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Abstract

Membrane‐based desalination is the fastest growing technology in the area of desalina‐
tion. Reverse osmosis (RO) and nanofiltration (NF) have been established in the last 
couple of decades; meanwhile, forward osmosis (FO) has begun to find its own place in 
the field of desalination. Typical commercial polyamide (PA) thin film composite (TFC) 
membrane has been mostly used in those membrane processes, but it has no drawback. 
Recently, a versatile, robust technique in preparing ultra‐thin films, so‐called layer‐
by‐layer assembly (LbL), was adopted in fabrication of desalination membrane. This 
chapter highlights the most important literatures in the application of LbL assembly 
for preparing RO, NF and FO membranes, the obstacles and future works, which are 
essential for those who wish to work in the field.

Keywords: layer‐by‐layer, dip‐LbL, spray‐LbL, spin‐LbL, reverse osmosis, 
nanofiltration, forward osmosis, surface modification

1. Introduction

United Nations Environment Programme reported that two out of every three people will live 
in water‐stressed areas by the year 2025. In 2008, 450 million people in 29 countries suffered 
from water shortages [1]. In addition to that, many more people have been suffering from 
consuming contaminated water that may cost human lives [2]. These problems just come 
from domestic uses, which account for 5% of the total water consumption. Meanwhile, 75% 

of total global water consumption comes from agricultural uses and balance for industrial 

uses. So far, ground water represents about 90% of the world’s readily available freshwater 
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resources, and 1.5 billion people depend on it for their drinking water. Freshwater resources 
are so unevenly distributed that makes most people lack access to freshwater supply [1].

Desalination has been considered as the only method that can provide freshwater for drinking 

from traditional sources such as ground water, sea water and other saline aquifers [3]. These 
traditional sources of water account for 97.5% of all water on the Earth. Thus, capturing even 
a tiny portion of that water will have a significant impact on reducing water scarcity [3]. As 
generally known, the main desalination technology can be divided into two main categories, 

that is thermal‐based and membrane‐based desalination technology. Membrane technology, 

particularly RO, has been a dominant technology in the field of desalination membrane. Due 
to significant improvement of RO process in the last four decades, it has been projected to be 
the leading desalination technology in general and is mostly used in almost all areas except in 

the countries having readily available fossil fuels [4].

Since Cadotte developed thin film composite (TFC) membrane polyamide (PA) RO membrane 
using interfacial polymerization in 1980 [5], it has been mostly used in desalination membrane. 

However, commercial TFC RO still faces a major problem, particularly bio‐fouling. This is a 
result of hydrophobic and rough nature of the PA membrane itself and also partly due to the 
fabrication technique. The method is quite powerful to prepare thin films but lacks fine control 
over surface properties.

In the middle of the 1990s, a rediscovery of the so‐called layer‐by‐layer method has opened a 

new paradigm in the preparation of an ultra‐thin layer. LbL assembly offers nano‐level con‐

trol over several surface properties such as thickness, surface composition, surface roughness 

and so on. Not to mention, the flexibility in terms of material opened the room for improve‐

ment in terms of chemistry of the membrane, a field that has long been considered mature [6].

Therefore, the purpose of this chapter is to review recent activities in the field of LbL assem‐

bly, particularly those used in preparing the membrane for desalination. At the beginning, we 
will briefly highlight some important aspects about LbL assembly in general. We will then 
focus on method of preparation, some important results, drawbacks and future challenges 

related to the application of LbL in desalination membrane. In addition to that, we will also 

highlight some recent works related to the application of this method in the modification of 
commercially available membranes used in the field of desalination. We limit our discussion 
to the application of this membrane in separating or removing ions of salt only because there 

have been many reported works as well in the application of LbL NF, for instance, for remov‐

ing organic contaminants from water, etc.

2. Layer‐by‐layer

2.1. Dip‐LbL (d‐LbL)

The root of LbL assembly might be traced back to 1966 when Iler introduced a novel 
technique in which colloidal oppositely charged particles can be assembled into layer‐

by‐layer films [7]. However, it was only after Decher reintroduced a similar technique 

for polyelectrolytes multilayer (PEM) assembly that the technique became very popular 
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in colloidal and interfacial science [8]. After various testing and proofing, particularly for 
different multilayer precursors [9–13], the systematic way was then reported in 1997 and 

became the most‐cited article in the field of chemistry for 10 years (1998–2008) [14]. The 
classic approach to assemble PEM thin films is by alternately dipping the substrate into 
two oppositely charged polyelectrolytes as can be seen in Figure 1.

Although LbL assembly was initially invented by making use of electrostatic interaction 
between the two oppositely charge polyelectrolytes or colloidal particles, nowadays, it can 

also be formed via donor/acceptor [15, 16], hydrogen bonding [17, 18], covalent bonds [19–21] 

and stereo‐complex formation [22, 23]. The precise structure of each layer depends on a set 
of control parameters such as polyelectrolyte concentration, adsorption times, ionic strength 

[24], pH [25] or temperature [26].

2.2. Spray‐LbL (Sr‐LbL)

Sr‐LbL was introduced by Schlenoff [27] by employing poly(diallyl dimethyl ammonium 

chloride) (PDADMAC) and poly(styrene sulfonate) (PSS) on silicon wafer. Using this tech‐

nique, similar film structures and properties to d‐LbL film can be achieved in shorter deposi‐
tion time. It was reported that a fully automatic system of this technique can fabricate the film 
of the same quality as a d‐LbL film 25 times faster [28–30]. The main drawbacks of Sr‐LbL are 
still relatively slow polyelectrolyte assembly coupled with inefficient use of polymer solu‐

tion, which is about 99% of the polymer solution that is rinsed off during film preparation. 
However, if the size of the substrate is the concern, then, this technique is more suitable than 

d‐LbL [27]. Sr‐LbL can also be used to conformally coat individual fibres within a textured 
surface of hydrophobic textile [29].

