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ABSTRACT

Polyamide (PA) membranes made by interfacial polymerization (IP) have transformed large-scale
desalination and resulted in drinkable inexpensive water being readily available globally to mil-
lions of individuals. The enhanced understanding of the extraordinary capabilities exhibited by
these polymeric films is critical for further improvement and utilization of the technology. This
article critical reviewed PA membrane formation, characterization, and applications. The mem-
branes could be successfully prepared via phase inversion process (PI), interfacial polymerization
(IP) and electro-spinning. However, the electro-spinning process was limited by very slow rates of
fiber production. Mathematical models have been developed to describe the behavior of PA mem-
brane preparation by the phase inversion process (PI). The effect of polyamide composition on the
change of Gibbs free energy was always negative. The mixing of polymer solution was stable for
all the polymers compositions at room temperature. PI and IP were the most utilized methods for
preparing PA membranes. The PA membrane properties can be characterized by morphology, sur-
face roughness, mechanical and hydrophilic properties, swelling degree, contact angle, membrane
charge and gel content, which in turn are dependent on the membrane preparation parame-
ters. The most important characterization methods for PA membrane properties were examined.
The applications of PA membranes as pressure driven separation processes were discussed.

Keywords: Polyamide membranes; Formation; Preparation; Characterization; Application; Porous

structure; Performance

1. Introduction

Large-scale membrane-based desalination and water
reuse have transformed the global water shortage challenge
by being able to provide adequate and safe potable water
[1]. Nevertheless, water supply requirements for drinking,
urban, and industrial applications have remained one of
the most significant challenges facing humanity. If a sus-
tainable solution is not found, it will become an even more
serious worldwide calamity [2].

Membrane technology is preferred compared to other
separation technologies for water treatment due to its low

cost, low energy requirement, easy operation and accept-
able performance [2]. The state-of-the-art reverse osmosis
(RO) and nanofiltration (NF) membranes often adopt a
thin-film composite structure [3,4], where a polyamide thin
film in thickness of 10-300 nm is in situ generated on top
of a porous substrate by an interfacial polymerization (IP)
reaction [5,6]. Electrospun polymer nanofibers have been
developed as one of the emerging and promising engi-
neered materials for membrane synthesis due to a consid-
erable high porosity, high permeate flux and selectivity,
excellent physicochemical stability, and tunable properties.
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Usually, membranes may be prepared or fabricated
from organic materials such as polymers [7-9] or inorgan-
ics such as ceramics [3,4] with polymers being the more
common [5,6]. Material selection and membrane pore size
depend on the membrane preparation method and appli-
cation [10]. This will affect the physical and chemical
membrane properties of prepared membranes including
the ability to retain molecules [11] as well as the driving
force required in membrane separation systems [12-16].
Crucial first steps are deciding on a suitable membrane
material and a membrane-forming technique or prepa-
ration method [17-21] (Table 1). Choice of the membrane
raw materials for the required application is dependent on
good chemical resistance, permeability, selectivity, and high
mechanical strength of the polymer [22-30].

A variety of membrane synthesis or preparation tech-
niques have been developed including phase inversion (PI),
interfacial polymerization (IP), track-etching for capillary
pore membranes, stretching, sintering, and electro-spinning
[12,13]. Phase inversion and interfacial polymerization
have been the most employed for symmetric, asymmet-
ric, and thin-film composite (TFC) membranes (Table 1).
In addition, the membrane morphology has been assessed
[14-17]. Owing to the complexity of membrane prepara-
tion parameters, modeling has been found to be useful for
predicting the behavior of membrane/ polymer solutions
under different conditions. The Flory-Huggins theory [18]
for example was created as a suitable framework for ther-
modynamic examination of membrane preparation fac-
tors. Characteristics of membranes applied in water and
wastewater treatment market are represented in Table 2.

Polyamides are suitable for preparing most types of
membranes such as pervaporation membranes such as: ali-
phatic polyamide; polyamide-6, polyamide-66, and pressure
driven membranes such as TFC PA) as in Table 1 [23-24].

Table 1
Polymeric membrane material and its application via membrane
separation process

Polymeric materials Membrane References
process

Polyamide (PA) ME, UE, NF, [23,24]
RO, PV

Polyimide (PI) NF/RO [3-5,8,9]

Cellulose acetate (CA) RO [23]

Polyvinyl chloride (PVC) NF/RO [23,24]

Polyacrylonitrile (PAN)

Polysulfones (PS) UF [23,24]

Polyethersulfones (PES)

Polyethylene (PE)

Polyvinylidene fluoride
Polytetrafluoroethylene (PTFE)
Polypropylene (PP)
Polyvinylidene fluoride (PVDF)

Membrane [24]
distillation

where MF: microfiltration, UF: ultrafiltration, NF: nanofiltration,
RO: reverse osmosis, PV: pervaporation.

