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Abstract:

Design and Fabrication of nanofiltration membranes with desired characteristics and
separation performance is of paramount importance. In this study various asymmetric
nanofiltration membranes are designed and fabricated using polyethersulfone (PES) via phase
inversion technique. The effects of variation in polymer concentration, solvent type, additives
in dope solution and composition of coagulating agent are studied as selected design
parameters. On the other hand, the effects of variation in solvent evaporation time,
coagulation bath temperature, casting speed (shear rate) and membrane thickness are
investigated as selected fabrication parameters. The findings reveal that increasing polymer
concentration, promoting delayed demixing through change of solvent and composition of
coagulating agent as well as decreasing coagulation bath temperature, increasing solvent
evaporation time and membrane thickness result in NF membranes with less overall porosity
and mean pore size, lower water flux and higher salt rejection. Moreover, addition of
hydrophilic organic acids (i.e., ascorbic and citric acids) in dope solution and increment of
casting shear rate promote membrane overall porosity, water flux and, salt rejection.
Membranes derived from PES/NMP (30/70 wt. %) can offer maximum rejection of 47.35%
and 99.84% for NaCl and MgSO,, respectively. The pure water flux in the membranes can be
enhanced up to 54.88 litm™>.h™" through addition of 1 wt. % citric acid into dope solution. In
terms of operational parameters, increase in both feed pressure and pH can enhance the
membrane flux and salt rejection. The findings in this study provide useful guidelines and
recipes for design and fabrication of high performance asymmetric NF membranes with

desired microstructure, productivity and separation performance.

Keyword: Nanofiltration membranes, Design and fabrication parameters, Polyethersulfone,

Phase inversion, Separation performance
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1. Introduction

Membrane technology has gained widespread acceptance for variety of separation
applications ranging from microfiltration to gas separation, pervaporation and fuel cells [1-5].
Many activities are in progress in various parts of the world on material synthesis, membrane
fabrication, membrane modification, process design and development, process modeling and
optimization, all aiming to overcome the remaining obstacles and to improve the
competitiveness of the membrane technologies [6-12]. Nanofiltration (NF) is relatively a new
type of pressure-driven membrane technology that lies between ultrafiltration (UF) and
reverse osmosis (RO) [13]. NF membranes are employed effectively for separation of
charged and/or uncharged species in the size range of about 1-10 nm. The governing
mechanisms in NF membranes are solution diffusion, Donnan effect, dielectric exclusion,
electromigration or a combination of them [14]. Numerous advantages such as energy
efficiency, high flux as well as higher rejection of multivalent than monovalent ions [14, 15]
have led to the widespread application of NF membranes in various industries including but
not limited to water softening [16, 17], seawater desalination [18, 19], brackish water
treatment [20-22], dye removal [23-25], industrial wastewater treatment and reuse [26-28],

food and beverage processing [29] and pharmaceutical industry [30].

Development of high performance NF membranes require thorough understanding about
proper materials selection, formulation, design and fabrication procedures in addition to the
adoption of appropriate knowhow and skills. Phase inversion can be described as a process of
making membranes in which an initially homogeneous polymer solution is transformed into a
solid structure through a complicated while controlled procedure. Non-solvent induced phase
separation (NIPS), thermal-induced phase separation (TIPS), Evaporation-induced phase

separation (EIPS) and Vapor-induced phase separation (VIPS) are among the well-
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established phase inversion processes. NIPS is commonly used for fabrication for asymmetric
NF membranes. According to this procedure, a polymer solution is cast on a proper support,
then immersed in a coagulation bath containing a non-solvent or a blend of non-solvents [31].
The non-solvent diffuses into the polymer solution and the solvent escapes from polymeric
solution to the non-solvent bath known as demixing process through which a system
comprised of a polymer-rich and polymer-lean phases is formed. The former results in the

formation of a membrane solid matrix, while the latter creates membrane pores [32].

Essentially, various kinetic and thermodynamic parameters including selection of polymer,
solvent, non-solvent and additive to the polymer solution and its composition play important

roles in the properties and characteristics of the ultimate membranes [33].

These parameters may generally be classified into two main groups of design and fabrication
as shown in Fig. 1. Design parameters may include material selection, polymer concentration
in the dope, solvent type, additives in the dope solution, and composition of coagulating
agent. Various materials including but not limited to polysulfone [34], cellulose acetate[35],
polyvinylidene fluoride [36] have been used for preparation of asymmetric NF membranes.
Among them, polyethersulfone (PES) has been widely used for preparation of variety of
membranes mainly due to its particular characteristics such as prominent oxidative, thermal
(Tg~ZZO°C ) hydrolytic, chemical and mechanical stability [37, 38]. On the other hand, it is
shown that the polymer concentration can play a major role in the structure of the membrane.
Study by Balta et al [39] revealed that increase in the polymer concentration led to the
formation of NF membranes with less porosity and less finger-like pores and consequently
decreased water flux and increased salt rejection. Membranes with different morphology and

performance can be achieved depending on the type and nature of solvents and non-solvent.
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Various approaches such as bulk modification, blending, additive embedding, surface
coating, interfacial polymerization, grafting (e.g., photon-induced, Gamma ray, electron/ion
beam-induced, plasma-induced, thermal-induced), plasma treatment, immobilization and
surface-initiated ATRP have been applied for altering the hydrophobic nature of PES-derived
membranes [40]. The use of additives consisting of functional groups has also been
considered as the possible techniques for altering the hydrophilicity, surface roughness,
surface charge and the pore size of the membranes [41-43]. For instance, pore-forming
agents, such as polyvinylpyrrolidone (PVP) and polyethylene glycol (PEG) have been added
to the polymer solution for improving the permeability of the membranes [44]. Another
effective parameter is composition of coagulating agent. While water has been the
dominating coagulation bath, several types of additive such as ethanol [45, 46], isopropanol
[45-47], 2-Butanol [48] and NMP [49] have been examined separately or as additives to

water in order to tailor the characteristics of the coagulating agent.

Apart from the design parameters, fabrication parameters also play important role in the
properties of the resultant membranes. For example, the influence of solvent evaporation time
was investigated in some previous works [50, 51]. It is also shown that increasing coagulation
bath temperature results in accelerated phase inversion rate and consequently improved water
flux [52-54]. However, in some cases, decreasing of water flux has been reported [45]. The
casting speed also affects the membrane morphology, porosity and pore size by which is
attributed to the alternation of molecular orientation caused by induced shear rate [34, 55-57].
It is also shown that the overall thicknesses of the membrane as well as the top layer increase

by increasing the casting knife gap [58-60].
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The main objective of the present research study is to perform a systematic investigation on
the effect of key parameters in development of asymmetric NF membranes from the
viewpoint of formation, structural characteristics, productivity and separation performance.
For this purpose, the effect of various design parameters such as polymer concentration in the
dope, solvent type, additives in dope solution, composition of coagulating agent as well as
various fabrication parameters such as solvent evaporation time, coagulation bath
temperature, casting speed (casting shear rate) and membrane thickness on the characteristics
and performance of the membranes are investigated and analyzed. Besides, the effect of feed
pressure and pH as operational parameters are studied in details. To our best knowledge, and
based on the detailed review and analysis of the prior works, this is the first comprehensive
report on systematic investigation of NF membranes. Furthermore, the effects of addition of
selected hydrophilic additives (i.e., ascorbic and citric acids) into dope solution are assessed

for the first time in the case of PES NF membranes.