2.3. Spin LbL (SA‐LbL)

SA‐LbL was introduced by Hong et al. in 2001 [31, 32] and Chiarelli et al. in the same year 

[33]. Hong et al. successfully fabricated very smooth thin layers with controllable thickness 

that comprised of the combination of nanoparticles and polyelectrolyte. The major difference 

Figure 1. A schematic diagram of dip‐layer‐by‐layer assembly (adapted from Ref. [14]).
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between d‐LbL and SA‐LbL is the way polyelectrolytes are deposited on the substrate. As it is 
generally known, in the case of d‐LbL, the substrate is immersed in polyelectrolyte solutions, 

while in the case of SA‐LbL, only a small amount of polyelectrolyte is injected onto the spin‐

ning substrate.

It was reported that the SA‐LbL film is several times thicker than d‐LbL film for the same 
number of bilayers, which is due to different adsorption mechanisms. In d‐LbL, the poly‐

mer chain will be adsorbed on the substrate under influence of electrostatic force and then 
followed by chain rearrangement. Meanwhile, in SA‐LbL, due to high‐speed spinning, the 
adsorption, the rearrangement of polyelectrolyte chains and water removal occur simulta‐

neously. Quick water removal increases polyelectrolyte concentration in a very short time 

and also removes screening effect by water molecules. This in turn promotes faster adsorp‐

tion and stronger electrostatic force; hence, more polymer chains are adsorbed within short 

time and result in a thicker film than d‐LbL film [31].

Air shear force that occurs due to the relative movement between spinning substrate and air 
enhances the planarization of multilayer film, significantly reduces the surface roughness of 
the film and enhances mechanical integrity [34]. The above features are indirect evidences 
that SA‐LbL film has a highly ordered internal structure [31], and experimentally, it has been 

revealed by neutron reflectivity study. Because a highly ordered internal structure can be 
obtained in much shorter time than conventional d‐LbL or Sr‐LbL, SA‐LbL is considered to be 
more “technologically friendly” [34].

3. Layer‐by‐layer application

3.1. LbL for separation membrane

3.1.1. Nanofiltration

Due to its charged characteristic, polyelectrolyte LbL membrane has been found to be promis‐

ing for NF application. There have been many works done and are ongoing in this area. Some 
representative works are listed in Table 1. We selected the best performance in terms of flux 
and selectivity of Cl−/SO

4
2− from each work so they can be compared to each other. All those 

reported works used d‐LbL approach unless it is stated differently.

The earliest notable work in d‐LbL NF membrane perhaps was done by Krasemann and Tieke 
in 1999 [35]. They suggested the mechanism of salt rejection by LbL membrane similar to that 
of bipolar membrane as can be seen in Figure 2. However, some fundamental studies showed 

that PEM films do not exhibit an internal structure as originally projected and commonly 
depicted. There is significant intertwine between polyelectrolytes as a consequence of charge 
compensation. In d‐LbL assembly, this charge compensation is most likely attained since the 
contact time between adjacent layers is sufficient to achieve it [36]. In accordance with this 

statement, our work using SA‐LbL assembly also showed no significant increase in rejection 
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LbL film substrate Main result Testing condition Ref

(PAH/PSS)‐PAN/PET with 20–200 
nm pore size1

(PAH/PSS)
60

 showed selectivity of 

Na+/Mg2+ = 15.1; Cl−/SO
4
2− = 9.9

0.1 M for each of NaCl, MgCl
2
 and 

NaSO
4,
 membrane active area: 4.53 

cm2, dead end cell

[35]

(PAH/PSS)‐porous alumina with 
20 nm pore size

(PAH/PSS)
5
 showed selectivity of Cl−/

SO
4
2− = 7

0.1 M for each of KCl and K
2
SO

4
, 

membrane active area: 2 cm2, dead 

end cell

[38]

(PAH/PSS)‐porous alumina with 
20 nm pore size

(PAH/PSS)
4.5

 showed individual 

rejection of MgSO
4
 = 96%, NaCl = 

29% and selectivity Cl−/SO
4
2− = 30

1000 ppm for each of NaCl, 
MgSO

4
; P = 4.8 bars; membrane 

active area: 1.5 cm2; cross flow cell.

[39]

(PSS/PDADMAC)‐porous alumina (PSS/PDADMAC)
4.5

 showed WF = 2.4 
m3/m2.day; rejection of SO

4
2− = 92.3; 

selectivity Cl−/SO
4
2− = 15

1000 of Cl−, 1000 ppm of SO
4
2− ; P = 

4.8 bars; membrane active area: 1.5 

cm2; cross flow cell.

[42]

(PAH/PSS)
5
 (PAH/PAA)

2.5
Selectivity of Cl−/SO

4
2− = 150 0.1 F for each of KCl and K

2
SO

4

Membrane active area: 2 cm2.

[47]

Support: Porous alumina with 20 
nm pore size

Selectivity of Cl−/SO
4
2− = 360

After heat‐induced crosslinking 
at 115°C

(PDADMAC/PSS)‐PES UF 50 kDa 
MWCO2

(PSS/PDADMAC)
4.5

 showed WF = 1.6 
m3/m2.day; rejection of SO

4
2 − = 96%; 

selectivity Cl−/SO
4
2− = 32

1000 of Cl−, 1000 ppm of SO
4
2−; P = 

4.8 bars; membrane active area: 1.5 

cm2; cross flow cell.

[48]

(PAH/PSS)/(PAH/PSSMA)‐PAN 
UF3

(PAH/PSS)
1
/(PAH/PSSMA)

1
 showed 

WF = 28.6 L/m2.h, rejection of Na
2
SO

4
 

= 91.4%

1000 ppm Na
2
SO

4
, P = 2 bars [40]

membrane active area: 23.75 cm2

1 PAN/PET = polyacrylonitrile/polyether terephthalate.
2 PES = polyethersulfone.
3 PSSMA = poly (4‐styrenesulfonic acid‐co‐maleic acid).

Table 1. Selected work for NF prepared from polyelectrolyte multilayer membrane using LbL assembly.