This article critical reviewed polyamide membrane prep-
aration, characterization, and applications. The most import-
ant characterization methods for polyamide membrane
properties were discussed. The applications of polyamide
membrane as pressure driven membrane separation pro-
cesses were examined.

2. Polyamide membrane preparation

The most utilized techniques for polyamide membrane
preparation include phase inversion (PI), interfacial polym-
erization (IP), track etching for capillary pore membranes-
microfiltration, stretching, sintering, and electro-spinning
[20-22] as shown in Fig. la. Previous reports have shown
that while the phase inversion process (PI) and interfacial
polymerization (IP) are the most common, electro-spinning
was limited due to slow rates of fiber production.

2.1. Phase inversion for fabricating polymeric membranes

Duraikkannu et al. [31] in a recent review on a phase
inversion (PI) technique-based polymer microsphere fab-
rication determined that an advantage the PI method was
the ability to produce a tailor-made morphology that was
a critical factor in separation/ adsorption/ transport sys-
tems. They noted that these controlled morphology micro-
spheres were useful storage devices for loading chemical
and biological components such as drugs, enzymes, and
antioxidants, for environmental pollution control applica-
tions. It can be argued that phase inversion (PI), defined
as a de-mixing process where an initially homogeneous
polymer solution is changed to a solid state [23,24], is a cru-
cial process in sustainable development applications.

The majority PI membranes are fabricated from, poly-
amide (PA), polyethersulfone (PES), cellulose acetate (CA),
polysulfones (PS), cellulose diacetate (CD), polyvinyl chlo-
ride (PVC), polyacrylonitrile (PAN), and polyvinylidene
fluoride (PVDF). Through the PI process, the composition
of the polymer casting solution, pre-concentration time,
and immersion bath type it is possible to control the pore
size distribution and pore structure of polyamide mem-
branes. Likewise, the phase inversion or separation process
can be accomplished in several ways, namely: non-solvent
induced phase separation (NIPS), thermally-induced phase
separation (TIPS), evaporation-induced phase separation
(EIPS) and vapor-induced phase separation (VIPS) [25-28].

2.1.1. Non-solvent induced phase separation

The polyamide membrane may be fabricated by NIPS
in a five-step process [29-33]. A polyamide casting solu-
tion is prepared by dissolving the polyamide in a suitable
solvent. The solution is then casted on a suitable support
such as glass by using doctor blade or film applicator. The
cast films are subsequently immersed in an immersion
bath containing a non-solvent such as water. The films
are then taken from the coagulation bath for drying and
then storing until characterization. Generally, this tech-
nique is used for preparing asymmetric membranes such
as reverse osmosis (RO), nanofiltration (NF), and ultrafil-
tration (UF). While the track-etching method is employed
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Table 2
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Characteristics of membrane products applied in water treatment market [19]

Membrane Membrane material Nominal separation rang

Applications

SR100 Polyamide 200 MWCO

TFC®-S Polyamide 80%-90% NaCl rejection
TFC-HR Polyamide 99.55% NaCl rejection
TFC-FR Polyamide 99.55% NaCl rejection
TFC-XR Polyamide 99.75% NaCl rejection
TFC-SW Polyamide 99.75% NaCl rejection
TFC-HF Polyamide 99.75% NaCl rejection
HFP-707  PVDF 120,000 MWCO
HFK-131  PES 10,000 MWCO

Organics reduction, sulfate removal

Water softening, wastewater polishing

Pure water, brackish water desalination, polishing of industrial
wastewater UF permeate

Fouling resistant membrane for brackish water desalination,
polishing of industrial wastewater UF permeate

Brackish water desalination, polishing of industrial wastewater
UF permeate

Seawater desalination

Seawater desalination, high flow

Oily wastewater treatment
Industrial water treatment

where PVDE: Polyvinylidene fluoride, PES: Polyethersulfone.

for membranes with a symmetric structure. A schematic of
the immersion precipitation method is shown in Fig. 1b.

