membranes. It was
found that higher dope flow rates in the spinneret produce
UF hollow fiber membranes with smaller pore sizes and
denser skin layers due to the enhanced molecular
orientation leading to decrease in pore size and water
permeability and increase in solute separation, tensile
strength and Young's modulus. The air gap distance also
plays a very important role on HF membrane performance.
An increase in air gap results in a significant decrease in
permeability and elimination of macrovoids, reduction of
fiber dimension and also increase of fiber production rate
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(Chung et al. 1997, 2008). High viscosity of spinning dope
and decreasing of water/solvent ratio as coagulation
medium resulted in complete disappearance of macrovoids.
In addition, reducing the coagulation bath temperature (CT)
led to elimination of macrovoids as well as attaining high
thermal stability (Cabasso et al. 1977, Dot and Hamanaka
1991, Mansoori et al. 2011).

Different types of polymeric additives such as polyvinyl
pyrrolidone (PVP) and polyethylene glycol (PEG) were
used for modification of PES membranes. These polymeric
additives enhanced the surface properties of PES with an
aggregation during the phase inversion process, as well as,
increasing flux recovery ratio, membrane performance, pure
water permeability, thermodynamic enhancement for phase
separation (Han et al. 2002, Liu et al. 2003, Amirilargani et
al. 2010, Ahmad et al. 2013, Zhao et al. 2013). However,
increase of the concentration of the additives leads to
increase in solution viscosity which causes Kinetic
hindrance against phase separation (Lee et al.
2003).Moreover, Ochoa et al. (2001) concluded that
addition of different PVP molecular weight types changed
mainly the surface porous structure in addition to some bulk
parameters as porosity, thickness and/or tortuosity. Arahman
et al. (2012) also studied the effect of Pluronic F127, PVP,
and Tetronic 1307 on the fabrication of PES HF
membranes. In addition, the inorganic additives revealed
their ability to improve the structural as well as the surface
properties of the PES membranes (Han et al. 2002). The
effect of heat treatment on UF performance was explored
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by Gholami et al. (2003). Their results confirmed the
shrinkage of hollow fiber membranes upon heat treatment
leading to a decrease in flux.

To the best of the authors’ knowledge, almost all
previously published work was conducted on single fiber
experimental laboratory scale. This work addresses some
findings extracted from a project undertaken by the
National Research Centre. These findings pertain mostly to
the MF and UF hollow fiber membranes which were
fabricated on a four fiber semi-pilot scale spinning system
which enabled integrated investigations of controlling
parameters. The effects of dope composition, operating
parameters, as well as, post treatment on HF membrane
performance were investigated.

2. Materials and methods
2.1 Materials

Polyethersulphone (PES) flakes (Ultrason E6020 D;
MW 50,000 g/L) and polysulfone (PS) pellets also supplied
from (BASF, Germany) were used as the base polymers. N-
methyl-2-pyrrolidone  (NMP) and dimethylacetamide
(DMAC) supplied from Carl-Roth and Merck, respectively
were used as solvents. Poly(vinyl pyrrolidone) (PVP) of
different molecular weights (30 K,90 K and 360 K)
supplied from Sigma-Aldrich and Applichem were used as
the pore formers. Lithium chloride (LiCl) (MW= 42.30)
supplied from Alpha Chemika was used as inorganic
additive. Ethanol was supplied as a lab grade solvent and
reverse osmosis (RO) water was used as the bore fluid,
coagulation and washing bath media.