Figure 2. A rejection model of multi‐bipolar membrane (adapted from Ref. [35]).
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by doubling the number of layers, even though it is well known that the contact between 

layers is very short in this type of LbL assembly. This is evidence that even in short time, 
charge compensation is attained to some extent. It is also evidence that a bipolar mechanism 
may not be suitable, and this type of membrane rather follows a typical mechanism for NF or 
RO membrane [37]. It was also investigated that by changing the outermost layer, the anion 

flux changes significantly suggest that only uncompensated charges lie near the film/solution 
interface that have significant effect in ion rejection [38, 39].

It is widely known that ion rejection is one of the most importance performance indicators of 
a membrane. Aside employing highly charged polyelectrolytes which can improve rejection 
from the outermost layer, using dynamic LbL assembly seems quite helpful in this aspect. 

In this type of LbL assembly, polyelectrolyte solution is forced to pass the support layer and 

leaves behind the polyelectrolyte on the surface of the support layer. Dynamic LbL produces 

a more compact and tighter LbL membrane, which in turn increases the rejection [40]. There 
is also so‐called semi‐dynamic LbL assembly, which involves the dynamic introduction/

replacement of solution into the fibre lumen by syringes followed by static contact for desired 
time. This technique is quite useful for hollow fibre membrane as the support [41].

In addition to ion rejection, flux is also considered as the most important performance indicator. 
Many membranes have high flux due to swelling which in turn will reduce the rejection. From 
investigation of several frequently used PEM pairs, it was reported that solution fluxes decrease in 
the following order: PDADMAC/PSS > Poly(allylamine hydrochloride) PAH/PSS > PDADMAC/
Poly(acrylic acid) PAA >> PAH/PAA [42]. PDADMAC/PSS, for instance, permits higher flux than 
PAH/PSS due to higher degree of swelling [43]. In addition to swelling, highly porous support can 

also contribute to higher flux because it helps in reducing membrane resistance. Several methods 
have been used to produce highly porous support such as using electrospun nanofiber [44] or 

incorporating nanoparticles such as montmorillonite (MMT) or silica gel (SG). For example, poly‐

vinyl alcohol (PVA) mixed with 1 wt% montmorillonite (MMT) can achieve porosity of 80% [45]. 

Likewise, PAN support mixed with 1 wt% SG can also achieve porosity of 80% [46].

3.1.2. Forward osmosis

The application of LbL assembly for NF is quite promising as can be seen in the previous sec‐

tion. There have been many works done and are ongoing in that area; meanwhile, the use of LbL 
assembly for fabricating FO is still at its infancy. The main results from FO mode of testing of sev‐

eral LbL FO membranes can be seen in Table 2. It is important to note that the information given 

in Table 2 is only part of the works that showed the best performance in terms of water flux (WF) 
and salt to water flux ratio (SWFR) with active layer facing draw solution (ALDS) testing mode. It 
is known that ALDS mode shows higher initial water flux compared to ALFS mode, but it is also 
prone to internal fouling because foulants enter the porous support easily. This type of fouling 
in fact is much more difficult to be cleaned. In order to overcome this problem, a double‐skinned 
design was proposed [49]. Double‐skinned layer approach uses active layer deposited on both 

surfaces with the support layer, which will be in between as can be seen in Figure 3. Hence, it will 

prevent the foulants from entering the membrane from the support layer side.
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As previously discussed, swelling of the membrane can result in higher flux due to  expansion 
of the pores. For NF application, in which the membrane is exposed to relatively low salt 
concentration solution, swelling may not cause serious problems, but in the case of FO or 
RO, swelling degree can be very high and significantly decreases the salt rejection. Several 
attempts have been done to enhance LbL film stability, for example, by using crosslinking. 
Glutaraldehyde (GA) is the mostly used chemical crosslinker as can be seen in Table 2. With 
this crosslinking, LbL membrane can maintain its structure and performance and showed 

quite comparable performance with the commercial membrane [50]. Besides GA, UV light can 
also be employed to further increase the extent of crosslinking [51]. The mechanism of GA and 
UV light crosslinking can be seen in Figure 4. Some polyelectrolytes that contain carbonyl and 

amine functional group can be crosslinked simply by heating at 180°C, and this results in a 
polyamide‐like layer which has better stability and lower swelling degree [52].

So far, the preparation of LbL membrane is mainly from polyelectrolytes. Recently, the 

researcher has started utilizing the technique for fabrication of LbL membrane using meth‐

ylphenylene diamine (MPD) and trimesoyl chloride (TMC), two most commonly used 

LbL film substrate LbL assembly Result/testing condition4 Ref.

(PAH/PSS)‐PAN Dip, crosslinked using GA (PAH/PSS)
3
 showed WF of 105.4 L/m2.h and 

SWFR of 2.8 mM
[50]

Dip, crosslinked using GA, 
double‐skinned layer

(PAH/PSS)
3‐3

 showed WF of 35.5 L/m2.h and 

SWFR of 4.86 mM
[49]

Dip, crosslinked using 

GA, embedded silver 
nanoparticle

(PAH/PSS)
2.5

 showed WF = 42 L/m2.h and SWFR 
= 0.84 mM / FS: 10 mM NaCl

[55]

Dip, crosslinked using 

combined GA and UV light
(PAH/PSS)

3
 with UV exposure = 2 h showed WF 

= 15 L/m2.h and SWFR = 0.8 mM
[51]

(PAH/PSS)‐hollow fibre 
PES

Dip (PAH/PSS)
6
 showed WF = 40.5 L/m2.h and 

SWFR = 2.1 mM
[56]

Semi‐dynamic (PAH/PSS)
2
 inner deposited layers showed WF 

= 73.5 L/m2.h and SWFR = 0.6 mM
[41]

(PAH/PAA‐PSS)‐PEI Dip, crosslinked using GA (PAH/PAA‐PSS)
3
 showed water flux of 28 L/

m2.h and SWFR of 0.74 mM/dead end cell
[57]

(CHI/PAA)−(PVA+MMT−
TA+ LiCl)

Dip (CHI/PAA)
3
 with MMT = 1 wt% showed WF 

= 19 L/m2.h and SWFR of 0.09 mM/DS: 0.5 M 
NaCl, dead end cell

[45]

(PAH/PSS)−(PAN+SG) Dip (PAH/PSS)
3
 with SG = 1 wt% showed WF = 77.9 

L/m2.h and SWFR = 0.94 mM
[46]

(MPD/TMC)–(PEI/PAA 
coated PAN)

Dip 10 layers of molecular LbL showed WF of 33 L/
m2.h and SWFR of 1.7 mM/DS: 0.5 M NaCl

[53]

4All reported default testing condition is DS = 0.5 M MgCl
2
, FS = pure water, cross flow system, unless it is mentioned 

differently. πNaCl at 0.5 M = 22.74 atm and   π   MgCl  
2
      at 0.5 M = 32.65 atm.