2.1.2. Evaporation, vapot, and thermally
induced phase separations

Polyamide membranes may be fabricated using EIPS.
A polyamide solution is cast on a porous support fixed
on a substrate such as glass or Teflon and then. The cast
polyamide solution is exposed to an atmosphere so that the
solvent evaporates resulting in a thin polyamide sheet on
a porous support. In the case of VIPS, phase inversion of
the polyamide solution occurs because of the presence of
a non-solvent such as water vapour, which penetrates the
polymer solution causing demixing/precipitation [27,28].
The TIPS is dependent on the fact that the solvent feature
generally decreased once the temperature is decreased.
Subsequent, the demixing is occurred [28-30].

2.2. Interfacial polymerization and continuous
membrane formation

Interfacial polymerization (IP) is another common pro-
cess for membrane formation [34-39] being employed for
thin-film composite (TFC) membranes [40-43]. Polyamide
TFC have been applied in both NF and RO separation tech-
niques for water desalination [44,45]. TFCs are normally
prepared from a reaction of two different monomers on
the surface of a microporous support such as polyether-
sulfone [46—49]. The top surface of the TFC membranes is
nonporous and very thin to allow for controlled permea-
bility and selectivity [48-54]. Researchers have reported
on polyamide TFC membranes and noted that the type
of the monomers selected for the interfacial polymeriza-
tion is crucial [55-62]. This includes aromatic polyamide
membranes [63-71]. An example of a continuous process
for fabricating TFC membranes is shown in Fig. 2. Good
reviews can be found in the literature [1,69-71].

The asymmetric polyamide TFC polyamide membranes
consist of a nonwoven fabric layer, a porous substrate layer

and very dense thin polyamide layer (Fig. 3). A review of the
literature indicates that the most utilized porous substrates
were prepared from polyethersulfone (PES), polysulfone (PS)
or polytetrafluoroethylene (PTFE) by a wet phase inversion
process. Usually, the m-phenylenediamine (MPD) and trime-
soyl chloride (TMC) are the active monomers used to form
the functional polyamide thin dense layer. The preparation
of TFC polyamide membranes is depending also on different
types of monomers such as: N-N'-diaminopiperazine (DAP),
p-phenylenediamine, polyethylenimine, triethylenetetra-
mine (TET), N-(2-aminoethyl)piperazine, and piperazine
(PDP) [72-74].

TFC polyamide membranes [32-35] have been employed
for NF and RO applications. The TFC membrane is consists of
three layers; a thin polyamide layer (<200 nm) created on top
of a polyethersulfone (PES) or polysulfone (PS) porous layer
(about 50 microns) which is located on top of a non-woven
fabric support layer as shown in Fig. 3. This physical arrange-
ment of TFC layers is important to give the best efficiency
and to provide mechanical strength. The polyamide top skin
layer is responsible for the separation factor (rejection/selec-
tivity) [36]. Detailed studies on poly(tetrafluoroethylene)/
polyamide thin-film composite membranes via interfacial
polymerization for pervaporation dehydration on an isopro-
panol aqueous solution polytetrafluoroethylene/polyamide
(PTFE/PA) membranes have been reported [34].

2.2.1. Factors affecting thin-film composite polyamide
membrane formation and performance

Thin-film composite (TFC) polyamide (PA) membrane
formation via interfacial polymerization (IP) reaction
is dependent on the synthesis parameters such as reac-
tion time, and monomer type and concentration [37,38].
Researchers have investigated the type of microporous sup-
port, the time lag and reaction time, the curing temperature,
the type and concentration of monomers, and various sol-
vents and additives [39-41]. Fathizadeh et al. [42] examined
the effect of time lag on polyamide membrane formation
with different hydrophilic sub layers. They found that the
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Fig. 1. (a) Polyamide membrane preparation techniques and (b) schematic presentation of NIPS process [23-28].
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Fig. 2. Schematic diagram of the continuous TFC set-up [8,29].

lag time affected the surface properties of the membranes.
Ghosh et al. [20] reported that the reaction time and cur-
ing temperature played an important role in cross-linking
of the polyamide layer. Some researchers [39-43] described
the effects of surface modification on performance prop-
erties of polyamide reverse osmosis membranes. They
found that the monomer concentration, type of solvent and
additives all played an important role in the solubility and
diffusivity of the amine and acid monomers in the liquid—
liquid interface reaction zone by altering the reaction rate
[43]. In a related study, Liu et al., [44] reported that increas-
ing the reaction time led to a reduced membrane permeate

Bath for Acid
chloride

Bath for polymer
amine solution

flux and an improved salt rejection. Klaysom et al. [45]
reported that the water flux increased with a decrease in
reaction time, while the performance of the membrane was
not dependent on the 1,3,5-benzenetricarbonyl trichloride
(TMC, 98%), concentration.