2.2 Hollow fiber membrane fabrication

HF membranes were fabricated through a dry-wet phase
inversion spinning technique by extruding a polymeric dope
(PES/PS, solvents and additives) through four annular
spinning nozzles with a bore fluid passing in the center of
the annulus to maintain the hollow structure within the
fibers. The polymer dope was created by mixing the
polymer, solvent, and other ingredients in a stirred tank
jacketed vessel. The dissolution takes place at 70°C, 1-3 bar
under nitrogen and was left overnight while stirring. The
dope was then pumped using a metering pump to the
spinnerets, supported on a heated spinning block with an
adjustable air gap distance, where the spinning process
takes place. Bore fluid (lumen side) was supplied from a
pressurized vessel (0.5-2 bar) and fed to the spinnerets
through a controlled flow meter. The as-spun fibers
discharged from the nozzles were introduced into a water
filled coagulation bath to solidify then, collected and
wrapped multiple times around a speed controlled rollers
and fed to two consecutive washing baths where they were
rolled over other rollers and finally wound on a take-up reel
winder, as shown in Fig. 1. All vessels and baths were
temperature controlled. HF membranes, collected after the
second washing bath, were soaked for 1 day in RO water
followed by another day in 10% glycerol solution and
finally left for air drying (about 25°C) (samples denoted by
“a”). Selected samples were post treated, after soaking in

0

é

Fig. 1 Experimental set-up of PES HF membrane dry-wet
spinning system, (1) Nitrogen cylinder, (2) Stirred tank
jacketed vessel, (3) Bore fluid vessel, (4), Solvent vessel,
(5) Dope pump, (6) Spin block, (7) Air gap, (8)
Coagulation bath, (9) Take-up roll unit, (10) Washing
tank, (11) Dryer and (12) Winder

Table 1 Selected dope compositions and their corresponding
viscosities

Sample NMP DMAC PVP  PVP LiCl Ethanol Viscosity

Code FPSOPESCR) "oy ~(op 3(%'( 90K (%)30k (%) (%) (%)  (Pas)

Low dope viscosities (1.74-7.9 Pa.s)

A 0.0 171 779 0.0 0.0 0.0 5.0 0.0 0.0 17-1.9

B 0.0 182 708 35 0.0 0.0 7.0 0.5 0.0 3.3-3.7

C 0.0 225  66.0 0.8 0.0 0.0 7.0 0.6 3.1 7.6-7.9

Medium dope viscosities (9-18.1 Pa.s)

D 0.0 225 673 0.0 0.0 0.0 7.0 0.6 2.6 9-9.4

E 0.0 225 669 0.0 0.0 1.0 6.0 0.6 3.0 9.8-11.2

F 0.0 171 703 0.0 54 36 36 00 0.0 10.0-10.4
G 0.0 20.0 69.0 35 3.0 0.0 4.0 0.5 0.0 12.3-12.7
H 0.0 18.2 70.8 35 3.0 2.0 2.0 0.5 0.0 15.4-18.1
High dope viscosities (24.5-36.5 Pa.s)
| 4.4 13.2 77.4 0.0 5.0 0.0 0.0 0.0 0.0 24.5-25.0
J 0.0 18.2 74.7 0.0 3.0 2.0 2.0 0.1 0.0 28.1-32.1
K 5.7 115 778 00 50 00 00 00 0.0  29.0-30.6
L 8.6 8.6 778 0.0 50 00 00 00 00 31.2-32.0
M 0.0 175 755 0.0 70 00 00 00 0.0 355-365
Range of

.~ 4.4-8.6 8.6-22.5 66-77.8 0.0-3.5 0.0-7.0 0.0-3.6 0.0-7.0 0.0-0.6 0.0-3.1 1.7-36.5
variation

Table 2 Ranges of the main investigated operating
parameters

Investigated parameter Value
Dope flow rate (R) 2-5 ml/min
Bore fluid flow rate (BR) 1.2-3.5 ml/min
Air gap distance(G) 20-45 cm
Coagulation bath temperature (CT) 20-46°C
Washing bath temperature (WT) 20-70 °C
Drying & heating temperatures (DT) & (HT) 25-60 °C

glycerol, using hot water at 60°C for 1 h and finally left for
air drying (samples denoted by “h”). Selected fibers were
dried under controlled temperatures using a drying oven
before wound on a take-up reel winder (samples denoted by
“d”). Table 1 depicts the dope compositions and their
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corresponding viscosities of selected samples from more
than 30 spinning experiments conducted within the scope of
this work. In addition Table 2 illustrates the ranges of the
different adopted operating parameters. Every sample was
prepared repeatedly for 2-5 times for reproducibility.