2. Experimental

2.1. Materials

Polyethersulfone (PES, Ultrason E6020P, MW = 58,000 g/Mol) was supplied by BASF
(Germany). N-Methyl-2-pyrrolidone (NMP) and N, N-Dimethylacetamide (DMAc) both
from Merck (Germany) were used as solvent for preparation of dope solutions mainly
because of good miscibility with PES. Ascorbic acid (C¢HgOsg, pKa = 4.10) and citric acid
(CsHgO7, pKa = 3.15) both from Merck (Germany) were employed as additives to the dope
solutions. NaCl and MgSQ, salts were obtained from Merck Ind. Ethanol and distilled water
were employed as coagulating agents. The chemical structure of the materials used in this

study are illustrated in Fig. 2.
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2.2. Membrane Preparation

Dope solutions were prepared by dissolving prescribed amounts of PES flakes in the
respective solvents. Ascorbic and citric acids were added in the prescribed amounts to the
selected dope solutions as additives. The solutions were stirred for at least 24 hrs at 300 rpm
and at room temperature to ensure complete dissolution. After formation of a homogeneous
solution, dope solutions were held at the ambient temperature about 24 hrs and degassed.
Then the solutions were cast onto a glass plate using a semi-automatic film applicator with
adjustable gap at controlled temperature and relative air humidity. The nascent films on the
glass plate were immersed immediately in the coagulation bath (except of one case in order to
investigate the effects of solvent evaporation time) and remained for 24 hrs to allow residual
solvents to leach out. Finally, the membranes were kept between two filter papers at room
temperature and dried. The reference conditions for membrane formation are provided in
Table 1. The effect of various design parameters including polymer concentration in the
dope, solvent type, additive type and amount in dope solution, composition of coagulating
agent as well as fabrication parameters such as solvent evaporation time, coagulation bath
temperature, casting speed (casting shear rate) and membrane thickness on the characteristics

and performance of the membranes were studied systematically.

2.3. Membrane Characterizations

2.3.1. Morphology analysis

A VEGA (TESCAN, Czech Republic) scanning electron microscope (SEM) was used for
characterization of cross-sectional morphology of the fabricated membranes. The membrane
samples were fractured in liquid nitrogen and sputtered with gold. ImageJ software (version
1.48) was employed for further analysis of the types and population of macrovoids in the

cross-section of membranes.
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2.3.2. Porosity and pore size measurements
Overall porosity (€) was calculated as a function of the membrane weight using the following

equation [61]:

_ Wi—Wwp
o Alp

(1
Where w; and w; are the weights (kg) of the wet and dry membranes; A is the membrane
effective area (m?), p is the density of water (998 kg.m'3) and | is the membrane thickness

(m). Guerout—Elford—Ferry equation (Eq. (2)) was employed to determine membrane mean

pore radius () on the basis of pure water flux and porosity data [62]:

Po= \/(2.9—1.758)><8ulQ 2

€AAP

Where p is the viscosity of water (8.9 x 10™ Pa.s), Q is the volumetric flow rate of permeate
pure water (m’.s') and AP is the operating pressure (Pa). Average pore size, Iy, was
determined by filtration velocity method, in which pure water flux of the wet membrane was

measured by applying pressure (10 bar) for a limited period.

2.3.3. Contact angle measurements

To evaluate membrane surface properties, contact angles were measured using the sessile
drop method with a goniometer (G10, KRUSS, Germany). Deionized water was used as the
probe liquid in all the measurements. To minimize the experimental error, the contact angle
was measured at five random locations for each sample at room temperature, and then the

average value was reported.

2.4. Performance evaluation
The performance of the membranes were evaluated using a bench scale set-up as shown in

Fig. 3. Rectangular shaped membrane sheets with effective surface area of 15 cm? were cut
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and sandwiched between the testing cells. The feed was pumped into the cell by using a high

pressure pump, flowing tangentially to the membrane surface. The permeate stream was

directed to the permeate tank while the retentate stream returned to the feed tank. In this way,

the concentration of the feed remains almost unchanged due to limited amount of permeate

stream. The feed flow rate and stream pressures were adjusted using back pressure regulator

and bypass valves. The following procedure was used in all experiments:

1) Before starting the experiments, each membrane was soaked in deionized water for 2
hrs to provide required saturation and wetting in the membrane structure.

2) Each membrane sheet was firstly subjected to pre-compaction at 15 bar for 2 hrs using
pure water. However, pure water permeate flux was measured at 10 bar and feed flow
rate of 5 lit.min™ using Eq.(3)

%4
=== (3)
Where V is the volume of permeated water (lit), 4 is the membrane area (m?) and At is
the permeation time (hr).

3) The single salt rejection of the membranes was measured using a synthetically
designed salt (formulated based on a typical seawater properties) containing 10,500
ppm of NaCl solution and 1,300 ppm of MgSQOy, solution.

4) The feed solution was circulated for about 1 hr until the system became steady state,
and then the permeate flux was measured at 10 bar and feed flow rate=5 lit.min™.
Samples from feed and permeate was collected and analyzed separately using a
standard conductivity meter (MIC 99702, Taiwan).

5) The single salt rejection (R) was measured using the Eq. (4).

R(%) = ( —i—;) x 100% (4)
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3. Results and discussion

3.1. Effect of polymer concentration in dope solution on the structure and performance
of NF membranes

The effect of polymer concentration in the dope solution on the water flux and salts rejection
of the NF membranes prepared using NMP and DMACc as solvents is shown in Fig. 4. It can
be seen that polymer concentration has considerable effect on the membrane permeation and
separation performance. According to Fig. 4 (a), the pure water flux decreased from 38.35
litm™hr' to 2.78 litm™hr' for the membranes prepared using 24 and 30 wt. % PES in
DMAc, respectively. Similarly, the pure water flux decreased from 27.65 lit.m™.hr' to 1.24
litm™.hr' for the membranes prepared using 24 and 30 wt. % PES in NMP, respectively.
This can be attributed to the fact that increase in the PES concentration results in the
increment in the dope viscosity. This increase in viscosity consequently brings about
reduction of solvent and non-solvent exchange rate and thus polymer concentration increases
at the interphase of dope solution and coagulating agent. Thus, less amounts coagulants can
penetrate to the dope solution and precipitation rate decreases through delayed demixing. It is
well demonstrated that the instantaneous demixing leads to a finger-like structure, while
delayed demixing leads to a sponge-like structure [63]. Fig. 5 presents SEM cross-section
images of membranes prepared using dopes with different polymer concentrations. It can
clearly be seen that, regardless of the solvent type, membranes formed from low polymer
concentration (i.e., 24 wt. %) comprised of finger-like macrovoids with interconnection
extended to the bottom of the membranes. However, increasing polymer concentration
suppressed formation of finger-like macrovoids and created more spongy-like porous
structures. Thus, it can be prescribed that increase in polymer concentrations and delayed
demixing result in membranes with lesser porosity, less finger-like pores, lower mean pore

size, while denser and thicker upper layer upon. Data in Table 1 provide a good overview on
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the trend of changes in the morphological and structural characteristics of membranes as a
result of change in polymer concentration. Data reveal that increase in the polymer
concentration led to the formation of up to about 11% thicker NF membranes. Similar results
are reported elsewhere [45]. This may arise from the fact that higher polymer concentration
provides less opportunity for the penetration of coagulation agent and accordingly less
contraction ratio is provided due to the slowed demixing rate.

