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Abstract

The effect of evaporation time on the fabrication of fine skinned asymmetric polyethersulfone nanofiltration
membrane was studied. Nanofiltration experiment and modeling data revealed that the variation of the evaporation
time during dry/wet phase inversion process was found to significantly affect the membrane performance and
properties. The evaporation times (5 to 25 s) were found to improve the performance and characteristics of the
membrane. As good separation performance was achieved, modeling data and morphological analysis discovered
that the optimum evaporation time was found to be at 20 s. At these optimal settings, the fabricated membranes
demonstrated the finest structural details and morphologies, and the best key properties (r,, Ax/A, and {), which
were within the ranges of commercial nanofiltration membranes.
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1 Introduction [5], [6]. The asymmetric polymeric membranes of

reverse osmosis, nanofiltration, ultrafiltration and

In the last two decades, polymeric-based membranes
gained good interest and have been used for different
separation processes [1], [2] and several industrial
applications [3], [4]. These trends were driven by the
advancement of membranes technology in the aspects
of fabrication techniques, modification process, system
configuration and the endless efforts from experts
towards the achievement of membranes versatility. For
gas and liquid separation applications, the membranes
have been extensively applied in the industry because
of their high selectivity and good mechanical strength

microfiltration can be produced using the phase inversion
process [7]-[10]. Amulti-component of a polymeric dope
solution is cast and dipped into a specific coagulation
bath containing non-solvent as coagulant media,
which converts the homogenous solution into a solid
membrane [11].

Few techniques of phase inversion have been
applied to fabricate the membrane for commercial and
laboratory purposes. One of them is phase inversion via
dry/wet process, which the evaporation time and other
parameters are employed to produce a defect-free/
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skinned active layer [12]-[14]. Throughout this
process, the prepared membranes possess a thin active
layer. The membrane-active skin layer is generated
when the steady polymer solution is transformed into
the unsteady state in the coagulation step and solvent
exchange de-mixing process [11], [15].

In general, the morphologies, structural details and
properties were strongly influenced by the membranes
making technique, which is the phase inversion process.
In addition, the existences of membrane morphologies
in asymmetrical membranes are divided into two layers
of skin active layer and porous substructures. In the skin
layer, the formation of defect-free and skinned-oriented
active layer, narrow pores and effective membrane
thickness are vital characteristics for high selectivity.
Meanwhile, the membrane substructures comprise
micro and macro-pores (finger-like, nodular and tears-like)
as well as micro and macro-voids and spongy structures
which provided the membranes with good mechanical
strength for water permeation and solutes flux [16].

All these membrane morphologies played
important roles in determining the performance of
membranes. Many studies discovered that the changes in
morphologies affected the membranes flux n rejection.
For example, the existence of microvoids and spongy
structures in ALNF membranes strongly contributed
to higher permeation and better performances [17].
Meanwhile, the variation of polymer concentration
produced a thicker membrane skin layer, large pores
size and macrovoids led to the highest rejection and
flux rate [18]. Besides, the use of surfactant additives
formed the narrow pores width, dense spongy sub-layer
and finger-likes structures demonstrated high rejection
and good fluxes of BSA and EA proteins [19], [20].

The dry/wet membrane making parameters,
such as casting conditions, shear rates, evaporation
time and thickness were found to determine the final
properties and separation performance of asymmetric
membranes. These parameters were proved to strongly
affect the membrane rejection efficacy due to the
changes in molecular orientation and alterations in the
dope rheological conditions [17], [21], [22].

The controlling of dry phase process (evaporation
time) and wet phase process was discovered to be a
great opportunity for the fabrication of various skin
layer thicknesses on the surface of the membrane [23].
After casting, the nascent membrane is undergoing
the dry phase state for a certain time of evaporation.

During this phase, the polymer molecules are given
sufficient time for relaxation, orientation, alignment
and rearrangement before the solidification process
[24].

The characteristics of the membrane active layer
could be determined by the evaporation time. During
this process, an inert gas/ambient eliminates the vaporized
solvent from the membrane’s surface. This mechanism
created the higher polymer concentration local region
where the spinodal decomposition is directly induced
at the outmost of membranes [25]. By manipulation
of evaporation time during the dry phase region, the
development of a thin active layer could be monitored
[26]-[28]. According to a previous report, longer
evaporation time produced denser skin layers, which
eventually increased the retentions and decreased the
fluxes. The formation of these compact layers was
caused by the suppression of sub-structures during
dry/wet phase inversion process [29].