2.3 Characterization and performance evaluation

The mechanical and morphological properties of the
prepared HF membranes were characterized as elucidated
below with average of five measurement values undertaken
for each sample to ensure reproducibility of results.

2.3.1 Scanning electron microscopy (SEM)

The morphology of the HF membranes was studied
through SEM imaging using scanning microscopes JEOL-
JXA-840 A. or JEOL SEM 6000 Neoscope desktop or
QUANTA FEG 250. HF samples were cut by means of a
sharp razor and then they were fixed on the sample stage
using carbon double-face tape. Morphological structure and
HF membrane inside and outside diameter, as well as, wall
thickness were evaluated.

2.3.2 Atomic force microscopy (AFM)

HF surface morphology and roughness were analyzed
using 1.5 micron resolution TT-AFM workshop, equipped
with a video optical microscope with up to 400X zoom. A
one cm long fiber sample was fixed using a double face
tape on the magnetic plate of the AFM apparatus. Vibrating
scan mode was used for testing scan areas of 10pumx210um.
Roughness parameters were calculated using “Gwyddion”
software. Mechanical properties of HF membranes were
studied using a bench top tensile testing machine, Tinius
Olsen H5kS, equipped with a 5N load cell. Testing was
undertaken at 50 mm/min speed and gauge length of 100
mm.Tensile strength, elongation at break and fiber’s
Young’s modulus were measured.

2.3.3 Pure water permeability (PWP)

Permeability tests were carried out using an apparatus
for permeability measurement (PHILOS Co., Ltd) which is
equipped with a high pressure pump and a feed tank
connected to 3 compartments; feed, permeate and
concentrate. A pre-prepared module was used containing
15-20 fibers adhered to a U shaped polyethylene hose using
epoxy adhesives. PWP rate was measured at specific time
and pressure using the following equation (Basile et al.
2010)

%
PWP = — (1)
where PWP is the pure water permeability rate (Lm?h™), V
is the permeation volume of water (L), A is the effective
membrane area (m?) and t is the sampling time (h).

2.3.4 Membrane porosity and average pore size
determination

Membrane porosity can be defined as the volume of the
pores divided by the total volume of the membrane. In order
to evaluate the porosity of the membrane, hollow fibers not
previously treated with the glycerol solution were dried at
60 °C and weighed with a precision balance, then

impregnated with kerosene for about 24 h and weighed
again after wiping away superficial kerosene with filter
paper (Bonyadi et al. 2009). The gravimetric method was
used, which is based on measuring the weight of kerosene
entrapped within the membrane pores. It is worth to
mention here that the use of kerosene instead of water in
porosity measurement is due to the lower surface tension
which makes it more pervasive within the pores of the
membrane. The overall porosity of the fiber membrane (¢)
was calculated using the following formula (Feng et al.
2004, Simone et al. 2010, Drioli et al. 2013).

(wl —w2)

0L — Dk
e (%) = wi-w2) w2 100 (2)

Dk + Dpol

where wl is the weight of the wet membrane (g), w2 the
weight of the dry membrane (g), Dk the density of kerosene
oil (0.82 g/lcm® ), Dpol is the density of polymer composite
(PES and PVP) (1.336 g/cm® ). Three-five measurements
were carried out and the average values were presented.
Average pore size can be determined through hydraulic

permeability (Cabasso et al. 1977) using the Hagen-
Poiseuille equation which gives the relation- ship between
the pure water flux and the applied pressure across the
membrane, as well as, the average porosity of the
membrane, according to the following equation (Bowen et
al. 1997).
_ rjAP

BuD) )

Jw

where Jw is the water flux based on membrane area (m/s),
I, is the average effective pore radius (m), AP is the trans-
membrane pressure (N/m?), p is solution viscosity (Pa.s),
AX is the effective membrane thickness (m) and AK is the
membrane porosity.