On the other hand, by increase in polymer concentration, the mean pore size decreased from
4.93 nm to 1.20 nm and from 4.96 to 1.64 in NF membranes prepared using NMP and
DMAc, respectively. Similarly, the porosity decreased by about 17% and 19% in NF
membranes prepared from NMP and DMAc, respectively. Higher porosity can be attributed
to higher diffusional exchange between solvent and coagulant at lower polymer concentration
[45]. According to the data in Table 1 and also as shown in Fig. 5, increase in the polymer
concentration brought about reduction in the area fraction of macrovoids in the cross section
of membranes, reduced number of macrovoids and turned the overall membranes
morphology into a more spongy-like structure. In addition, the contact angle of prepared
membrane increases from 63.4° to 75.5° and from 60.5° to 72.9° in NF membranes prepared
from dopes containing 24 and 30 wt. % polymer in NMP and DMAc, respectively. Sotto et
al. [61] determined that increasing polymer concentration decreases the solvent and coagulant
diffusional exchange rate and hence, the surface porosity and pore size decreases. It should be
noted that the wettability of the membrane is influenced by the membrane material as well as
the surface porosity and roughness. Thus, since the materials are the same, the greater contact
angle of the membrane prepared from the dope with higher concentration can mainly be
attributed to the decreased surface porosity [64]. In other words, higher polymer
concentration leads to lower surface porosity causing decrement in the hydrophilicity of the

membranes and water flux.
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The effect of polymer concentration in the dope solutions on the performance of NF
membranes was investigated in terms of monovalent and divalent salt rejections. Generally,
increase in polymer concentration led to improvements in both NaCl and MgSOj rejection of
membranes. According to Fig. 4 (b), NaCl rejection increased from 23.36% to 47.35% and
from 18.62% to 40.80% in NF membranes prepared from dope containing 24 and 30 wt. %
polymer in NMP and DMAc, respectively. Membranes offered even higher rejections for
MgSOs. According to Fig. 4 (c), MgSO; rejection increased from 86.35% to 99.84% and
82.78% to 99.10% in NF membranes prepared from dope containing 24 and 30 wt. %
polymer in NMP and DMAc, respectively. Due to negative surface charge of
polyethersulfone membranes, the separation mechanism of these membrane is not only
affected by steric hindrance, but also by charge effect interaction. According to Donnan
effect, if a negatively charged salt ion is rejected because of electrostatic charge repulsion
with negative surface charge of PES membrane, then the counter ion will also have to be
rejected to neutralize electric charge across the membrane. For salts, an increase in co-ion
charge and a decrease in counter ion charge improve salts rejection [65]. Because of higher
charge of sulfate ions, the rejection of Mg2+ ions also increases due to Donnan effect. On the
other hand, as reported by Ali et al. [57], the surface charge density of the membrane
increases by decrement of membrane pore size. As exhibited in Table 1, membranes prepared
from high polymer concentrations possessed smaller pores and high surface charge density.
Consequently, smaller pore size increases salts rejection through both physical size sieving

and electrostatic repulsion mechanisms.

3.2. The effect of solvent type on the structure and performance of NF membranes
Several studies have demonstrated the important role of solvent selection on the membrane

properties and performance. This was investigated in the present study and the effect of
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solvent type on pure water flux and salts rejection are exhibited in Fig. 4. According to Fig. 4
(a), membranes prepared using DMAc as the solvent exhibited higher water flux than those
prepared using NMP. This trend was regardless of the polymer concentration in the dope
solution; noting that the difference between the pure water flux of the membranes prepared
by the two solvents was minimal when the polymer concentration in the dope was 30 wt. %.
The pure water flux in NF membranes prepared from dopes solutions containing 24 and 30
wt. % PES in DMAc was 38.35 litm™hr" and 2.78 litm™.hr”, respectively. However, the
pure water flux in NF membranes prepared from dopes solutions containing 24 and 30 wt. %
PES in NMP was 27.65 litm=hr' and 1.24 litm™=hr', respectively. Therefore, the
membrane prepared using DMAc exhibited higher pure water flux compared to those
prepared using NMP. According to Table 1, this result can be attributed to higher porosity,
lower thickness and hydrophilic nature of the membrane prepared using DMAc. As porosity
and hydrophilicity increases and membrane thickness decreases and the water permeation
through the membrane increases.

Analysis of the morphology of the membranes can provide useful insights about the effect of
solvent type on the properties of the membranes. According to cross sectional SEM images
shown in Fig. 5, switching solvent from DMAc to NMP enabled suppression in number and
progress of macrovoids to some extent. Instead, relatively large macrovoids were formed.

The following points can provide more and useful insights for explanation of the effect of
solvent type on the morphology and performance of NF membranes:

1) The solubility parameter and mutual diffusivity between solvent and non-solvent in
coagulation bath is an important factor in membrane preparation [66]. Smaller
difference between the solubility parameters results in faster/instantaneous demixing
causing formation of porous top layer and finger-like pores in the support layer. On the

other hand, delay demixing is often related to the formation of a dense layer. The
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solubility parameter data of various components are shown in Table 2, indicating that
the difference in solubility parameter between DMAc and water is the highest and this
attributed to the fact that the porosity, number of finger-like pore and mean pore size of
membranes prepared from this solvent is increased. In addition, the diffusivity
coefficient of intended solvent and coagulant systems was calculated using Wilke-

Chang equation and shown in Table 3. According to Eq. 5, the diffusivity of solute a

into solvent b (D (cmz.s'l)) can be described by:

(QDbe)O'S-T

D,_, =74x10"11
ab le-VaO'6

)

Where ¢, u, V4, My and T are the association factor, viscosity (gr.cm™.s™), molar volume
at boiling point (cm’kmol™), molecular weight of the solvent (gr.kmol™), and
temperature (K), respectively. The average mutual diffusivities of DM Ac-water system is
higher than NMP-water system. By increasing diffusion rate between solvent and non-
solvent, the instantaneous demixing is occurred which led to increment in porosity in top
and support layer [66]. A strong interaction among solvent and non-solvent is related to
a small difference between solubility parameters of solvent and non-solvent. Lower
mutual diffusivity and less porosity are the results of strong interaction among solvent
and non-solvent [67].