Nanofiltration membranes are well-known due
to their capability for ions separation from water,
good multivalent ions and monovalent ions retention
[30]. Practically, the high demand for nanofiltration
membranes-based separation process worldwide was
derived from their advantages of low cost, high flux
and good ionic retention [31], [32] as well as better
permeation and separation efficacy for liquid state
process [12], [33]. Besides, nanofiltration is also
applied for water and wastewater treatment [34],
pesticides and organic pollutants removal, especially
for the production of softened water [35] and fresh
potable water as well as divalent and monovalent salts,
electrolytes solution [14], [20], [36].

Membrane's structural parameters and properties
for nanofiltration can be determined using a theoretical
model depending on the membranes process and
testing conditions. The effects of evaporation time
towards membranes performance were reported by
several researchers [26], [27], [29], [37], however,
the evolution of membrane parameters, properties and
evolutions of morphological structures of nanofiltration
membranes at different evaporation time is not yet
reported elsewhere and has been ignored despite the
facts that this simple step is very important for alteration
of membranes structures and properties.

Asmany studies reported the revision inmembrane's
performance and properties, the evaporation times
are predicted to produce a selective nanofiltration
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membrane with narrow pores and fine key properties.
Therefore, in this study, the roles of evaporation
time during the dry/wet phase inversion process on
membrane performances, structural details and key
properties were studied via experimental and modeling
approaches. In addition, the effect of evaporation
time in determining the improved morphological
structures in asymmetric nanofiltration membranes
was examined.

2 Experimental
2.1 Materials

The polymer dopes were formulated from polyethersulfone
(PES, Radel A300), N-methyl-2-pyrrolidone and
polyvinyl-pyrrolidone, which were used as polymer,
solvent and additive, respectively. Methanol, water
and distilled water were used as a post-treatment
medium, coagulation bath and non-solvent, respectively.
Performances of membranes were carried out using
NaCl, Na,SO,, MgSO, and MgCl, for the nanofiltration
test, meanwhile neutral solutes with different series
of MW (Sigma Aldrich) were used for characterizing
structural parameters and properties of membranes
[30].

2.2 Dopes formulations and membrane making

In order to prepare good formulations, a binary dope
component consisting of polymer/solvent undergoes a
turbidimetric process. In this step, 100 g of dope will
be titrated with water as non-solvent until the polymer
solution turns milky. The titration was carried out at
room temperature with 84% humidity until changeless
cloudy was noticed visually. The method was
implemented to get data on cloud point/equilibrium
thermodynamics, which consequently defined the
equilibrium composition of a ternary system (polymer/
solvent/non-solvent).

A new polymeric dope solution was prepared
at temperatures of 70 °C. 20.42 wt% of polymer was
dissolved into a multi-component formula. Then, the
prepared solution was placed in an ultrasonic bath
to eliminate air bubbles and kept for 24 h at room
temperature. After degassing, the dope solution was
cast on a support glass plate with a casting knife. The
fabrication was conducted based on dry/wet phase

inversion process, under the specific condition as
shown in Table 1. The calculation of the shear rate is
based on the Equation (1):

v
Shear rate, y = z (1)

where v is velocity of casting knife and g is gap setting
of casting knife [14], [38].

Table 1: Casting conditions of nanofiltration membranes

Membranes Shear rate, Membrane Evaporation
y(s™) thickness (um) times (s)
NF25 233.33 150 25
NEF20 233.33 150 20
NF15 233.33 150 15
NF10 233.33 150 10
NFO05 233.33 150 5

Casting speed = 10 s, Coagulant temperature = 25 °C

During the dry phase, the nascent membranes
were undergoing forced-convective evaporation
whereby the membrane surface was flushing with
nitrogen gas at different evaporation times (Table 1).
A nascent skin layer is formed from a region with
locally elevated polymer concentration due to a selective
loss of highly volatile solvent from the outermost
surface of a freshly cast membrane. The underlying
region beneath the nascent skin layer remains in a fluid
state. Subsequently, the membrane was immersed in
coagulant media (water) for 24 h. After that, it was
transferred into methanol for another 24 h and followed
by a drying process. During the wet phase separation,
the bulk of the membrane structure is formed by
counter-diffusion of solvents and non-solvents and
extraction of the remaining components occurs [39].
The membranes making process via dry/wet phase
inversion could be summaries as in Figure 1.