2.3. Modeling of polyamide membrane formation

Polyamide membranes formation relies on the phase
inversion process parameters [46]. The composition of
the desired or optimum membranes has been deter-
mined by experimental work that generally needs time
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Fig. 3. Schematic diagram of the asymmetric polyamide TFC membrane adapted from [8,33].

for trial-and-error experimentation and raw materials.
Mathematical models may be utilized help optimize mem-
brane composition and the manufacturing process. Precise
and dependable mathematical models can aid in under-
standing and controlling membrane formation process and
morphology [23].

The Flory-Huggins theory [18] was created to be a
suitable and valuable framework for the thermodynamic
investigation of membrane formation. The phase inversion
procedure can be described as a de-mixing process whereby
the initially homogeneous polymer solution is changed in a
controlled manner from a liquid state to a solid state [28].
Also, researchers developed mathematical models which
depended on varying the volume fraction of each polymer
with the volume fraction of solvent over a wide range of
conditions [47-49].

The mixing step is the first step in polyamide mem-
brane formation during this step the polyamide is dis-
solved in a suitable solvent and may be with addition
additives or other polymers. The Gibbs free energy of
mixing step and chemical potential of each component
has been determined for polyamide membranes [48,49].
The literature results showed that the changes in Gibbs
free energy of mixing and the chemical potential were
always negative. The polymers blend was associated with
a negative value of the change of free energy of mixing,
AG, = AH <0 within the phase stability condition (8’°AG, /
6°9) > 0, indicating that the miscibility is not limited to
two minimum compositions [49]. Therefore, phase sepa-
ration should not occur during mixing of polymers such
as polyamide-6/chitosan (PA-6/CS) [50] and polyamide-6/
cellulose acetate (PA-6/CA) [51] over all compositions.

The immersion stage is the second step in polyamide
membrane formation by phase inversion. The immersion/
precipitation time in the soaking bath is related to the sol-
vent dissolution from polymer solution to the coagulation
bath as reported in previous studies [49,50]. A solution
with a high polymer concentration forms better membranes
[49-57]. Mathematical modelling results suggested that
the ratio of polymer solution volume fraction decreased
while solvent volume fraction increased with coagulation
time due to removal of the solvents from the polymeric
solution to the bath. The thickness of polymer on the coag-
ulation plate decreased with time due to solvent removal
[50-51]. Mathematical modelling has resulted in a better

understanding of the behavior of polyamide membrane for-
mation by phase inversion [50-51]. For example, the effects
of polyamide composition on the change of Gibbs free
energy were always negative. The mixing was stable for all
the polymers compositions at room temperature. A diffu-
sion model allowed for a better understanding of the effect
of immersion/precipitation time in the coagulation bath
on the polymer blend formation [49-51].

2.4. Optimization of polyamide membrane formation

Polyamide membrane preparation or formation is
highly influenced by factors such as casting tool type,
velocity of casting, time of casting, pre-concentration time,
variation in retention time under water and water tem-
perature variation. Controlling these factors in is difficult
especially at the large scale in pilot systems. Based on then
literature, the optimum operating conditions for polyam-
ide membrane formation via immersion precipitation (i.e.,
wet phase inversion) is summarized in Table 3. For exam-
ple, the optimum immersion step was 1 h at 7°C-25°C.
The challenge now is the need for a continuous membrane
preparation or production system at the pilot scale. The sys-
tem should be capable of digitally controlling the drawing
speeds in the required range as well as controlling water
temperature in the range 7°C-25°C.

3. Polyamide membrane characterization
3.1. Scanning electron microscopy

Generally, membrane properties such as morphology,
surface roughness, mechanical strength, hydrophilicity,
swelling, and contact angle have an effect on membrane per-
formance [51-55]. The scanning electron microscopy (SEM)
[52] has many advantages over traditional microscopes.
SEM directly provides the visual information of the top and
bottom surface as well as cross-sectional morphology of the
polyamide membrane [53-60].