2) Another aspect is consideration of delay time (time from immersion of a polymer film
into a coagulant bath to the inception of liquid—liquid demixing) and gelation time (time
between demixing and solidification) and their role in the phase diagram (Fig. 6 (a)) [68].
A finger-like structure with very thin skin layer is generally expected for instantaneous
demixing process, whereas a sponge-like structure with thick skin layer is usually
observed for delayed demixing process [66]. According to the three phase diagram for

water/DMAC/PES and water/NMP/PES systems (Fig. 6 (b)), the theoretical and
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experimental binodal curve of water/DMAC/PES system is closer to the polymer—solvent
axis compared to that of water/NMP/PES system. Therefore less water is needed for the
precipitation of PES (unstability of polymer film) in water/DMAC/PES system [69]. The
time to first precipitation may be almost instantaneous for water/DMACc/PES system. The
final structure of membrane depends on domination of delayed or instantaneous
demixing. According to Fig. 6 (b), instantaneous demixing occurred for
water/DMAC/PES compared to that of water/NMP/PES system that led to formation of
thin skin layer and finger-like pores in support layer [64].

3) As reported by Hasbullah et al. [70], boiling points of solvent contribute positively to
dope solution viscosity. Accordingly, higher boiling point of NMP (202 °C) than that of
DMAc (166 °C) results in dope solutions with increased viscosity. As mentioned above,
this increase in viscosity resulting in reduction of solvent and non-solvent exchange rate
and delayed demixing occurred. Consequently, a membrane with lower porosity, less

finger-like pore, lower mean pore size is formed.

Data in Table 1 provide a good overview on the trend of changes in the morphological and
structural characteristics of membranes as a result solvent selection. For example, data reveal
that membranes prepared using DMAc as solvent experienced more contraction and
possessed lower thickness compared to their counterparts prepared using NMP. In addition,
the mean pore size of the membranes prepared using DMAc was relatively high especially
when higher dope concentrations were used. This is well in agreement with the pure water
flux in the membranes. The exchange rate between solvent and coagulant will affect the pore
size. It should be noted that the diffusional exchange rate between solvent and coagulant in
DMAc/water system is faster than NMP/water system and because of delayed demixing, the

solvent outflow is faster than the coagulant inflow. In this case, the pores tend to collapse and



RSC Advances

shrink [71]. On the other hand, the porosity of prepared membrane decrease from 55.5% to
46.2% and from 58.9% to 47.6% in NF membranes prepared from dope containing 24 and 30
wt. % polymer in NMP and DMAc, respectively. In fact, when DMAc was used as solvent,
the instantaneous demixing occurred which led to formation of more porous structure as also
reported previously by others [66]. As shown in Table 1, when NMP was used as solvent, the
solvent and coagulant diffusional exchange rate decreased and hence, the surface porosity
and pore size decreased. The greater contact angle of NMP-based membranes in comparison
with DMAc-based membranes can be attributed to the decreased surface porosity [61]. Thus,
DMAc-based membranes exhibited higher pure water flux. This improvement in pure water

flux can be attributed to increase of membrane hydrophilicity.

Considering the effect of solvent type on the membrane performance, according to Fig. 4 (b),
NaCl rejection increased from 23.36% to 47.35% and from 18.62% to 40.80% in NF
membranes prepared from dope containing 24 and 30 wt. % polymer in NMP and DMAc,
respectively. According to Fig. 4 (c), MgSOy rejection increased from 86.35% to 99.84% and
82.78% to 99.10% in NF membranes prepared from dope containing 24 and 30 wt. %
polymer in NMP and DMAc, respectively. The rejection of both monovalent and divalent
salts were higher in NMP-based membranes in comparison to DMAc-based membranes
which can be related to smaller pore size in NMP-based membrane which increases salts

rejection through both physical size sieving and electrostatic repulsion mechanisms.

3.3. The effect of additive type and concentration in dope solution on the properties and
performance of NF membranes
The effect of addition of ascorbic acid as a polyhydroxy acid and citric acid as a poly acid

and their concentration on the characteristics and performance of NF membranes were

Page 16 of 55



Page 17 of 55

RSC Advances

investigated. This was based on the idea that the incorporation of these acids may enhance
performance of membranes through altering surface and structural characteristics.
Investigation was carried out on the NF membranes prepared at reference conditions using
dope containing 24 wt. % PES dissolved in DMAc. According to Fig. 7 (a), addition of both
acids resulted in enhanced pure water flux in the membranes. The pure water flux of PES
membranes increased from 38.35 litm™=h™ (bare) to 52.99 litm™.h™" and 54.88 litm™>.h" by
addition of 1 wt. % ascorbic and citric acids, respectively. However, further addition beyond
1 wt. % had negative effects. Pure water flux of modified membrane is expected to be higher
than bare membranes. As shown in Table 4, improvement of water flux can be attributed to
membrane thickness, porosity and hydrophilicity. Structural analysis and characterization of
membranes can provide useful information about the performance of the membranes. The
porosity of the membranes increased to 75.87% and 77.68% upon addition of ascorbic and
citric acids up to 1.0 wt. %, respectively. This can be attributed to the interactions between
additive with the component of casting solution (polymer and solvent). By addition of both
organic acid in the dope solution, hydrogen bonds are formed between hydrogen atoms of
organic acids and the oxygen atoms of polyethersulfone; accordingly, weaker interactions
occur between polymer chains. In addition, the hydrophilic nature of organic acids and
formation of hydrogen bonds between additive molecules and DMAc, decreases the ratio of
the solvent out-diffusion to the coagulant (water) inter-diffusion which causes to
instantaneous demixing [72, 73]. Instantaneous demixing results in formation of macrovoid,
porous top and support layers and lower concentration of the polymer at the surface which
lead to thinner skin layer [66]. However, further addition of organic acids beyond 1 wt. %
results in the increase in binding force between polymer chains and additive molecules and
accordingly the remaining free volume is reduced due to the tighter and stronger

entanglements. Moreover, according to the data in Table 4, and in comparison to the
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reference membranes thickness (100 pm), thinner membranes were obtained from the dopes
containing either ascorbic or citric acids (91 um and 89 um for A;s and C; s respectively).
The addition of additives decreases the ratio of the solvent out-diffusion to the coagulant
(water) inter-diffusion and provides more opportunity for the penetration of coagulation agent
and accordingly more contraction ratio is provided due to the faster demixing [72]. It was
also found that the addition of both acids improved the hydrophilic properties of the
membranes largely attributed to the hydrophilic functional groups of organic acids [72]. The
effect of ascorbic acid on the contact angle of the membranes was more than that of citric
acid. The contact angle reduced from 60.5° to 38.6° and 45.3° upon addition of 1.5 wt. %

ascorbic and citric acids, respectively.