2.3 Nanofiltration test

A flat sheet of circular disk NF membrane was cut and
underwent a compression process (at 500 kPa) for 1 h.
Using a filtration cell (dead-end permeation cell,
Model Millipore) and membranes area of 1.39 x 10~ m?,
the compressed membranes were subjected to pure
water permeation and solute separations tests (solutes
flux and real rejection) at different transmembrane
pressures, which are 300, 350, 400, 450, and 500 kPa.
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Figure 1: Flow diagram of membranes making via
dry/wet phase inversion.

For each experiment run, the permeate samples (20 mL)
were collected and weighed for every minute by an
electronic balance. All the data are average values from
three times of experimental works.

For the nanofiltration experiments, the salts and
neutral solute concentrations were fixed at 0.01 M
and 300 ppm, respectively. In this analysis, the neutral
solute samples were measured using a total organic
carbon analyzer. The NF membranes separation
capability was evaluated in terms of Robs and R,
based on the following equations as used in the previous
report [18] [Equations (2) and (3)]:

Cr
Rusz 1—— 2
o[ 1-£] @
Rrear = |:1 —9:|X100 (3)

where C, is the salt concentration in permeate, C,
is the salt concentration in bulk and C, is the salt
concentration in wall.

2.4 Membrane characterizations
2.4.1 Irreversible thermodynamics model

In general, diffusion and convection components are
considered as transport agents in NF membranes. Both
components arereflected in the Spiegler-Kedem equation,
which comprises diffusion and convection based on
Hagen-Poisecuille’s law [40]-[43]. Equation (7) is
known as the Spiegler-Kedem equation [Equation (4)].

dc
J, = —PAxE+(1—O')JVC 4)

where J, is averaged solute flux over membrane surface
(mol/m’s), P is permeability (m/s), Ax is membrane
thickness (m), o is reflection coefficient (%), Jv is
volume flux (m/s) and ¢ is concentration (mol/m?®)
[Equation (5)].

J= S0 AP (5)

8nt Ax

where ¢ is membrane porosity, 7 is a radius of a stirred
cell, # is ratio of solute radius to pore radius, 7 is
tortuosity and AP is applied pressure (Pa) [Equation (6)] .

R =(1—@]x100 (6)

ryl

where R, is rejection of component i (%), C,; is
concentration of component 7 in the permeate (mol/l)
and C,,is concentration of component 7 in the rejection
(mol/1).

o(l1-F)
R == 7
real ( I_O_F ) ( )
where R, is real rejection, o is reflection coefficient

and F is Faraday constant [Equation (8)].

F=exp[—1_TGij (8)

2.4.2 SHP model

Steric Hindrance Pore (SHP) model is very important in
describing the separation characteristics of nanofiltration
membranes and processes. Few membranes parameters
that are pore radius (7,), ratio of thickness to porosity
(Ax/A)), reflection coefficient (o), permeability (P,)
and the important steric-hindrance parameters (H,, and
Hp;). The analysis of these parameters was modeled and
described as in the previous report [30].

2.4.3 TMS model

In Teorell-Meyer-Sievers (TMS) model, a Donnan
(electrostatic) factor is one of the main transport
mechanisms in NF membranes, and the quantitative
analysis of electrostatic properties is very important.
Therefore, to quantify and describe these electrostatic
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properties, the TMS model was applied. In this
model, membrane electrical properties were assumed
as fixed circular dispersal of charges and ions [42],
[44]. in the previous study [30], TMS model allowed
the measurement of o,,,, P,,, and the important zeta

potential/surface charge () of the fabricated skinned
NF membranes

2.4.4 Pore radius, 7,

Combining with the Spiegler-Kedem equation, the
reflection coefficient, o was determined. Using the
relation of = r/r,, the membranes' pore radius, r, and
H,, Hj, S and S, could be measured as described in
the previous report [30].

2.4.5 Membranes parameters/properties (P, Ax and
Ax/A,)

Using the measured solute diffusivity as 1.61 x 10 m?/s
from the Stokes-Einstein equation, the membranes
thickness, porosity and solute permeability could
examine based on SHP model as described in the
previous report [45], [46].