The porosity of the bottom layer occurred by liquid-
liquid phase separation while the formation of pores may
be attributed to nucleation and growth of the dilute polymer
phase [53-55]. In addition, the top layer (active skin layer)
is formed by gelation while liquid-liquid phase separation
forms the sublayer of the membrane [56-65]. The prepared
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Table 3

Optimum operating condition for polyamide membranes prepared by wet phase inversion [44-51]

Membrane preparation step

Optimum operating conditions

Mixing step

Casting speed
Pre-concentration step
Casting step velocity
Immersion step
Drying step

Room temperature

10 to 300 mm/s

30-60 s

100 cm/min

1hat7°C-25°C

Depends on membrane application

polyamide membrane could be highly porous or mostly
non-porous (dense) as in Fig. 4a.

Rahimpour et al. [61] studied the preparation of thin-
film composite (TFC) polyamide nanofiltration (PANF)
membranes for water softening and reported the SEM
micrographs of the cross-section, top surface, and the top
skin layer of the PES support membrane and TFC PANF
membrane. The SEM of TFC PANF membrane surface
showed that the polyamide layer [(interfacial polymeriza-
tion of 1,3-phenylenediamine (PDA) with trimesoyl chlo-
ride] was formed on the surface of PES substrate. Likewise,
Li et al. [62] synthesized a positively charged PANF hol-
low fiber membrane by the IP of 1,4-bis(3-aminopropyl)
piperazine (DAPP) and trimesoyl chloride on the polyac-
rylonitrile (PAN) ultrafiltration hollow fiber membrane for
lithium and magnesium separation. SEM examination of
the surface and cross-section of the PAN membranes was
done before and after IP. The surface SEM images showed
that the membrane surface of PAN membranes before IP
was smooth, whereas the surface of membrane after IP was
much rougher. In the cross-sectional micrographs, a dense
active layer with 100 nm was formed on the top of PAN
support membrane after IP.

SEM assist researchers to classify membranes [59-61].
Also, SEM helps researchers to control the membrane mor-
phology, to prove layers formation, and to control membrane
thickness [60-65]. El-Gendi et al. [65] reported the effect of
addition non-solvent as water on preparation of polyam-
ide-6 membranes with helping of SEM. They reported that
the polyamide-6 membranes displayed sponge like and
highly porous structures as a consequence of addition water
from 5% to 10%.

3.2. Fourier-transform infrared spectroscopy

Fourier-transform infrared spectroscopy (FTIR) has been
recognized as a successful technique for examining and dif-
ferentiating a materials’ functional groups, structures of
polymers, and their characterizing as reported in previous
studies [63-65]. For example, polyamide scans are distinctly
different from polycarbonate [63-65]. Furthermore, the
effects of APTEOS content and electron beam irradiation on
physical and separation properties of hybrid nylon-66 mem-
branes has been reported by Linggawati et al. [64]. Based
on the FTIR data, it was reported that irradiated hybrid
nylon membranes exhibited the peak characteristics of
nylon-66, namely 3,295 cm™ (NH stretching) and 1,630 cm™
(C-O stretching and NH stretching vibration in amide I).

The band at 1,530 cm™ indicated the NH deformation and
CN stretching in amide II.

El-Gendi et al. [65] described the FTIR spectrum of
polyamide-6 (PA-6) membranes. The spectrum displayed
the characteristic bands of PA-6 at 3,312 cm™ (H-bonded
N-H stretch vibration), 1,665 cm™ (amide I, C-O stretch),
and 1,562 cm™ (amide II, C-N stretch and CO-N-H bend).
The peak of 1,668 cm™ (amide I) was detected for the
PA-6/water) which was ascribed to the amino groups of
PA-6/water membrane.

3.3. Mechanical properties of polyamide membranes

The mechanical properties of polyamide membranes
can be varied considerably allowing for wide capabilities
in technology [34,47]. The mechanical properties for poly-
amide membranes have been reported including stress,
strain, Young’s modules, and the elongation at break [63—68].
Table 4 summarizes the mechanical properties for poly-
amide membranes in some of pervious works [34,47].

3.4. Determination of polyamide membrane porosity and swelling

Usually, porosity and swelling determination of poly-
amide membrane is an imperative task to clarify its per-
formance [45,65]. Furthermore, porosity is a significant
characteristic for effective membrane separation. El-Gendi
et al. [65] reported on the porosity and swelling of poly-
amide-6 membranes by immersing polyamide samples in
water then weighing (W ). Then, the polyamide membranes
were dried and weighed (W,). The porosity of polyamide
membrane was determined from Eq. (1):

P, (%) =10,000 x {(MV_Wd)] (1)

where P, is the polyamide membrane porosity; W _and W,
are the weights of wet and dry membranes (g), respectively;
V = A x t where A is the membrane surface area (cm?) and
t is the membrane thickness (cm).