Table 2. The work progress for FO prepared from polyelectrolyte multilayer membrane using LbL assembly.
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Figure 4. A schematic mechanism of crosslinking (A) using GA linker and (B) using UV light (adapted from Ref. [51]).

 monomers for PA. This method is known as molecular layer‐by‐layer assembly (m‐LbL) [53]. 

The mechanism of m‐LbL is shown in Figure 5. Compared to several typical LbL FO and 
commercial FO membranes, m‐LbL FO membrane showed superior performance for both 
ALDS and ALFS modes. Having said that, m‐LbL FO membrane still has problems with 
stability and irreversible defect, especially after exposing it to very high salt concentration 

solution, for example, at 2 M NaCl. This instability is most likely due to relatively weak inter‐

action between m‐LbL film and the support. One of the approaches to enhance this interac‐

tion is by employing interlayers that will be discussed in more detail in the RO section.

3.1.3. Reverse osmosis

The use of LbL assembly for fabricating RO membrane is one of the most challenging appli‐
cations because a typical RO membrane is tested at relatively high salt concentration up to 

32,000 ppm with high operating pressure. Many polyelectrolyte multilayer films are not sta‐

ble when exposed to such conditions.

The earliest work in this field to the author’s knowledge was done by Jin et al. in 2003 [58]. 

Polyvinyl Amine (PVAm)/Polyvinyl sulphate (PVS) was used in their work and deposited 
on PAN/PET support using d‐LbL assembly. Membrane performance was examined at a 
pressure of 40 bars, with NaCl concentration of 584.4 ppm using dead end cells with mem‐

brane active area of 36.8 cm2. The result showed salt rejection of 93.5% and permeability of 
around 0.11 L/m2.h.bar. Similar work using thermally induced PAH/PAA deposited onto 

Figure 3. A conceptual illustration of doubled‐skin LbL membrane (adapted from Ref. [49]).
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PSF  supports showed salt rejection of around 81% with water permeability of 0.35 L/m2.h.bar 

tested at a pressure of 20 bars and NaCl concentration of 2000 ppm using cross flow cells with 
active area of 13.85 cm2 [59].

From the above literature review, almost all RO and FO LbL membranes were tested at low salt 
concentrations. Meanwhile, RO and FO membranes are normally used to treat water with rather 
high salt concentrations. There has been an issue with LbL film stability when it is exposed 
to such solution. Some PEMs are quite stable even without crosslinking. For instance, it was 
reported that 35 layers of PAH/PAA were successfully deposited on PSF support using SA‐LbL 
and tested at pressure of 48.6 bars and NaCl concentration of 15,000 ppm using cross flow cells 
with active area of 42 cm2. The test showed very stable performance with salt rejection of around 
88% and water permeability of 0.22 L/m2.h.bar. This work was considered the first attempt to 
apply SA‐LbL for fabricating RO membrane [60]. Besides that, the use of Sr‐LbL to fabricate RO 
membrane was also investigated, for example, assembly of clay (laponite (LAP)) and polyelec‐

trolyte multilayers on the top of PSF support. (PAH/PAA) (PAH/LAP) deposited at pH 5 and 
tested at pressure of 18 bars, with NaCl concentration of 10,000 ppm using dead end permeation 
cells showed salt rejection of 89% with water permeability of 2.82 x 10−13 m2/Pa.s. [61].

As previously mentioned, the use of m‐LbL for RO membrane was also studied (see Figure 5). 

Using m‐LbL, the membrane performance can be finely tuned by simply varying the number of 
layers. In general, as the number of layers increases, the flux decreases and rejection increases 
as can be seen in Figure 6. For instance, with 10 layers of m‐LbL only, salt rejection of around 
96% coupled with flux of 82% higher than IP TFC PA membrane was attained. In addition to 
this remarkable result, the surface roughness of this m‐LbL membrane was only 3.4 nm, which 

was much smoother than surface roughness of IP PA TFC (i.e. 45.1 nm in this study) [54].

Recently, the same group of researchers investigated the role of interaction between m‐LbL 

as active layer and the support layer, that is, PAN by showing the performance difference 
between hydrolyzed PAN (HPAN) and non‐hydrolyzed PAN (see Figure 7) [62].

Figure 5. A schematic diagram for m‐LbL process (adapted from Ref. [54]).
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Figure 7. A conceptual design of m‐LbL TFC PA membrane with interlayer (adapted from Ref. [62]).

As can be seen in Figure 8, deposition of m‐LbL PA on the top of HPAN resulted in much 
higher rejection than that on the top of PAN. This improvement occurred due to more uni‐
form active layers deposited on HPAN as a result of better interaction between carboxylate 
group of HPAN with amine group of MPD. Even though the interaction was better, in gen‐

eral, the active layer was still found to be insufficiently dense and selective towards NaCl 
so the rejection was still lower than IP PA TFC. The extent of uniformity then was further 
increased by additional interlayers. PEI/PAA interlayer on the top of HPAN showed by far 
the best performance. This was due to more carboxylate groups provided by PAA as the 
outermost layer prior to the deposition of MPD/TMC. Carboxylate groups of PAA will serve 
as seeding sites for subsequent deposition of MPD/TMC. The membrane with PEI/PAA 
interlayer showed remarkable results, that is, rejection of 98.7% coupled with water flux of 
20.7 L/m2.h which is 75% higher than IP PA TFC (the membrane was tested at pressure of 
15.5 bars and NaCl concentration of 2000 ppm). This is indeed a very promising result in 
the field of RO.