2.4.6 Electrostatic properties (X, and {)

The electrostatic (Donnan) factors are represented by
the membrane surface charge; ('and charge density, X,
The determination of these properties was based on the
TMS model as described in the previous study [18].

2.4.7 Scanning electron microscopy

The morphologies of the membrane samples were
analyzed using scanning electron microscopy (SEM).
The principles of operation of SEM is described as
follows. A narrow beam of electron with kinetic energy
of 1-25 kV hit the membrane sample. The incident
electrons are called primary (high-energy) electrons,
and those reflected are called secondary electrons.
Secondary electrons (low energy) are not reflected but
liberated from atoms on the surface; which determine
the imaging (whatis seen on the screen or the micrograph).

When a membrane is being placed in the electron
beam, the sample could be burnt or damaged, depending
on the type of polymer and accelerating voltage
employed. This could be avoided by coating the

100
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Figure 2: PWP of skinned-oriented nanofiltration
membranes.

membranes with a conducting layer (gold palladium)
to prevent them from charging up the surface. Scanning
electron microscopy allows a clear view of the overall
structure of the membranes; the top surface, the cross-
section and the bottom surface could all be observed
nicely [47].

For the morphological analysis, the samples of
membranes were immersed in nitrogen liquid for a few
seconds before rupturing cryogenically. The fractured
samples were mounted neatly on stubs and coated
with a thin layer of gold auto-coater (JEC 1600). The
samples were then scanned under JEOL JSM 6360LA
Scanning Electron Microscope (Japan) with 10.0 kV
potentials and magnitude up to 800X [19], [20].

3 Results and Discussion
3.1 Performances and separation characteristics

NF membranes were evaluated in terms of PWP, solute
permeation, salt rejection and solutes rejection.
Furthermore, the membrane parameters, steric-hindrance
factors and key properties were also deduced based
on theoretical models. Figure 2 shows the NaCl fluxes
data. In general, pure water flux data revealed that the
shorter evaporation time the higher PWP was obtained
and this trend is linearly increased with the increase of
operating pressure.

At 500 kPa, the highest PWP 0f 8.94 x 10° m*/m?’s
was demonstrated by the membranes, which were
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Figure 3: NaCl volume fluxes (0.01 M) of skinned-
oriented nanofiltration membranes.

prepared at 5 s (NF05) of evaporation time. However,
beyond the 20 s, the membrane prepared at 25 s (NF25)
showed the opposing trend of water flux of about
8.21 x 107° m*/m’s was achieved.

Experimental data of volume flux in Figure 3
showed similar trends to PWP. At 500 kPa, the membrane
fabricated at 5 s (NF05) of evaporation time shows
the highest volume flux of about 3.16 x 10 m*/m’s.
From 5 s to 20 s, the volume flux decreased gradually.
This trend was similar as described by the previous
researchers [48]-[50].

The thickness skin layer could be varied by inducing
evaporation time. The increasing of evaporation time
was also found to increase the membrane skin layer
thickness and these effects are discovered to be the
main causes for the reduction of membrane flux.
However, beyond 20 s, the volume flux was reached
up to 3.06 x 10 m*/m’s. These opposite trends of
PWP and volume flux profiles showed the existence
of optimum evaporation time.

In Figure 4, the 20 s evaporation time (NF20)
membrane showed the highest rejection of about
59.5% while the longest evaporation time membrane
(NF25) demonstrated only 46.8% of salt rejection.
These results are due to the alteration of membrane's
structural properties as described and in agreement with
those obtained by the previous researchers [49]-[51].
In their reports, the researchers reported that the
increase in evaporation time caused the decrease in
pore size. Besides, surface and membranes porosity
was also found to be reduced, which was accompanied
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Figure 4: Real rejection, R,,,, of 0.01 M NacCl.
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Figure 5: J, and R, at different evaporation time
(0.01 M NacCl and 500 kPa).

by the increase of membranes skin layer thickness
with the increase of evaporation time. The pore radius
and skin layer are to be reduced. Therefore, with all
the properties affected by the evaporation factor, the
identification of the optimum evaporation time is essential.

In order to verify and prove the existing of the
optimum evaporation time at 20 s, the result of volume
and real rejection at 500 kPa was plotted as in Figure 5.