Also, according to Fig. 7 (b) and (c), the rejection of both monovalent and divalent salts
increased by increasing the concentration of both organic acids in the dope solutions. The
salts rejection increases from 18.62% (bare) to 28.54% (A1) and 30.14% (C, s) for NaCl and
from 82.78% (bare) to 88.21% (A;s) and 90.78% (C;s) for MgSQO,, respectively. Size
exclusion (steric hindrance) and electrostatic charge repulsion are two important mechanisms
that may have affected the rejection of ionic solutes. It is shown that PES membranes have
negative charge due to breakdown of surface functional groups or adsorption of ions from the
aqueous solution [74]. As reported in Table 4, mean pore size of modified membrane is
smaller than unmodified membrane. Increment in salt rejection by addition of organic acid
might be attributed to two factors: (i) reduction of pore size of the membrane which
increasing the salt rejection through size exclusion mechanism and (ii) increment in surface
negative charge by addition of organic acid and lower pore size (higher surface charge

density) which increasing the salt rejection through electrostatic charge repulsion [72].
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3.4. The effect of type and concentration of coagulating agent on the properties and
performance of NF membranes
The effects of adding methanol to the coagulation bath (distilled water) were investigated for
the NF membranes prepared at reference conditions using dope containing 24 wt. % PES
dissolved in DMAc. In order to study the effects of composition of coagulating agent on
structure and performance of PES membrane, three different compositions were employed as
the coagulation bath (Table 5). The characteristics and performance of prepared membrane at
different composition of coagulation agents are tabulated in Table 5. The pure water flux for
different prepared membranes are depicted in Table 5. The pure water flux of membranes is
reduced from 38.35 litm™=h™ to 29.15 litm™.h™" when methanol is added to the coagulation
bath from 0 to 50 V. %. This is due to the formation of membranes with lower porosity,
smaller pore size and lesser hydrophilicity and higher thickness. The pure water flux is in a
good agreement with membrane structural properties. By employing a mixture of methanol
and water as coagulation agent, the porosity of prepared membrane decreased from 58.9% to
52.74% and mean pore size decreased from 4.96 nm to 4.68 in NF membranes prepared from
coagulation agent containing water and mixtures of water/methanol (50/50 V.%). Moreover,
according to the data in Table 5, thicker membrane (107 pm) were obtained from the
coagulation bath containing mixture of water/methanol (50/50 V. %) in comparison to
reference membrane (100 pm).
The following points can provide more and useful insights for explanation of the effect of
composition of coagulation agent on the structure and performance of NF membranes:
1) If alcohols are used as coagulant, the binodal curve in the ternary phase diagram shrinks
significantly and shifts toward the coagulant—polymer axis [75]. This signifies that more
coagulants are needed for casting solution to become thermodynamically unstable and

reaches to binodal curve. As found in previous work [76], the delayed time increases
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gradually when the coagulation bath changed from water to alcohol. This results in
delayed demixing which leads to the formation of a thicker membrane with smaller pore
size at the top layer and lower porosity in support layer [45].

2) As mentioned in section 3.2, polymer-solvent and solvent-coagulant interactions, and
mutual diffusivity between solvent and non-solvent have great effect on membrane
performance and structure. If the difference between solubility parameter of solvent and
coagulant is low, the coagulant penetrate more slowly (lower mutual diffusivity between
solvent and coagulant) into the cast film and delayed demixing occurs [66]. According to
the solubility parameters shown in Table 2, by addition of methanol into coagulation bath,
difference between solubility parameters of solvent/coagulant decreases which leads to
delayed demixing [77]. From the kinetic viewpoint, it is possible to correlate the
diffusional exchange of solvent/coagulants with the demixing process. Generally, higher
diffusion of coagulant in solvent results in a faster precipitation. The average mutual
diffusivity for intended solvent coagulant systems are tabulated in Table 3. The diffusivity
coefficient between solvent and coagulant was calculated using Wilke-Chang equation
(Eq. 5). The average mutual diffusivity of DMAc-water system is higher than DMAc-
alcohol system. Accordingly, the lower exchange rate between solvent and methanol as
coagulants leads to delayed demixing which is associated with a thicker membrane,
smaller pore size at top layer and lower porosity.

3) The difference in solubility parameters between PES and the coagulants is of the order
(PES—water) > (PES—(25%methanol-75%water)) > (PES—(50%methanol-50%water)).
decrement in difference between solubility parameter of polymer and coagulant usually
implies a slower precipitation rate which results in delayed demixing and as a
consequence, a thicker membrane with lower porosity with smaller pore size is formed

[78].
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The contact angle of prepared membrane decreased as methanol added to coagulation bath.
since the materials and dope solution composition are the same, the greater contact angle of
the membrane prepared in coagulation bath containing methanol can mainly be attributed to
the decreased surface porosity [64]. The addition of the methanol into coagulation bath
decreases the solvent and coagulant diffusional exchange rate and hence, the average
membrane surface porosity decreases and as a consequence, the wettability of the membrane

decreases [61].

The effect of composition of coagulation bath on the performance of NF membranes was
investigated in terms of monovalent and divalent salt rejections. Generally, increase in
methanol fraction in coagulation bath led to improvements in both NaCl and MgSOj, rejection
of membranes. As tabulated in Table 5, the salt rejection increased form 18.62% to 25.2% for
NaCl solution and from 82.78% to 91.22% for MgSO, solution when the mixture of water
and methanol were employed as coagulant. The improvement in salts rejection can be
explained by reduction in mean pore size of the membrane. The mean pore size of the
membranes is declined when the mixtures of water and methanol were used as coagulant and

the salt rejection increased due to physical size sieving, consequently.

3.5. The effect of solvent evaporation time on the properties and performance of NF
membranes

The time interval between polymeric solution casting and immersion of the cast film into the
coagulation bath named solvent evaporation time. This certain period significantly alters the
structure and performance of the fabricated membrane. Structural analysis and

characterization of membranes can provide useful information about the performance of the
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membranes. According to the data in Table 6, and in comparison to the reference membranes,
the porosity of membranes decreased from 58.90% to 53.76% and mean pore size from 4.96
nm to 4.53 nm at 0 and 3 min solvent evaporation time, respectively. The changes in porosity
and mean pore size can be attributed to the increase of polymer concentration at the top layer
of the nascent film as well as the entanglement of macromolecules caused by polymer chains
relaxation at longer solvent evaporation time [79]. As polymer concentration increases at the
top layer, it acts as a more impenetrable barrier against the solvent outflow and coagulant
inflow, which decreases diffusional exchange rate between solvent and coagulant. As a
consequence, a membrane with lower porosity and smaller pore size is formed [80].
Moreover, the thickness of the membrane increased from 100 pm to 107 um at longer solvent
evaporation time. This may arise from the fact that increase of polymer concentration at the
top layer of cast film provides less opportunity for the penetration of coagulation agent and
accordingly less contraction ratio is provided due to the slowed demixing rate [45].