The swelling ratio (S) of the membranes was calculated
according to Eq. (2):

5% = M %100 )

(W)
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Fig. 4. (a) Cross-section of prepared membranes and (b) effect of membrane porosity on membrane swelling degree [65].

Table 4

Mechanical properties for polyamide membranes
Membrane Tensile strength References
Hydrophilic nylon 6,6 nanofibers 10 MPa [34]
Polyamide-6/cellulose acetate (PA-6/CA) 556.291 (kg/cm?) [47]
Nylon 6,6 18 MPa [64]
Nylon-66 1.8-5.4 (N/mm?) [66]

where W and W are the weight of wet and dry mem-
brane, respectively. This test is important to give an induction
of the hydrophilic property of the PA membrane.

El-Gendi et al. [65] reported that the porosity of three
types of polyamide-6 membranes was on average 41%—73%
(Fig. 4b). Furthermore, the effect of PA membrane poros-
ity on swelling degree is shown in Fig. 4b is in average of
94%-192%. The degree of swelling increased with increas-
ing membrane porosity. As shown in Fig. 4b, the results con-
firmed that the polyamide-6 membrane swelled to a higher
degree, because of the hydrophilic nature of -NH, which
can offer considerable hydrogen bonding with hydro-
philic groups (NH, functional groups act as adsorption
sites throughout the membrane)[65]. Similarly, Jadav and
Singh [69] studied the preparation of PA nanocomposite

(NC) membranes by IP by incorporating silica nanoparti-
cles. Thicker PA NC membranes formed with higher con-
tent of silica. In addition, PA NC membranes had relatively
larger pore sizes and pore density. Regarding to the silica
load, the pore radii of membrane was in average from
0.34 to 0.73 nm.

Kosuti¢ et al. [70] determined the porosity parame-
ters of commercial PA TFC membranes. The authors con-
cluded that the examined PA membranes had different
performances, owing to different skin porosities. Also,
the porosity and subsequently the performance of the PA
membranes changed with operating pressure variation.
This was ascribed to more voids that opened at higher
pressures. This caused formation of active pores. Kolev
and Freger [71] also prepared aromatic PA membranes for
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water treatment by RO. They reported that the mass hydra-
tion and PA membrane porosity improved over that which
could be previously achieved.

3.5. Polyamide membrane performance

Klaysom et al. [45] reported on polyamide/polyacrylo-
nitrile (PA/PAN) thin-film composite osmosis membranes.
They examined film optimization, characterization and
performance evaluation by assessing pressure, flow rate,
and the performance (flux, separation) of different kinds
of polyamide membranes (Fig. 5). The permeate water flux
(F) was determined from Eq. (3):

p:(’:xt) ©)

where m: permeate mass in kg, a: membrane active area in
m?, t: time in hour.

The rejection (R%) percentage was calculated as follows
(Eq. 4):

R%=(C,-C, }x100/C, @)

where C: the concentration of the feed solution, Cp: the
concentration of the permeate.

4. Polyamide membrane applications

A comprehensive review on the separation perfor-
mances of polyamide membranes for different applications
using reverse osmosis (RO) and nanofiltration (NF) will be
provided.

(1) Feeding tank

(2) pump

(3) Pressure gauge

(4) valve

(5) Membrane housing unit
(6) Pressure gauge

(7) Valve

(8) Water Permeate

(8)
(1)

Fig. 5. Schematic diagram of a performance test unit (45).

4.1. Application of polyamide reverse osmosis (PA/RO)
membranes

Polyamide (PA) membranes have been applied in numer-
ous separation technologies [64-71] via pressure driven
membrane separation techniques such as microfiltration
(MEF), ultrafiltration (UF), nanofiltration (NF), and reverse
osmosis (RO). Typical applications of polyamide membrane
in selected membrane processes are summarized in Table 5.

Reverse osmosis (RO) is a well-developed technique
that has been widely used for water desalination and
water purification/treatment [65-72]. RO membranes
are made from cellulose acetate (CA) as an integrally
skinned asymmetric semi-permeable membrane via wet
phase inversion process for water desalination [29-33].
In the recent decades, RO membranes have been based
on a composite material such as TFC polyamide [1-9].
Usually, polyamide reverse osmosis (PA/RO) membranes
are considered as dependable and affordable to produce
high-quality water with a high productivity through
desalination [1-7]. Additionally, using PA/RO membranes
appears to be a promising separation tool in the chemical
industry [74,75]. The rejection characteristics and perme-
ation of solutions such as seawater, ground water through
PA/RO membranes has been reported to be crucial fac-
tors [73-76].