From the graph, it is clearly shown that there are
two intersections in between the evaporation time of
10sto 20 s. At 10 s of evaporation time, the fabricated
membranes exhibited an opposing trend of membrane
performances. The highest rejection of about 59.4%
was achieved by the 20 s membranes (NF20). However,
beyond the 20 s, even the volume flux increased, the salt
rejection was found to be reduced to only 48.9%. From
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Figure 6: Real rejection, R, of salts at different
evaporation time (0.01 M and 500 kPa).

the experimental results, therefore, it was clearly verified
that 20 s was found to be the optimum evaporation time
for producing highly selective fine NF membranes.

Figure 6 showed the results of multivalent salt
rejection. Multivalent salts that are Na,SO,, MgSO,,
and MgCl, were used for the performance evaluation
at 500 kPa of operating pressure. Generally, the fabricated
fine skinned NF membranes demonstrated fine separation
capability up to the highest value of 97.02% for
MgSO,. For the overall multivalent salts, the highest
rejection was demonstrated by the membrane, which
was prepared at 20 s.

Similar to the results obtained at different shear
rates, the rejection sequences for all membranes were
MgSO, > Na,SO, > MgCl, > NaCl which is explained
by the ions diffusion coefficient (D,)) and solute size
(r,) as shown in Table 2. These factors led towards the
specific separation trend in Figure 4 due to the Donnan
exclusion factor [52]. Similar trends stated by previous
researchers [18], [42], [53].

Table 2: Diffusion coefficient and solute size

ITons D, x 107 (m2s™) r, (nm)
Na® 1.33 0.18
Mg 0.70 0.35
CI- 2.01 0.12
SO 1.06 0.23

3.2 Membranes parameters and structural properties

Based on the neutral solute separation data, the
theoretical models were employed to determine the

membranes parameters and structural properties
as presented in Table 3. In general, the increase in
evaporation time caused the increase in the reflection
coefficient parameter. However, from the 15 s and
above, the reflection coefficient values gave the constant
values. Meanwhile, the membrane permeability exhibited
small changes for every solute. As the membrane
selectivity is monitored by the structures, pore size and
skin layer, this study discovered that pore radius and
surface porosity were decreased with the increasing
of evaporation time. Besides, the increase in skin layer
thickness affects the higher solute permeability and
volume fluxes.

The analysis data on the parameters and
properties of the NF membranes were shown in
Tables 4 and 5. In general, the increase in evaporation
time was found to cause an increase in the reflection
coefficient. When the highest reflection coefficient of
0.26 reached at the 20 s, the increase of evaporation
time beyond the point caused the deterioration of the
coefficient to 0.21. In approximately about 19.2%
of reduction, these findings revealed that the higher
evaporation time beyond the optimum produced the
smaller numbers of the small pore size compared
to solute size, which is associated with the higher
permeation, porosity and pore size as well. As the
membranes showed higher rejection, better reflection
coefficient and the best results of steric-hindrance
factors of HF, SF and SD (1.31, 0.56 and 0.34),
therefore these modeling verified that the optimum
evaporation time is at 20s.

In Table 5, the highest solute permeability
value of about 2.25 x 107" m/s was exhibited by the
membranes at 25 s. This result supports the above
hypothesis that beyond 20 s of the evaporation times
the NF membranes exhibited higher permeability
due to the reduction in the number of small pores in
the membranes. Besides, the membrane pore size of
about 0.93 nm at the 25 s (evaporation time) was also
found to be larger than the 0.91 nm of pore radius at
20 s. Similar trends were also shown by the values of
Ax/A,, which proved that the longer evaporation time
changes the performance and properties of asymmetric
nanofiltration membranes.