Membranes prepared at longer solvent evaporation time exhibited lower water flux. The pure
water flux decreased from 38.35 littm>h to 26.73 lit/m*.h as solvent evaporation time
increased from O min to 3 min. The pure water flux is directly proportional with porosity and
pore size and reversely with membrane thickness. At longer solvent evaporation time, the
membrane porosity and pore size decreased and membrane thickness increased causing lower
water flux. Increment in solvent evaporation time affects considerably the salts rejection. As
tabulated in Table 6, the salts rejection increased form 18.62% to 30.65% for NaCl solution
and from 82.78% to 91.58% for MgSO, solution at 0 and 3 min solvent evaporation time,
respectively. It is associated to diminution of pore size improving salts rejection through both
size sieving and electrostatic charge repulsion (due to increment in surface charge density)
[57]. About contact angle, no clear changes can be concluded. Minor increment in contact

angle by increasing solvent evaporation time may be attributed to lower surface porosity [64].
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3.6. The effect of coagulation bath temperature (CBT) on the properties and
performance of NF membranes

The effects of three different levels of CBT (0 °C, 20 °C, 50 °C) on membrane structure and
performance are tabulated in Table 6. The pure water flux of PES NF membrane at CBT of 0
°C was 25.35 litm™.h". When CBT was increased to 50 °C, the pure water flux increased
largely to 52.12 litm™2.h". The increase of pure water flux may be attributed to three reasons.
First is lower resistance caused by the thinner top layer; second is the enlarged pores on the
top layer; and third is higher porosity. In general, porous structure with macrovoid occurred
under instantaneous demixing condition and demixing is faster at higher temperature. On the
other hand, in a lower CBT, delayed demixing occurs causing inhibited freely growth of
limited nuclei on the top layer, instead many small nuclei are formed and distributed
throughout the cast film. Accordingly, despite to instantaneous demixing, formation of
macrovoids is suppressed and denser membranes are formed [63].

The porosity of the prepared increased from 52.89% to 65.29% and membrane thickness
decreased from 111 um to 90 pum in NF membranes prepared from coagulation bath with 0
°C and 50 °C, respectively. The Diffusivity coefficient between solvent and coagulant is
temperature-dependent. According to Eq.5, increase in temperature enhances diffusional
exchange rate between solvent and coagulant in the casting solution during solidification
process which leads to instantaneous demixing and thus induces the formation of membrane
more porous structure. Increment in diffusivity coefficient by temperature, decelerates
penetration of coagulation agent and accordingly less contraction ratio is provided due to the
slowed demixing rate and thicker membrane was obtained.

The CBT values have great influence on membrane performance in salts rejection. By
decreasing CBT, the NaCl rejection increased from 9.25% to 31.33% and MgSO, rejection

increased from 72.95% to 92.25% in NF membranes prepared from coagulation bath with 0
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°C and 50 °C, respectively. Decrement the CBT can also increases the dope viscosity, the
chain rigidity, and surface tension of solution which will cause slow precipitation and
membrane with smaller pore size is formed [81]. As a results, the salts rejection increases.

Water contact angle improved by increasing CBT. Similar results are reported elsewhere
[81]. It should be noted that the wettability of the membrane is influenced by the membrane
material as well as the surface porosity and roughness. Thus, since the materials and dope
solution composition are the same, the greater contact angle of the membrane prepared at

higher CBT can mainly be attributed to the decreased surface porosity [64].

3.7. The effect of membrane casting speed on the properties and performance of NF
membranes
Casting speed significantly affects the membrane performance and structure. The shear rate

experienced during casting was calculated using the following relationship:

Velocity of casting knife (m/s)

Shear rate (s™) =

(6)

Membrane thickness (m)
According to Table 7, the membrane thickness decreased upon increase in the applied shear
rate. Consequently, the pure water flux was affected by membrane thickness and increased
from 25.13 litm™>h™ to 41.32 litm™h" in membrane prepared at shear rates 9.23 s and
42.76 s, respectively. Based on the structural data, a thinner membrane with more porosity
was formed at higher shear rate resulting in higher pure water flux [55]. These findings are in
agreement with literature [55, 57]. Kusworo et al. [56] reported that at higher shear rate, a
decrease in dope viscosity occurs due to reduction of chain entanglement. Boussu et al. [45]
claimed that at lower dope viscosity, the diffusional exchange between solvent and coagulant
increases causing the formation of porous structure. Moreover, by increasing the shear rate,
the pore size of the membranes was decreased. The decrement in pore size resulted in better

rejection of solutes. The NaCl rejection increased from 17.12% to 23.32% and MgSO4
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rejection increased from 80.98% to 90.83% in NF membranes prepared at shear rates 9.23 s
and 42.76 s™', respectively. This results agree well with those reported by Ali et al. [57]. The
significant betterment in salts rejection can be attributed to molecular orientation induced by
shear rate during the casting of polymer film [82]. As shown in Fig. 8, macromolecules
exposed to a higher shear rate tend to align more ordered than those under a lower shear rate.
Enhancement in the molecular orientation causes the polymer chains to pack closer leading to
decrement in free volume or pore size [57, 82, 83]. Formation of smaller pore size and
increase in surface charge density of membrane (due to lower pore size) enhance the
separation performance of PES NF membranes [57]. The contact angle of prepared

membrane have no clear change by alteration of shear rate.

3.8. The effect of membrane thickness on the properties and performance of NF
membranes

Membrane thickness plays an important role in the selective layer thickness and its pore size
that determine the flux and rejection of the NF membranes. The effect of membrane thickness
on pure water flux are exhibited in Table 7. The pure water flux decreased from 56.41 lit.m
*h' to 17.87 litm™h" in membrane prepared with thickness of 100 pm and 300 pm,
respectively. The results demonstrate that the membrane with lower thickness were more
permeable due to lower membrane resistance, higher porosity and larger pore size. At the
beginning of the phase inversion process, due to increment in the ratio of the solvent out-
diffusion to the coagulant (water) inter-diffusion, the polymer concentration at the top layer
may shift to a higher value. When the delay time is long, a higher polymer concentration is
achieved at interphase between polymer film and coagulant bath, which leads the fast growth
of the dense layer. As a result, a thicker and denser top layer with smaller pore size was

formed and as consequence, the pure water flux decreased [84]. The membrane porosity
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decreased significantly from 63.60% to 52.91% in membrane prepared with thickness of 100
um and 300 pum, respectively. A higher casting knife gap decelerated the diffusional
exchange between solvent and coagulant and thus, the membrane structure became thicker
and less porous [58]. The mean pore sizes of the membranes are tabulated in Table 7. As
initial casting thickness increases, diffusion rate of coagulants in the cast films decreases and
hence, delayed demixing occurs. Therefore, the mean pore size was shifted to lower value as
the membrane thickness increased [58].