2.3.5 Data analysis

Compiled results of the conducted experiments,
regarding fibers morphology, AFM and tensile strength,
were firstly analyzed for consistency and reliability. The
analyzed data was correlated by applying relevant analysis
methods such as multiple linear and non-linear regression
and curve fitting to formulate the mathematical empirical
models governing the hollow fiber preparation parameters
and characteristics. Typical software used for this purpose
includes Labfit (V.7.2.48), Statistica (5.0) and Microsoft
Excel.

3. Results and discussion
3.1 Effect of dope composition on viscosity

The effect of blend composition, including PES, PS,
PVP (k30, k90, k360), as weight % on the dope viscosity
(Pa.s) was empirically correlated as presented in Eq. (4)
with correlation coefficient of 0.96

v =157 % (PES) + 26X (PS) + 2.5 x (PVP360) — 23 X (PVP90) ~ 2.2 X (PVP30) ~504 (4)

where “v” represents the dope viscosity at viscosity ranges
from 1.7 to 36.5 Pa.s. It is concluded that with increasing
the polymer content, dope viscosities increase which is in
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agreement with results of Chung (2008) and (Alsalhy et al.
2014). Fig. 2 represents the predicted versus experimental
viscosity values.

3.2 Morphological findings
Morphological findings are expressed in terms of PES

HF membrane thickness and dimensions of different layers
within the SEM section.
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Fig. 3 SEM images of PES HF membranes at (a) low
viscosity (sample B), (b) medium viscosity (sample G)
and (c) high viscosity (sample J)

Table 3 Dimensions of selected PES HF membranes

. Finger like
Sample Di (um) Do (um) Thickness Inner layer  Outer layer
code (um) (um)  layer (um)
(um)
B 130.0 274.0 72.0 52 16.5 50.3
C 190.0 312.0 61.0 29 20.5 37.6
D 148.4 276.4 64.0 6.0 8.2 49.8
E 150.0-155.0 270.0-277.0 60.0-61.0 5.2-5.8 5.3-13.4 49.5-41.8
G 177.0 303.0 63.0 6.0 9.0 48
H 245.0-272.5 375.0-379.3 65-53.4 17.4-18 3.9-4 437-314
J 198.0 296.0 49.0 3.0 5.0 41.0
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Fig. 4 Effect of dope viscosity on PES HF membrane
thickness

3.2.1 Effect of viscosity on membrane thickness

Selected SEM micrographs corresponding to low,
medium and high dope viscosities (samples; B, H and J,
respectively) are shown in Fig. 3. SEM images show high
tendency towards the formation of elongated finger-like
structure at low viscosities, while as viscosities increase the
spongy middle section increases significantly. All matrices
present the conventional three layers structure with almost
defined inner, middle and outer layer. The middle layer
reflects mixed patterns of finger-like and microvoid
structure. Dimensional characteristics are presented in Table
3, showing outer diameter (Do), inner diameter (Di), wall
thickness (AL) and the three sub layers (inner layer, , finger
like structure and outer layer). Samples (B) and (J) revealed
the maximum and minimum thicknesses respectively.

Fig. 4 presents the effect of dope viscosity (Pa.s) on HF
membrane thickness (AL, pm) according to the formulated
empirical correlation shown on the figure. The validity
ranges of viscosity and thickness were 1.74-32 Pa.s and 40-
72 um, respectively. It is clear that membrane thickness
decreases with increasing dope viscosity. In this study, the
decrease of viscosity is due to addition of lower molecular
weight PVP (k30), decrease in polymer content and ethanol
addition. It should be noted that Alsalhy et al. (2014)
indicated increasing membrane thickness with increasing
dope viscosity due to the addition of PEG at constant PES
concentration while, Mustaffar et al. (2005) mentioned that
the polymer concentration in dope solution did not affect
directly the overall cross section structure of the HF
membrane. Such apparent different results should
acknowledge different sample history, composition,
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spinning parameters and post spinning interventions.