As the evaporation time increased, the electrostatic
properties of charge density, X, and surface charge,
{ (zeta potential), were also found to exhibit very
positive results. With only about 0.034 mol/m® at 5 s,
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Table 3: Properties of skinned-oriented nanofiltration membranes

Evaporation Neutral Structural Parameters and Properties
Time (s) Solutes 6 () Ps (107 ms™) r, (nm) n (rJr,) A,/Ax(m™) Ax/A, (um)

Glycerol 0.38 3.73 1.11 0.23 817 87.88

Glucose 0.44 2.59 2.29 0.28 881 77.32

5 Saccharose 0.57 1.78 1.18 0.40 1150 54.25
Raffinose 0.79 0.78 0.89 0.65 1840 18.07

PEG 1000 0.87 0.37 1.09 0.77 3370 7.94

Glycerol 0.39 3.52 1.07 3.52 1.07 0.24

Glucose 0.45 2.45 1.26 0.29 855 75.55

10 Saccharose 0.61 1.60 1.07 0.44 1180 47.23
Raffinose 0.79 0.68 0.89 0.65 1610 18.07

PEG 1000 0.89 0.25 0.98 0.80 3000 5.89

Glycerol 0.44 2.95 0.92 0.28 733 77.32

Glucose 0.52 2.05 1.03 0.35 857 63.11

15 Saccharose 0.68 1.31 0.91 0.52 1290 35.26
Raffinose 0.84 0.46 0.81 0.72 1720 11.42

PEG 1000 0.93 0.12 0.90 0.87 3180 2.57

Glycerol 0.44 2.86 0.92 0.28 712 77.31

Glucose 0.52 2.04 1.04 0.35 851 63.10

20 Saccharose 0.68 1.28 0.91 0.52 1270 35.25
Raffinose 0.86 0.37 0.77 0.75 1750 9.05

PEG 1000 0.93 0.11 0.90 0.87 3140 2.56

Glycerol 0.41 3.05 1.00 0.26 710 82.62

Glucose 0.51 2.08 1.07 0.34 842 64.89

25 Saccharose 0.69 1.25 0.89 0.53 1300 33.60
Raffinose 0.85 0.43 0.79 0.74 1800 10.21

PEG 1000 0.93 0.11 0.90 0.87 3120 2.57

Table 4: SHP parameters for skinned-oriented
nanofiltration membranes

Table 5: Membranes structural properties of skinned-
oriented nanofiltration membranes

Evaporation Time (s ) Evaporation Time (s
Membrane Parameters 3 1 Op 15 2 0( ) 25 Membrane Properties s 1 Op 15 2 0( ) 25
R, (%) 53.65 | 51.31 | 56.13 | 59.38 | 48.93 P, x 107 (ms™) 221 | 207 | 1.82 | 1.54 | 2.25
n 0.36 | 0.34 | 0.39 | 042 | 0.32 A 245 | 231 | 2.68 | 296 | 2.14
o 0.20 | 0.18 | 0.23 | 0.26 | 0.16 r, (nm) 1.10 | 1.06 | 0.92 | 091 | 0.93
H, 1.23 | 1.21 | 1.27 | 1.31 | 1.18 Ax/A,(pm) 7.94 | 589 | 2.57 | 2.56 | 2.57
Sr 0.65 | 0.68 | 0.61 | 0.56 | 0.72 X, 0.034 | 0.032 | 0.037 | 0.040 | 0.031
Sp 041 | 043 | 0.37 | 034 | 047 40) 198 | 1.88 | 2.15 | 234 | 1.75

the membrane's charge density, X, was found to be
increased and up to the highest value of about 0.04
mol/m® at the 20 s. At the same time, the largest zeta
potential value of —2.34 was also demonstrated by the
NF membranes, which were prepared at the 20 s of
evaporation time.

At optimum setting, membrane properties, such
as rejection, flux, pore radius and membrane charge

exhibited great features and characteristics. Therefore,
these results verified that the optimum evaporation
time occurred at about 20 s. The result of the best
skinned NF membranes was compared with the
commercial membranes in Table 6. This data revealed
that the fabricated NF membranes possess comparable
fine characteristics which are in the ranges of commercial
NF membranes.
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Table 6: Comparison of skinned-oriented membranes
with 29 commercial nanofiltration membranes

Properties r, (nm) 40) Ax/A, (um)

Minimum 0.39 1.5 0.66
Mean 0.66 9.2 4.8

Maximum 1.59 44.5 16.9
NF20 0.91%* 2.34% 2.56*

3.3 Morphological structures

In general, the fabricated nanofiltration membranes
possess fine asymmetrical structures of skin and sub-
layers. Figure 7 showed the morphologies and key
properties of nanofiltration membranes fabricated
at different evaporation times. In NF20 membranes,
smaller finger-like pores were produced at 5 s of the
evaporation time. As the time increased to 10 s, the
membrane morphologies were changed into denser
structures. The finger-like structures were diminished
and transformed into small tears-like pores. Since small
numbers of macro and micro-voids and spongy structures
formed beneath the sub-layer, the membrane's
skin layer thickness is also found to be increased. Thus,
these might be predominant factors to the improvement
of membrane selectivity [18].