Figure 6. (a) Water flux (Jw, filled symbols) and NaCl rejection (unfilled symbols) as functions of a number of layers. (b) 
Normalized flux as a function of a number of bilayers (membrane was tested at NaCl concentration of 2000 ppm and 
pressure of 15.5 bars; adapted from Ref. [54]).
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3.2. Membrane modification

In this section, the use of LbL assembly to modify the surface of existing RO, NF or FO 
 membranes will be discussed. One of the most important surface modification purposes is to 
protect the membrane from being directly exposed to harsh environment such as chlorine or 

oxidants content in water, foulants and pH of the water at which the membrane life will be 

shortened. There have been tremendous works in the modification of commercially available 
membranes using different approaches such as coating, blending, incorporating nanomateri‐
als, functionalization, grafting, etc. [63]. This section is devoted only for membrane modifi‐

cation using LbL assembly, which is mostly a sort of coating technique that can be simply a 

physical process or chemically bonded to the membrane surface.

The idea behind modification of the RO membrane using LbL is basically to alter surface prop‐

erties that can reduce fouling tendency for example by reducing the roughness and hydro‐

phobicity. The study showed that additional LbL films improve, significantly, the smoothness 
of the surface, improve salt rejection but sacrifice the flux. However, as far as fouling is con‐

cerned, this surface modification is very promising as no flux decrease was noticed when the 
membrane was exposed to foulants containing water [64].

Recently, graphene oxide (GO), a single‐sheet functionalized graphene with oxygen‐rich 
functional group, has attracted attention from researchers in the field of water treatment. 
This material provides fast water transport, hydrophilicity as well as excellent chemical sta‐

bility. The main objectives of employing GO or GO/polyelectrolyte are to improve chlorine 
resistance and reduce the bio‐fouling without sacrificing the flux (see Figure 9 for the sche‐

matic illustration of GO‐modified membrane) [65, 66]. Biofouling test using bovine serum 
albumin (BSA) showed that GO‐modified PA TFC membrane can maintain the flux constant 
after approximately 6 h of testing; meanwhile, pristine PA TFC membrane kept showing 

Figure 8. m‐LbL PA TFC performance (represented by a circle for water flux and triangle for rejection). PAN support 
(left figure, filled symbol), HPAN (left figure, unfilled symbol), PEI/PAA‐HPAN support (right figure, filled symbol) and 
PEI‐HPAN (right figure, unfilled symbol) (adapted from Ref. [62]).
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 linear flux reduction even after 12 h of testing. This result showed that GO‐modified PA TFC 
improves the fouling resistance but does not completely remove the fouling as indicated by 

flux decrease for the first 6 h of the experiment [65].

4. Conclusion and future work

IP PA TFC membrane has been extensively used in the area of RO, NF and FO. However, 
the nature of the process as well as the properties of the polyamide creates several problems 

such as chlorine and fouling resistance that are likely difficult to solve as long as the same 
fabrication technique is used. This is because the IP itself does not provide fine control over 
the film properties, not to mention its limited applicability only to few types of polymers 
such as polyamide and polycarbonate. Meanwhile, polyamide itself is naturally hydropho‐

bic which causes severe fouling problems and has weak resistance against chlorine and oxi‐

dants. Relatively new technology, LbL assembly, offers flexibility and great control over the 
film properties which are the main keys to overcome aforementioned problems associated 
with PA TFC.

Based on literature study, most of the work in LbL desalination membrane still focuses 
in employing polyelectrolyte to form an active layer. Meanwhile, it has been investigated 

that many polyelectrolytes are highly hydrophilic in nature, they swell a lot when exposed 

to water and even swelling can be aggravated by salt infiltration [67] while those are two 

main compounds in saline water. Some attempts have been done to maintain stability of 
polyelectrolyte such as heat‐induced, chemical or UV light crosslinking. However, only few 

Figure 9. A schematic illustration of a multilayer GO on PA TFC membrane (adapted from Ref. [65]).
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studies have been done to investigate long‐term stability of those membranes and even 

to the best of our knowledge most of studies were done under very soft conditions such 

as low salt concentration, typically 1000–2000 ppm. Thus, testing in harsh conditions for 
example at NaCl concentration of 32,000 ppm for longer duration must be done particularly 
for those LbL membranes intended to be used in RO or FO applications. The result of this 
study will definitely drive the research in finding the best protocol to create the most stable 
LbL membrane.

Also, from literature study, we found that most of the works were done using traditional 
dip‐LbL. This method is quite difficult to be brought to an industrial scale as the adsorption 
process limited by diffusion of polyelectrolyte onto the support surface is a time‐consuming 
process. Several researchers have migrated to other LbL assemblies such as dynamic LbL, 

semi‐dynamic LbL, Sr‐LbL and SA‐LbL that utilize external force to speed up the adsorption 
process. Surely, more extensive works are urgently required for those LbL assemblies.

One of the advantages of LbL assembly that has not been thoroughly observed was the flex‐

ibility and applicability of this technique to create ultra‐thin films from various materials. 
To the best of our knowledge, most of the works are still focused on polyelectrolyte. It is 
true some researchers have started introducing some inorganic nanomaterials such as silver 

nanoparticles, graphene oxide and clay, but still there is huge space available to do research 

in terms of membrane material. There were many polymers that have never been investigated 
because no appropriate technology was applicable to prepare ultra‐thin films using those 
polymers. After the rediscovery of LbL, the door has opened. Using LbL assembly, one can 
create the film either from the polymer itself or from the monomers as in the case of m‐LbL. 
One can also combine organic and inorganic materials with nano‐level control easily to fab‐

ricate highly resistant membranes towards chlorine and foulants and, at the same time, give 

high flux and high rejection or selectivity for instance. Tailoring the film properties is one of 
the strength and advantages of LbL assembly that has not been deeply investigated but for 

preparing separation membrane.

As a new emerging technology, LbL must still go a long journey; it is going to face many chal‐
lenges in the future. However, with all of its strength, versatility and robustness, we believe 

that LbL membrane one day will dominate the desalination membrane just as IP PA TFC did 
in the last couple of decades.