3.2.2 Effect of air gap distance on membrane
thickness

Air gap distance was found to affect the HF membrane
thickness as shown in Fig. 5. It is observed that the HF
membrane thickness decreases linearly with increasing the
value of air gap distance investigated which is in agreement
with the findings of Chung et al. (1997) and Khulbe el al.
(2003) for PES/polyimide HF membranes. This denotes the
effect of gravitational forces and molecular orientation. The
depicted derived empirical correlation manifests the pre-
mentioned trend as presented in Fig. 5 with correlation
coefficient of 0.86. The validity ranges for air gap and
membrane thickness are 20-45 cm and 29-70.5 pm,
respectively. The difference in thickness for typical samples
at different air gap distances (45 cm and 30 cm) is clearly
demonstrated in the SEM images shown in Fig. 6.
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3.2.3 Effect of processing parameters on membranes
thickness

An empirical correlation was formulated to present the
effect of the investigated processing parameters including;
dope viscosity (v), dope flow rate (R), air gap (G),
coagulation bath temperature (CT), washing bath
temperature (WT) and drying temperature (DT) on the HF
membrane thickness as shown in below in Eq. (5).

70 60
AL (um) = 35.7 — 26.5 X v, + 38.2 X Ry + 5 X G+ 6% Ty = 16X g+ 7 % 7 (5)

The data (denoted by (n)) is normalized to the maximum
observed value of each parameter. The correlation
coefficient of this equation is 0.9. Fig. 7 represents the
predicted versus experimental PES HF membrane thickness
values.

3.3 AFM findings

The effect of dope viscosity (1.74-18.13 Pa.s) on
observed average surface roughness (Ra) (29-78.3 nm) is
shown in Fig. 8. The HF membrane roughness increases
linearly with increasing dope viscosity. Typical roughness
images for samples (B, G and H) are shown in Fig. 9.
Surface roughness affects positively and negatively
membrane performance. For low pressure applications, the
presence of roughness increases fouling potential; thus, low
roughness membranes are preferred. If the membranes will
undergo subsequent coating or surface treatment, a certain
degree of surface roughness maybe required to increase
attachment of the polyamide coat layer to the membrane
support.

3.4 Mechanical characteristics

Our endeavors were limited to investigating tensile
strength at break, strain at break and young’s modulus. The
mean and standard deviation of observed tensile strength,
break strain and Young’s Modulus for wet and dry HF
membrane samples are presented in Table 4. These values
are comparable or even exceed the findings of Alsalhy et al.
(2014), Wan et al. (2017) and Zhang et al. (2014). The
decrease of Young’s modulus from 407 MPa to 170 MPa
due to increasing the dope viscosity from 3.5-18.125 Pa.s
was empirically correlated, as shown in Fig. 10.
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Fig. 9 Surface roughness images of membranes of
selected samples (a) B, (b) G and (¢) H

3.5 Pure water permeability (PWP)

The effect of PWP for samples (B and H) at low and
medium viscosity ranges, respectively within a pressure
range (1-5 bar) is shown in Fig. 11. Sample H was tested
after post treatment using air drying (H,), oven drying at
40°C (Hg) and heat treatment in hot water at 60°C (H).
General trend reveals lower permeabilities for dried and
heated samples than the raw sample. The PWP is reduced
from 3000 L/m%h (sample (H,)) to 2100 L/m%h (sample
(Hg)) at 5 bar while, further heating using hot water (sample
(Hp) at 60°C reduces PWP dramatically to 1200 L/m?h.
This is believed to be a direct consequence of pore size
shrinkage. The results are comparable with the trend

Shadia R. Tewfik, Mohamed H. Sorour, Hayam F. Shaalan and Heba A. Hani

Table 4 Mechanical properties for wet and dry samples
Tensile Strength

Young's modulus

Samples Break strain (%)

(MPa) (MPa)
Wet 11.3 (0.96) 47.96 (3.03) 312.6 (35.0)
Dry 11.5 (1.10) 39.3(3.15) 314.6 (40.5)

The values in the brackets were standard deviation

450

400 >
T
& 350 s
=
= 300
s
3
3 250 ¢
5
s 200
_lll
W 150
=3
3 100 YM = 347.3+27.18 ¥-2.109 12
R?=0.96
50
0
5 7 9 11 13 15 17 19 21