As the evaporation time increased, the membrane's
skin layer thickness was also found to be increased.
This phenomenon is due to the variation in the existence
ofunoccupied space within the separation process [29].
However, at longer evaporation times from 15 s to 25 s
produced better membranes. With good skin layer
thickness, the NF15, NF20 and NF25 membranes
demonstrated fine morphologies of good finger-likes
and tear-likes pores and fine spongy sub-layer, which
make the membranes more selective and finer in
characters. Previous studies by several researchers
discovered that the longer evaporation time formed
a homogeneous active layer and more resistive top
layer [29], [54].

Based on the experimental, modeling and
morphological structures results, the increased
evaporation time the thinner skin layer thickness is
produced. This factor expanded the nanofiltration
membranes to a certain standard of performance.
Meanwhile, key properties data revealed that the
longer evaporation times produced smaller pore
radius as well as denser and thicker skin layer [37]. NF
membranes prepared at 20 s demonstrated the smallest

Key properties
7, (nm) 1.10
AX/d; (um) 7.94
40 1.98

Key properties
7, (nm) 1.06
Ax/Ay(1m) 5.89
46 1.88

Key properties
7, (um) 0.92
Ax/Ay(um) 2.57
ce) 215

K 50
Ttab: ! - il D Key properties
(TR X aftils
| X

FRIG 7, (am) 0.1
AX/A (um) 2.56
40 234

Key properties
7, (nm) 0.93
AX/Ay (pm) 2.57
90} 175

Figure 7: Morphologies and key properties of asymmetric
skinned-oriented nanofiltration membranes.

pore radius and finest key properties. Therefore, these
analyses verified that the optimum evaporation for
the production of fine selective skinned asymmetric
nanofiltration membranes was found to be at 20 s.

4 Conclusions

The employing different evaporation times in membranes
making during the dry/wet phase inversion membranes
making produced the selective skinned-oriented
nanofiltration membranes. Experimental data revealed
that the evaporation times significantly enhanced
the performance and properties of the membrane.
The optimum evaporation time for skinned-oriented
nanofiltration was found to be at 20 s. Modeling analysis
proved that, the nanofiltration membranes produced at
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20 s possess the narrowest pores and highest surface
charge of about 0.91 nm and 2.34, respectively.
Moreover, the increase in evaporation times changes
the common asymmetrical morphologies into finer
structures with tears-like pores and spongy structures
which led to better separation efficacy. Eventually, the
technical data of key properties, membranes parameters
and structural details from this study are very critical
and enable a proper selection of membranes-application
matching process.
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Nomenclature

A, membrane porosity

¢ concentration (mol/m®)

¢, salt concentration in bulk

¢, salt concentration in permeate

c,; concentration of component i in the permeate
(mol/l)
¢,; concentration of component i in the rejection
(mol/l)

¢, salt concentration in wall

D, diffusion coefficient

F Faraday constant (96487) (C/mol)

H,, steric parameters related to wall correction factors
under diffusion and convection conditions, respectively (-)
H steric parameters related to wall correction factors
under diffusion and convection conditions, respectively (-)

J, averaged solute flux over membrane surface
(mol/m’s)

volume flux (m/s)

molecular weight (g/mol)

permeability (m/s)

solute permeability (m/s)

radius of stirred cell

pore radius (m)

. Stokes radius of solute (m), or radius of solute
(m or nm)

R, rejection of component i (%)

R, observation rejection

R, real rejection

S, distribution coefficients of solute by steric-
hindrance effect under diffusion and convection
condition, respectively (-)

S distribution coefficients of solute by steric-
hindrance effect under diffusion and convection
condition, respectively (-)

X, charge density

AP applied pressure (Pa)

Ax membrane thickness (m)

Ax/A, ratio of membrane thickness to membrane
porosity

Y o T’«i}‘

~

Greek letter

o  reflection coefficient (%)

& membrane porosity (dimensionless)
n  ratio of solute radius to pore radius
7 tortuosity (dimensionless)

¢ zeta potential
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