Zhang et al. [73] prepared TFC polyamide reverse
osmosis (PA/RO) membranes by interfacial polymeriza-
tion (IP), and reported that the membrane separation
performance had a salt rejection of 99% and a permeate
flux of 50 kg/m? h at operating condition 32,800 mg/L
NaCl aqueous solution as feed at 5.5 MPa and 25°C.
Furthermore, Li et al. [74] fabricated semi-aromatic poly-
amide (SAP)/spherical mesoporous silica nanocompos-
ite reverse osmosis membranes (MSS/RO) membranes
using IP. In their studies the membrane separation per-
formance had a salt rejection up to 94%-96% and a per-
meate flux of 63-73 (kg/m? h) at operating condition
2,000 mg/L NaCl aqueous solution, 25°C, and 1.5 MPa
operating pressure. Similarly, Wang et al. [76] fabricated
PA/RO membranes via IP. They also found the salt rejec-
tion reached to 98%-99% and with a permeate flux of
22-54 kg/m? h. Table 6 summarizes the characterization of
the performances of PA/RO membranes [73-76].

4.2. Application of polyamide nanofiltration (PA/NF) membranes

Nanofiltration (NF) has been employed for water
treatment, as well as decreasing sludge production
[77-81]. Tang et al. [77] reported on the preparation of
commercial PA/NF membranes (SWC4, XLE, LE, ESPA3,
NE90 and NF90) membranes by interfacial polymer-
ization (IP). Membrane separation performance such
as salt rejection reached 90%-97% and permeate flux
54-63 kg/m? h. Moreover, Nilsson et al. [78] assessed
the performance of commercial thin-film composite
NF PA membranes (NFT-50, NF200, NF90 and Desal-
5DK) also prepared using IP. Their membrane separa-
tion performance such as salt rejection reached was not
quite as good as that of other studies at 40%-95% and
permeate flux 53 kg/m? h at operating condition with a
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Table 5
Typical applications of polyamide membrane processes [21-27]

Membrane material

Membrane process

MF UF NF RO PV FO GS MD
Aromatic polyamide \ S N N N
Aliphatic polyamide v v v v ol \

where, MD: membrane distillation, GS: gas separation, FO: forward osmosis.

feed solution of KCI (20 mM), 60°C at 6 bar. In a related
investigation David et al. [79] found much better results
with the performance of commercial NF200 membrane
(Dow FILMTEC) membranes having a salt rejection of
up to 97% and permeate flux 71 kg/m? h with an aque-
ous feed (MgSQO,). Separation performances of polyamide
nanofiltration (PA/NF) membranes are summarized in
Table 7.

4.3. Most significant parameters effecting PA membrane
performance

Significant factors or parameters affecting membrane
performance are shown in Fig. 6.

4.3.1. Effect of operating pressure and temperature
on polyamide membrane performance

An increase in operating pressure leads to increasing
permeate flux and rejection as demonstrated by Ghosh et al.
[82]. Many studies have shown that membrane performance
is dependent on the membrane processing technology (MF,
UF, NE, RO) [83], including membrane morphology, feed
concentration and type of the tested solution. Gherasim et al.
[81] for example, studied the performance of a TFC PA/NF
membrane (AFCS80) in the separation of highly polluting
and toxic Pb(Il) ions from single salt and binary aqueous
solutions simulating real wastewater. They observed that
the permeate flux and rejection of lead ions increased with
increasing of operating pressure. The authors went on to
report that the membrane became positively charged in lead
nitrate solution. This behavior was attributed to adsorption
of lead ions on the membrane surface. The membrane char-
acteristics thus determined were correlated with the results
of lead separation experiments and with the Spiegler-Kedem
model parameters.