The effect of casting solution thickness on rejection is depicted in Table 7. By increasing
membrane thickness, the NaCl rejection increased from 17.12% to 23.32% and MgSO4
rejection increased from 80.98% to 90.83% in NF membranes prepared with thickness of 100
um and 300 pm, respectively. The decrement of pore size enhances the salts rejection
through both size sieving and electrostatic repulsion mechanisms. As membrane thickness
increased, the contact angle decreased. since the materials and dope solution are the same, the
greater contact angle of the thicker membrane can mainly be attributed to the decreased

surface porosity [64]

3.9. Effect of operating parameters on the properties and performance of NF
membranes

3.9.1. Feed pressure

The effect of feed pressure on water flux and salts rejection of reference membrane
(PES/DMAc 76%/24%) is shown in Fig. 9. Due to porous nature of the membrane, the
Hagen—Poiseuille equation can be considered under the hypothesis of constant pressure
gradient along the membrane pore [85]. According to the Hagen—Poiseuille flow as expressed
in Eq. (7), increase in water flux is proportional to the increase in pressure difference across

the membrane.
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_ " Ap—
Jv =55 AP = L, AP (7)

Where Jy (m.s™), r, (m), n (Pas™), § (m), AP (Pa) and L, (m.s”.Pa™) are volume flux,
average pore radius, water dynamic viscosity inside the pore, effective membrane thickness,
pressure difference across the membrane and, hydraulic membrane permeability,

respectively. According to Fig. 9 (a), water flux data versus feed pressure is approximately
linear and water permeability for are calculated about 16.47 lit.m*.h™ .bar”. Also, the salts

rejection increased with the increase in feed pressure (Fig. 9 (b)). This is due to the water
permeate flux through the membrane is linearly related to the trans-membrane pressure,
whereas the salt flux is relevant to the both concentration gradient across the membrane and
the water flux. When the feed pressure increases, the water permeate flux increases relatively
more as compared to the salt permeate. This causes a decreasing salt concentration in

permeate stream and an increasing rejection [86].

3.9.2. Feed pH

The salt rejection and water flux as a function of feed pH were investigated for reference
membrane (PES/DMAc 76%/24%) and the results are exhibited in Table 8. Zeta potential of
the membranes was also measured to determine the membrane surface charge. Fig. 10 shows
the zeta potential of membranes as a function of pH. Higher zeta potential of PES membrane
at higher solution pH value indicates more negative the membrane surface. It is believed that
the negative charge of the PES membrane originates from the functional groups of PES
(O=S=0) [74]. Due to the electrostatic charge repulsion between SO%~ and CI” molecules and
negative charges on the membrane surface, SO3~ and C1" molecules are rejected. Increment in
solution pH results in an increment in the negative surface charge of membrane which leads

to stronger electrostatic charge repulsion between anions and membrane surface and
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increases the rejection of anions. Subsequently, the rejection of cations (Mg, Na”) increases
due to Donnan effect. In other words, if anions (SO~ and CI) are rejected because of
electrostatic charge repulsion with negative surface charge of PES membrane, then the
cations will also have to be rejected to neutralize electric charge across the membrane. For
salts, an increase in co-ion charge and a decrease in counter ion charge improve salts
rejection [65]. Because of higher charge of sulfate ions, the rejection of Mg®" ions also
increases due to Donnan effect. The electrostatic charge repulsion between anions molecules
and membrane surface increases by increasing the solution pH, which hinders anions
molecules to adsorb on the membrane surface. As adsorption of anions molecules on
membrane surface decreases, the barriers for the solution passage across the membrane

decreases and therefore water flux increases [72].

3.10. Comparison with literature

Table 9 provides the salt rejection and water flux performance of several commercial and
non-commercial NF membranes reported in literatures. It can be seen that the water flux for
the membranes developed in this study were almost higher than others in the Table, except
that of NF90. This can be attributed to high porosity, low thickness and formation of more
free volume in the structure of developed membranes. On the other hand, the salts rejection
performance of fabricated membranes seems to be satisfactory by consideration of salt
concentration used for testing in comparison with other works. The membrane performance
for divalent ions was better than monovalent ions. Authors are working for further

improvements in this respect.

4. Conclusions
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The properties and performance of asymmetric PES NF membranes were investigated and
through systematics analysis of the effect of design, fabrication and operational parameters
with the main aim of obtaining membranes with high rejection of monovalent and divalent
salt while possessing reasonable water flux. Results revealed that among the studied
parameters, polymer concentration greatly affected membrane morphology and performance.
Besides, it was found that the membrane structure and performance were considerably
dependent solvent-coagulating agent and solvent-polymer interactions. In overall, membranes
prepared using DMAc exhibited a higher water flux than those prepared using NMP as
solvent. Modified membranes containing organic acids exhibited structures with lower
thickness, higher porosity and smaller pore size compared to unmodified membrane
attributed to the hydrophilic functional groups of additives proven by the water contact angle
data displaying that the wettability of membranes increased by both citric and ascorbic acids.
The water flux of modified membrane improved by addition of 1 wt% of organic acids,
though the salts rejection improved for all concentrations of organic acids. Structural analysis
of the membranes indicated that the membranes prepared with coagulant containing methanol
had lower porosity, smaller pore size, less hydrophilic surface and higher thickness due to
slower diffusional exchange between solvent and coagulant. Despite the decline in pure water
flux, both NaCl and MgSQO4 rejection were improved in membranes prepared using
water/methanol mixture as coagulating agent. Moreover, derived membranes from lower
temperature, higher thickness and higher solvent evaporation time were found less porous
with lower mean pore size and less permeable to water and more capable to salts rejection. In
all membrane due to negative surface charge of PES membrane, the rejection of divalent ions
was greater than monovalent ion. As a consequence, addition of organic acids and increment
in casting shear rate simultaneously improved both water flux and salt rejection, but there is a

trade-off between selectivity and permeability for alteration of other parameters. The findings



RSC Advances

provide valuable information and guidelines for development of high performance

nanofiltration membranes for specialized separation applications.
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Fig. 1. Classification of prominent design and fabrication parameters
involved in preparation of asymmetric membranes.
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Polymer concentration: 30 wt%.; Solvent: NMP, (c) Polymer concentration: 24 wt%.; Solvent: DMAc, (d) Polymer
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Table 1. The effect of solvent type and polymer concentration in dope on the characteristics of the PES NF membranes*.

Polymer Membrane i . Area fraction Contact
. ) Mean pore size Porosity .
Solvent concentration thickness (m) %) of macrovoids angle
(Wt.%) (um) ° (%) ©)
24 125 4.93 55.5 54.96 63.4
NMP 27 130 3.19 52.3 - 72.6
30 133 1.20 46.2 40.58 75.5
24 100 4.96 58.9 65.78 60.5
DMACc 27 107 4.09 55.7 - 67.3
30 111 1.64 47.6 48.54 72.9

* Conditions: Casting temperature: 25+£3° C; Relative air humidity: 30+5%; Casting knife gap: 200 pm; Casting shear rate:
23.54 s°1; Solvent evaporation time: 0 min; Coagulating agent: pure water; Coagulation bath temperature: 20+2°C.
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Table 2. Solubility parameters of the materials and compounds used in this study.

Material/ Solubility parameter
Compound (MPa®?)
PES 19.6 10.8 9.2 24.19
NMP 18.0 12.3 7.2 22.9
DMAc 16.8 11.5 10.2 22.7
Water 15.5 16 42.3 47.8
Methanol 15.1 12.3 22.3 29.6
Water/Methanol
(75/25 V%) 154 15.08 37.3 43.07
Water/Methanol 15.3 14.14 32.26 38.4

(50/50 V.%)
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Table 3. Mutual diffusivity of various coagulant (c) and solvent (s) systems and the average values (D).