Author details

Syed Javaid Zaidi1* and Farid Fadhillah2

*Address all correspondence to: szaidi@qu.edu.qa

1 Center for Advanced Materials, Qatar University, Qatar

2 Chemical Engineering Department, Al Imam Mohammad Ibn Saud Islamic University 
(IMSIU), Riyadh, Kingdom of Saudi Arabia

Application of Multilayer Thin Film Technology in Desalination Membrane
http://dx.doi.org/10.5772/intechopen.68375

75



References

[1] Executive Summary of  Vital Water Graphics: An overview of the state of the world’s Fresh 
and Marine Waters, 2nd Edition, 2008. Available from: http://new.unep.org/dewa/vitalwa‐

ter/article186.html

[2] Dringking Water, Fact sheet, 2016, available from: http://www.who.int/mediacentre/

factsheets/fs391/en/

[3] Shannon MA, Bohn PW, Elimelech M, Georgiadis JG, Marinas BJ, Mayes AM. Science and 
technology for water purification in the coming decades. Nature. 2008;452(7185):301‐310

[4] Greenlee LF, Lawler DF, Freeman BD, Marrot B, Moulin P. Reverse osmosis desalination: 
Water sources, technology, and today’s challenges. Water Research. 2009;43(9):2317‐2348

[5] Cadotte JE. Interfacially synthesized reverse osmosis membrane [Internet]. Google 
Patents, 1981. Available from: https://www.google.com/patents/US4277344

[6] Petersen RJ. Composite reverse osmosis and nanofiltration membranes. Journal of 
Membrane Science. 1993;83:81‐150

[7] Iler RK. Multilayers of colloidal particles. Journal of Colloid and Interface Science. 1966; 
21(6):569‐594

[8] Decher G, Hong JD, Schmitt J. Buildup of ultrathin multilayer films by a self‐assembly 
process: III. Consecutively alternating adsorption of anionic and cationic polyelectro‐

lytes on charged surfaces. Thin Solid Films. 1992;210‐211(Part 2):831‐835

[9] Lvov Y, Decher G, Mohwald H. Assembly, structural characterization, and ther‐

mal‐behavior of layer‐by‐layer deposited ultrathin films of poly(vinyl sulfate) and 
poly(Allylamine). Langmuir. 1993;9(2):481‐486

[10] Schmitt J, Grunewald T, Decher G, Pershan PS, Kjaer K, Losche M. Internal structure 
of layer‐by‐layer adsorbed polyelectrolyte ilms‐a neutran and X‐ray reflectivity study. 
Macromolecules. 1993;26(25):7058‐7063

[11] Lvov Y, Haas H, Decher G, Mohwald H, Mikhailov A, Mtchedlishvily B, et al. Successive 
deposition of alternate layers of polyelectrolytes and a charged virus. Langmuir. 

1994;10(11):4232‐4236.

[12] Schmitt J, Decher G, Dressick WJ, Brandow SL, Geer RE, Shashidhar R, et al. Metal 
nanoparticle/polymer superlattice films: Fabrication and control of layer structure. 
Advanced Materials. 1997;9(1):61‐65.

[13] Sukhorukov GB, M◌hwald H, Decher G, Lvov YM. Assembly of polyelectrolyte multi‐
layer films by consec1utively alternating adsorption of polynucleotides and polycations. 
Thin Solid Films. 1996;284(285):220‐223

[14] Decher G. Fuzzy nanoassemblies: Toward layered polymeric multicomposites. Science. 
1997;277(5330):1232‐1237

Desalination76



[15] Shimazaki Y, Mitsuishi M, Ito S, Yamamoto M. Preparation and characterization of 
the layer‐by‐layer deposited ultrathin film based on the charge‐transfer interaction in 
organic solvents. Langmuir. 1998;14(10):2768‐2773

[16] Shimazaki Y, Mitsuishi M, Ito S, Yamamoto M. Preparation of the layer‐by‐layer deposited 
ultrathin film based on the charge‐transfer interaction. Langmuir. 1997;13(6):1385‐1387

[17] DeLongchamp DM, Hammond PT. Highly ion conductive poly(ethylene oxide)‐based 
solid polymer electrolytes from hydrogen bonding layer‐by‐layer assembly. Langmuir. 

2004;20(13):5403‐5411

[18] Lee H, Mensire R, Cohen RE, Rubner MF. Strategies for hydrogen bonding based layer‐by‐layer 
assembly of poly(vinyl alcohol) with weak polyacids. Macromolecules. 2012;45(1):347‐355

[19] Tian Y, He Q, Tao C, Li J. Fabrication of fluorescent nanotubes based on layer‐by‐layer 
assembly via covalent bond. Langmuir. 2005;22(1):360‐362

[20] Liang Z, Dzienis KL, Xu J, Wang Q. Covalent layer‐by‐layer assembly of conjugated 
polymers and CdSe nanoparticles: multilayer structure and photovoltaic properties. 
Advanced Functional Materials. 2006;16(4):542‐548

[21] Bechler SL, Lynn DM. Reactive polymer multilayers fabricated by covalent layer‐by‐
layer assembly: 1,4‐conjugate addition‐based approaches to the design of functional bio‐

interfaces. Biomacromolecules. 2012;13(5):1523‐1532

[22] Hamada K, Serizawa T, Kitayama T, Fujimoto N, Hatada K, Akashi M. Stepwise ste‐

reocomplex assembly of isotactic poly(methyl methacrylate) and syndiotactic poly(alkyl 

methacrylate)s on surfaces. Langmuir. 2001;17(18):5513‐5519

[23] Serizawa T, Hamada K, Kitayama T, Katsukawa K, Hatada K, Akashi M. Stepwise 
assembly of isotactic poly(methyl methacrylate) and syndiotactic poly(methacrylic acid) 

on a substrate. Langmuir. 2000;16(18):7112‐7115

[24] Helm C, Lösche M, Möhwald H, Decher G, Schmitt J. Fine‐Tuning of the film thickness 
of ultrathin multilayer films composed of consecutively alternating layers of anionic 
and cationic polyelectrolytes. In: Trends in Colloid and Interface Science VI. Berlin/
Heidelberg: Springer; 1992. pp. 160‐164.