Polyamide membrane performance is depending on
operating temperature of process because of temperature-
dependent changes in the polyamide membrane morphol-
ogy, as well as temperature effects that may be directly or
indirectly associated to the decrease in viscosity. Nilsson et
al. [78] prepared NF/RO polyamide membranes and rep-
orted that a decrease in permeate flux and an increase in
potassium chloride rejection as the operating temperature
was decreased from 60°C to 20°C and reported also that the
effect of NaCl on mass transfer in PA/NF membrane at supe-
rior temperatures which have an influence on salt rejection
related to temperature effects on mass transfer, that may be
directly or indirectly associated with a decrease in viscos-
ity at higher temperature. In a later study, the influence of
temperature on the filtration properties of NF membranes
was assessed by Manttari et al. [84]. They showed that the
membrane permeability decreased at high temperatures
in various NF membranes. They attributed this decrease
to a reduction in membrane porosity that led to increased
membrane separation efficiency and decreased permeate
flux. This is an example of temperature-dependent changes
in the polyamide membrane morphology, that may be
directly or indirectly associated with a decrease in viscosity.

4.3.2. Influence of thermal treatment temperature on polyam-
ide membrane performance

Generally, in pressure driven polyamide membrane
separation processes the permeate flux is decreased with
increasing thermal treatment temperature of the membranes,
whereas the separation factor (membrane selectivity) is
increased (such as salt rejection in case of desalination) [25—
28]. This may be attributed to that the higher of thermal treat-
ment temperature for the polyamide membrane. The denser
of the active polyamide membrane layer and the closer of
the pore distribution due to densification of polyamide

PA Performance
Parameters

Operating
pressure

Operating
temperature

Fig. 6. Polyamide membrane performance parameters.

Thermal

QSAR model
treatment
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membrane morphology, leads to improved membrane sepa-
ration efficiency and decreasing permeate flux [24,85].

4.3.3. Artificial neural network models based on quantitative
structure—activity relationship for predicting rejection

Yangali-Quintanilla et al. [86] developed an artificial
neural network (ANN) model that depended on quanti-
tative structure-activity relationship for determining sep-
aration factor of neutral organic compounds by PA/NF
and RO membranes. They concluded that salt rejection in
combination with solute properties can be applied to pre-
dict organic solute rejection by the membrane. Intended
for the mainly capable ANN models, the self-determining
predicted separation values were compared to measured
separation and a good relation was established.

5. Case studies of applications of polyamide membranes
in reverse osmosis of seawater and urban water treatment
and in an industrial pilot plant

Comprehensive reviews of three case studies in the
application of polyamide membrane are summarized in
Table 8. For example, Case 1 reported seawater desalina-
tion via polyamide RO membrane at Minera Esperanza,
Chile [87], while Case 2 indicated polyamide RO membrane
for a water treatment system at Village of Tequesta, USA
[88], whereas Case 3 presented rejection of Pb(Il) in aque-
ous solutions at industrial pilot plant using nanofiltration
(NF) polyamide commercial membranes TFC [89]. All three
examples demonstrated the wide successful application of
polyamide membranes at a commercial scale.

6. Conclusions

Polyamide (PA) membranes can be successfully prepa-
red via phase inversion process, interfacial polymerization
(IP) and electro- spinning. Nevertheless, the electro-spin-
ning process appears to be constrained by very slow rates
of fiber production. Mathematical models have been devel-
oped to better describe and understand the behavior of
PA/polymer 2/solvent membrane formation by the phase
inversion process. The effect of polyamide composition on
the change of Gibbs free energy was always negative and
the mixing of polymer solution was stable for all the poly-
mers compositions at room temperature. In addition, the
surface properties (roughness, surface charge, hydrophilic-
ity) and bulk properties (permeation rate, separation) have
been measured to be mostly inter-dependent, as all those
were determined by the polyamide chemistry and any asso-
ciated surface coating layer.

Diffusion models for polyamide membranes have been
utilized to study the effects of immersion/precipitation time
in the coagulation bath and on the polymer blend formation.
The model results indicated that the solvent was segregat-
ing from polymer solution and dissolving in the coagulation
bath during precipitation time. The volume fraction of sol-
vent increased in the bath and the volume fraction of poly-
mer decreased because of the membrane formation. The
models predicted the formation of a uniform membrane
for all compositions with membrane thickness.

While polyamide reverse osmosis membranes have
been widely applied in water treatment such as desalina-
tion, a need still exists for improved characterization of the
transport behavior of polyamide membranes during reverse
osmosis conditions. Additional improvements are also essen-
tial for phase inversion and interfacial polymerization. It is
recommended that the less utilized membrane preparation
techniques such as electro-spinning and track-etching be
investigated further to enhance their application in large-
scale desalination. One can speculate that this may result in
more economically produced drinking water being readily
available globally to millions of individuals. The enhanced
understanding of the extraordinary capabilities exhibited by
these polymeric films, is critical for further improvement and
utilization of the technology.
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