System Diffusivity coefficient

(cm2s?)
D._; x 10° D,_. x 10° D,, x 10°
Water-NMP 11.56 7.92 9.74
Water-DMAC 20.89 8.10 14.49

Methanol-DMACc 12.01 6.12 9.06

Page 44 of 55



Page 45 of 55 RSC Advances

(a) Polymer (b) bES

Vitrification boundary

Binodal Gelation boundary

e

Gelation time

Delay time

I11

water/NMP/PES

DMAc, NMP T T T T T T T T T Water
Solvent Nonsolven 0 20 3 4 5 60 70 8 90

Fig. 6. (a) Schematic representation of a ternary phase diagram [68]; (b) Theoretical binodal (—) and spinodal (— ) curves for
water/DMAC/PES and water/NMP/PES systems. Experimental cloud point data (¢) verify the theoretical calculations [69].
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Table 4. The effect of additives in dope solutions on the structural characteristics of PES NF membranes*.

.. Additive Solvent Membrane Mean . Contact
Additive i . . . Porosity
tvne concentration  concentration thickness pore size %) angle
yp (Wt.9%6) (Wt.9%) (nm) (nm) 0 ©)
None 0 76.0 100 4.96 58.9 60.5
0.5 75.5 93 4.63 67.8 53.1
Ascorbic 1.0 75.0 86 451 75.8 43.4
Acid
15 74.5 91 4.46 73.8 38.6
0.5 75.5 96 473 66.9 55.7
Citric 1.0 75.0 86 4.44 776 48.6
Acid
1.5 74.5 89 4.21 74.7 45.3

* Conditions: Dope solution: 24 wt.% PES in DMAc, Casting temperature: 25+3°C; Relative air humidity:
30+5%; Casting knife gap: 200 um; Casting shear rate: 23.54 s; Solvent evaporation time: 0 min;
Coagulating agent: pure water; Coagulation bath temperature: 20+2° C.
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Table 5. The effect of coagulating agent on the structural characteristics of PES NF membranes™.

Membrane  Mean pore : Contact Pure water NaCl MgSO,
. . . Porosity S "
Coagulating agent thickness size (%) angle flux rejection rejection
(nm) (nm) 0 ©) (litm2.h?) (%) (%)
Water 100 4.96 58.9 60.5 38.35 18.62 82.78
Water/Methanol
(75/25 \/.%) 103 4.93 57.2 62.1 35.13 19.17 89.35
Water/Methanol
(50/50 V%) 107 4.68 52.7 65.9 29.15 25.20 91.22

* Conditions: Dope solution: 24 wt.% PES in DMACc, Casting temperature: 25+3° C; Relative air humidity: 30+5%; Casting knife
gap: 200 um; Casting shear rate: 23.54 s'1; Solvent evaporation time: 0 min; Coagulation bath temperature: 20+2°C.
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Table 6. The effect of solvent evaporation time and coagulation bath temperature on the structural characteristics of PES NF membranes*

Solvent Coagulation

. Membrane Mean . Contact Pure water NaCl MgSO,
evaporation bath : : Porosity . o
. thickness pore size angle flux rejection rejection
time temperature (um) nm) (90) ©) (litm2.h) (%) (%)
(min) (°C) T
0 202 100 4.96 58.9 60.5 38.35 18.62 82.78
3 2042 107 4.53 53.7 63.4 26.73 30.65 91.58
0 0+2 111 4.58 52.8 63.3 25.35 31.33 92.25
0 2042 100 4.96 58.9 60.5 38.35 18.62 82.78
0 50+2 93 5.13 65.2 54.8 52.12 9.25 72.95

* Conditions: Dope solution: 24 wt.% PES in DMACc, Casting temperature: 25+3° C; Relative air humidity: 30+5%; Casting knife
gap: 200 um; Casting shear rate: 23.54 s'1; Coagulating agent: pure water.
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Table 7. The effect of casting shear rate and casting knife gap on the structural characteristics of PES NF membranes*.

Casting Casting  Membrane Mean pore . Contact Pure water NaCl MgSO,
. . . Porosity L e
shear rate  knifegap  thickness size (%) angle flux rejection rejection
(s1) (nm) (um) (nm) ) ©) (litm2.h1) (%) (%)
9.23 200 110 5.06 48.3 59.1 25.13 17.12 80.32
23.54 200 100 4.96 58.9 60.5 38.35 18.62 82.78
42.76 200 92 4.54 64.4 60.1 41.32 23.32 89.12
23.54 100 73 5.09 63.6 57.6 56.41 13.54 80.98
23.54 200 100 4.96 58.9 60.5 38.35 18.62 82.78
23.54 300 162 4.59 52.9 65.8 17.87 28.32 90.83

*Conditions: Dope solution: 24 wt.% PES in DMACc, Casting temperature: 25+3° C; Relative air humidity: 30+5%;
Solvent evaporation time: 0 min; Coagulating agent: pure water; Coagulation bath temperature: 20+2°C.
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Fig. 8. A hypothetic mechanism for the conformation of polymer chains induced by shear rate [83].
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Fig. 9. Effect of feed pressure on (a) pure water flux (b) NaCl and MgSO, rejection of PES NF membranes.
(Conditions: Dope solution: 24 wt.% PES in DMAc, Casting Temperature: 25+3° C; Relative air humidity:
30+5%; Casting knife gap: 200 um; Casting shear rate: 23.54 s; Solvent evaporation time: 0 min;
Coagulating agent: pure water; Coagulation bath temperature: 20+2° C; Feed composition: 10,500 ppm
NacCl, 1300 ppm MgSO,, pH=7)
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Table 8. The effect of feed pH on water flux and salts rejection of PES NF membranes*.

Water flux NaCl rejection MgSO, rejection
Feed pH (litm2.h) (%) (%)
5 33.12 12.43 75.47
7 35.21 17.96 81.97
9 37.19 19.65 86.09

* Conditions: Dope solution: 24 wt.% PES in DMAc, Casting temperature: 25+3°C; Relative
air humidity: 30+5%; Casting knife gap: 200 um; Casting shear rate: 23.54 s; Solvent
evaporation time: 0 min; Coagulating agent: pure water; Coagulation bath temperature: 20+2°
C; Feed composition: 10,500 ppm NaCl, 1,300 ppm MgSO,; Testing pressure= 10 bar.
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Table 9. Performance comparison for some commercial and non-commercial NF membranes.

Water flux

NaCl rejection

MgSO, rejection

Operating

Membrane type (litm2h1) (%) (%) conditions Ref.
P=10 bar Present
Polyethersulfone with citric acid as additive 54.88 26.83 89.36 Cnaci=10500 ppm
R study
Cimosos=1300ppm
Oxidized multiwalled carbon nanotube/ P=4 bar
Polyethersulfone nanocomposite 8 20 58 C=200ppm [89]
Amine-functionalized multiwalled P=4 bar
carbon nanotubes 523 20 S0 C=200ppm [74]
. P=10 bar
NF90(Commercial) 80 22 99 C=800 ppm [87]
DS-5 DL (Commercial) 18 1.3 93 P=14 bar [88]
NE2540-70(Commercial) NA 7.2 3.56 P=14 bar [88]