[25] Shiratori SS, Rubner MF. pH‐dependent thickness behavior of sequentially adsorbed 
layers of weak polyelectrolytes. Macromolecules. 2000;33(11):4213‐4219

[26] Büscher K, Graf K, Ahrens H, Helm CA. Influence of adsorption conditions on the struc‐

ture of polyelectrolyte multilayers. Langmuir. 2002;18(9):3585‐3591

[27] Schlenoff JB, Dubas ST, Farhat T. Sprayed polyelectrolyte multilayers. Langmuir. 
2000;16(26):9968‐9969

[28] Nogueira GM, Banerjee D, Cohen RE, Rubner MF. Spray‐layer‐by‐layer assembly can 
more rapidly produce optical‐quality multistack heterostructures. Langmuir. 2011; 

27(12):7860‐7.

Application of Multilayer Thin Film Technology in Desalination Membrane
http://dx.doi.org/10.5772/intechopen.68375

77



[29] Krogman KC, Zacharia NS, Schroeder S, Hammond PT. Automated process for improved 
uniformity and versatility of layer‐by‐layer deposition. Langmuir. 2007;23(6):3137‐3141

[30] Izquierdo A, Ono SS, Voegel JC, Schaaf P, Decher G. Dipping versus spraying: Exploring 
the deposition conditions for speeding up layer‐by‐layer assembly. Langmuir. 2005;21(16): 

7558‐7567

[31] Cho J, Char K, Hong JD, Lee KB. Fabrication of highly ordered multilayer films using a 
spin self‐assembly method. Advanced Materials. 2001;13(14):1076‐1078

[32] Lee S‐S, Hong J‐D, Kim CH, Kim K, Koo JP, Lee K‐B. Layer‐by‐layer deposited mul‐
tilayer assemblies of ionene‐type polyelectrolytes based on the spin‐coating method. 

Macromolecules. 2001;34(16):5358‐5360

[33] Chiarelli PA, Johal MS, Casson JL, Roberts JB, Robinson JM, Wang HL. Controlled fabri‐
cation of polyelectrolyte multilayer thin films using spin‐assembly. Advanced Materials. 
2001;13(15):1167‐1171

[34] Kharlampieva E, Kozlovskaya V, Chan J, Ankner JF, Tsukruk VV. Spin‐assisted layer‐by‐
layer assembly: Variation of stratification as studied with neutron reflectivity. Langmuir. 
2009;25(24):14017‐14024

[35] Krasemann L, Tieke B. Selective ion transport across self‐assembled alternating multi‐
layers of cationic and anionic polyelectrolytes. Langmuir. 1999;16(2):287‐290

[36] Farhat TR, Schlenoff JB. Ion transport and equilibria in polyelectrolyte multilayers. 
Langmuir. 2001;17(4):1184‐1192. Available from: http://dx.doi.org/10.1021/la001298+

[37] Fadhillah F, Zaidi SMJ, Khan Z, Khaled MM, Rahman F, Hammond PT. Development of 
polyelectrolyte multilayer thin film composite membrane for water desalination applica‐

tion. Desalination. 2013;318:19‐24

[38] Harris JJ, Stair JL, Bruening ML. Layered polyelectrolyte films as selective, ultrathin bar‐

riers for anion transport. Chemistry of Materials. 2000;12(7):1941‐1946

[39] Stanton BW, Harris JJ, Miller MD, Bruening ML. Ultrathin, multilayered polyelectrolyte 
films as nanofiltration membranes. Langmuir. 2003;19(17):7038‐7042

[40] Deng H‐Y, Xu Y‐Y, Zhu B‐K, Wei X‐Z, Liu F, Cui Z‐Y. Polyelectrolyte membranes 
prepared by dynamic self‐assembly of poly (4‐styrenesulfonic acid‐co‐maleic acid) 

sodium salt (PSSMA) for nanofiltration (I). Journal of Membrane Science. 2008;323(1): 

125‐133

[41] Liu C, Shi L, Wang R. Enhanced hollow fiber membrane performance via semi‐dynamic 
layer‐by‐layer polyelectrolyte inner surface deposition for nanofiltration and forward 
osmosis applications. Reactive and Functional Polymers. 2015;86:154‐160

[42] Hong SU, Malaisamy R, Bruening ML. Optimization of flux and selectivity in Cl‐/SO42‐ 
separations with multilayer polyelectrolyte membranes. Journal of Membrane Science. 
2006;283(1‐2):366‐372

Desalination78



[43] Hong SU, Ouyang L, Bruening ML. Recovery of phosphate using multilayer polyelectro‐

lyte nanofiltration membranes. Journal of Membrane Science. 2009;327(1‐2):2‐5

[44] Ritcharoen W, Supaphol P, Pavasant P. Development of polyelectrolyte multilayer‐coated 
electrospun cellulose acetate fiber mat as composite membranes. European Polymer 
Journal. 2008;44(12):3963‐3968

[45] Pardeshi P, Mungray AA. Synthesis, characterization and application of novel high flux 
FO membrane by layer‐by‐layer self‐assembled polyelectrolyte. Journal of Membrane 
Science. 2014;453:202‐211

[46] Lee J‐Y, Qi S, Liu X, Li Y, Huo F, Tang CY. Synthesis and characterization of silica gel–poly‐

acrylonitrile mixed matrix forward osmosis membranes based on layer‐by‐layer assem‐

bly. Separation and Purification Technology. 2014;124:207‐216. Available from: http://
www.scopus.com/inward/record.url?eid=2‐s2.0‐84894071531&partnerID=tZOtx3y1

[47] Stair JL, Harris JJ, Bruening ML. Enhancement of the ion‐transport selectivity of lay‐

ered polyelectrolyte membranes through crosslinking and hybridization. Chemistry of 
Materials. 2001;13(8):2641‐2648

[48] Malaisamy R, Bruening ML. High‐flux nanofiltration membranes prepared by adsorp‐

tion of multilayer polyelectrolyte membranes on polymeric supports. Langmuir. 2005;21 

(23):10587‐10592

[49] Qi S, Qiu CQ, Zhao Y, Tang CY. Double‐skinned forward osmosis membranes based on 
layer‐by‐layer assembly‐FO performance and fouling behavior. Journal of Membrane 
Science. 2012; 405:20‐9

[50] Qiu C, Qi S, Tang CY. Synthesis of high flux forward osmosis membranes by chemically 
crosslinked layer‐by‐layer polyelectrolytes. Journal of Membrane Science. 381(1‐2):74‐80

[51] Duong PHH, Zuo J, Chung T‐S. Highly crosslinked layer‐by‐layer polyelectrolyte FO 
membranes: Understanding effects of salt concentration and deposition time on FO per‐

formance. Journal of Membrane Science. 2013; 427:411‐21.