Dope viscosity (Pa.s)

Fig. 10 Effect of dope viscosities on PES HF membrane
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Fig. 11 HF PES membrane water permeability of, a) air
dried, d) oven dried and h) heated samples

reported by Gholami et al. (2003), Wang et al. (2004) and
Feng et al. (2013). Lower fluxes (215 at 5 bar) are observed
for sample (B,) prepared with the same PES concentration
used for sample (H) but using lower molecular weight PVP
(k30) which insures uniform dispersion of the hydrophilic
polymer with lower pore size. Data for PWP confirmed that
the fabricated HF membranes fall within MF-UF range
(Carvalho et al. (2010), Alsalhy et al. (2014). Generally,
these data suggest further investigations for the effect of
heat treatment using conventional and microwave drying on
membrane structure and performance.

3.6 Membrane porosity

Average membrane porosity for sample (Hgy) was
determined by gravimetric method using kerosene, as
illustrated in section 2.3.4. The average porosity of PES HF
membrane was found to be 72.8%. This value is
comparable with those of PES HF membranes studied by
Alsalhy et al. (2014). The corresponding average pore sizes
at studied TMP 1-5 bar, estimated from Hagen-Poiseuille
equation (3), varied from 28-50 nm which corresponds to
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UF range. These results are in good agreement with
Cabasso et al. (1977).

4. Conclusions

Different parameters affecting dry-wet spinning phase
inversion process were investigated. Dope compositions of
PES, NMP and varying molecular weight PVP were
addressed. Some critical parameters of importance were
investigated. Those include dope viscosity, dope flow rate,
air gap, washing and coagulation baths and drying
temperatures. SEM, AFM and mechanical characterization
methods were employed to characterize morphological,
roughness and some mechanical properties. Different
empirical correlations were formulated including membrane
thickness to various processing parameters through a non-
linear relationship, dope viscosity in the range from 1.7 to
36.5 Pa.s to surface roughness and Young’s modulus. These
relationships enable deeper understanding of the interaction
of the above mentioned variables. Further, the mean tensile
strength and Young’s Modulus exceeded 11 and 212 MPa
for both wet and dry prepared fibers which reflect good
mechanical strength. Data of pure water permeability
confirms that the fabricated samples fall within 100 and
3500 L/m®h at TMP 1 to 5 bar which is the MF-UF range
of membrane separation. Investigations are currently
underway to further explore the effect of post-treatment on
membrane characteristics. Emphasis is placed upon
dynamics of demixing, microwave drying and coating by
interfacial polymerization.
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Appendix
A

Ak

CT

Di

DMACc

Dk

Dpol

Do

DT

HF
HT
Jw
MF
NMP
PEG
PES
PVP

PWP

UF

wl

S

Effect of spinning parameters of polyethersulfone based hollow fiber membranes...

1]
Effective membrane area (m?) v
Average membrane porosity. .
Coagulation bath temperature (°C) AL
Inside membrane diameter (Lm) AP
Dimethylacetamide Ax

Density of kerosene (g/cm?)
Density of polymer composite (g/cm?®)
Outside membrane diameter (um)
Drying temperature (°C)

Air gap (cm),

Hollow Fiber

Heating temperature (°C)

Water flux based on membrane area (m/s)
Microfiltration
N-methyl-2-pyrrolidone
Polyethylene glycol
Polyethersulphone
Polyvinylpyrrolidone

Pure Water Permeability (L/(m?-h))
Dope flow rate (ml/min),

Average effective pore radius (m),
Sampling time (h)

Ultrafiltration

Permeation volume of water (L)
Weight of the wet membrane (g)
Weight of the dry membrane (g)
Wiashing bath temperature (°C)
Air dried sample

Heat treated sample

Oven dried sample

Solution viscosity (Pa.s)

Dope viscosity (Pa.s)

Average membrane porosity (%)
Membrane thickness (um)
Trans-membrane pressure (N/m?)

Membrane thickness (m)
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