[52] Harris JJ, DeRose PM, Bruening ML. Synthesis of passivating, nylon‐like coatings through 
cross‐linking of ultrathin polyelectrolyte films. Journal of the American Chemical 
Society. 1999;121(9):1978‐1979. Available from: http://dx.doi.org/10.1021/ja9833467

[53] Kwon S‐B, Lee JS, Kwon SJ, Yun S‐T, Lee S, Lee J‐H. Molecular layer‐by‐layer assembled 
forward osmosis membranes. Journal of Membrane Science. 2015;488:111‐120

[54] Gu J‐E, Lee S, Stafford CM, Lee JS, Choi W, Kim B‐Y, et al. Molecular layer‐by‐layer 
assembled thin‐film composite membranes for water desalination. Advanced Materials. 
2013;25(34):4778‐4782. Available from: http://dx.doi.org/10.1002/adma.201302030

[55] Liu X, Qi S, Li Y, Yang L, Cao B, Tang CY. Synthesis and characterization of novel anti‐
bacterial silver nanocomposite nanofiltration and forward osmosis membranes based on 
layer‐by‐layer assembly. Water Research. 2013;47(9):3081‐3092. Available from: http://
www.scopus.com/inward/record.url?eid=2‐s2.0‐84876699477&partnerID=tZOtx3y1

Application of Multilayer Thin Film Technology in Desalination Membrane
http://dx.doi.org/10.5772/intechopen.68375

79



[56] Liu C, Fang W, Chou S, Shi L, Fane AG, Wang R. Fabrication of layer‐by‐layer assem‐

bled FO hollow fiber membranes and their performances using low concentration draw 
solutions. Desalination. 2013;308:147‐153. Available from: http://www.scopus.com/
inward/record.url?eid=2‐s2.0‐84870728544&partnerID=tZOtx3y1

[57] Cui Y, Wang H, Wang H, Chung T‐S. Micro‐morphology and formation of layer‐by‐
layer membranes and their performance in osmotically driven processes. Chemical 
Engineering Science. 101:13‐26

[58] Jin W, Toutianoush A, Tieke B. Use of polyelectrolyte layer‐by‐layer assemblies as nano‐

filtration and reverse osmosis membranes. Langmuir. 2003;19(7):2550‐2553

[59] Park J, Park J, Kim SH, Cho J, Bang J. Desalination membranes from pH‐controlled 
and thermally‐crosslinked layer‐by‐layer assembled multilayers. Journals of Materials 
Chemistry. 2010;20(11):2085‐2091. Available from: http://dx.doi.org/10.1039/B918921A

[60] Fadhillah F, Zaidi SMJ, Khan Z, Khaled MM, Hammond PT, Javaid Zaidi SM, et al. Reverse 
osmosis desalination membrane formed from weak polyelectrolytes by spin assisted layer 

by layer technique. Desalination and Water Treatment. 2011;34(1‐3):44‐49. Available from: 
http://www.tandfonline.com/doi/abs/10.5004/dwt.2011.2856%5Cnpapers2://publication/
doi/10.5004/dwt.2011.2856

[61] Kovacs JR, Liu C, Hammond PT. Spray layer‐by‐layer assembled clay composite thin 
films as selective layers in reverse osmosis membranes. ACS Applied Materials and 
Interfaces. 2015;7(24):13375‐13383. Available from: http://www.scopus.com/inward/
record.url?eid=2‐s2.0‐84932643621&partnerID=tZOtx3y1

[62] Gu J‐E, Lee JS, Park S‐H, Kim IT, Chan EP, Kwon Y‐N, et al. Tailoring interlayer struc‐

ture of molecular layer‐by‐layer assembled polyamide membranes for high separation 

performance. Applied Surface Science. 2015;356:659‐667. Available from: http://www.
sciencedirect.com/science/article/pii/S0169433215019327

[63] Rana D, Matsuura T. Surface modifications for antifouling membranes. Chemical 
Reviews. 2010;110(4):2448‐2471. Available from: http://dx.doi.org/10.1021/cr800208y

[64] Ishigami T, Amano K, Fujii A, Ohmukai Y, Kamio E, Maruyama T, et al. Fouling reduc‐

tion of reverse osmosis membrane by surface modification via layer‐by‐layer assembly. 
Separation Purification Technology. 2012;99:1‐7. Available from: http://www.sciencedi‐
rect.com/science/article/pii/S1383586612004133

[65] Choi W, Choi J, Bang J, Lee J‐H. Layer‐by‐layer assembly of graphene oxide nanosheets 
on polyamide membranes for durable reverse‐osmosis applications. ACS Applied 
Material Interfaces. 2013;5(23):12510‐12519. Available from: http://pubs.acs.org/doi/
abs/10.1021/am403790s

[66] Hu M, Zheng S, Mi B. Organic fouling of graphene oxide membranes and its implica‐

tions for membrane fouling control in engineered osmosis. Environmental Science & 
Technology. 2016;50(2):685‐693. Available from: http://www.scopus.com/inward/record.
url?eid=2‐s2.0‐84955322151&partnerID=tZOtx3y1

[67] Dubas ST, Schlenoff JB. Swelling and smoothing of polyelectrolyte multilayers by salt. 
Langmuir. 2001;17(25):7725‐7727. Available from: http://dx.doi.org/10.1021/la0112099

Desalination80


