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a b s t r a c t
This study discusses the preparation and characterization of polyelectrolyte multilayers deposited 
on polyacrylonitrile (Pan) and polyethersulfone (Pes) polymer substrates. Emphasis was made on 
investigating the polyelectrolyte thin film development and the effect of polycation–polyanion 
combination on bi-layer structural configuration. The membranes performance indicators (water 
permeability and salt rejection) were determined through laboratory tests. Membrane surfaces were 
extensively studied with spectroscopic (Fourier transform infrared and X-ray photoelectron spec-
troscopy) techniques and electrokinetic analysis as well as wettability measurements. It was revealed 
that subsequent deposition of PEI/PSS or PAH/PSS multilayers resulted in the emergence of new 
membrane functionality. The Pan substrate was easily modified and allowed the adsorption of polye-
lectrolyte multilayers due to the presence of amine groups that interacted with the ionized polyions. 
The ultrathin polyelectrolyte films resulted in favorable interactions between the membrane and 
water molecules which was due to the increased polar component of the membrane surface free 
energy. The modified substrates were then tested for their separation properties and they exhibited a 
good rejection (>85%) for salts of multivalent cations (MgSO4 and CaCl2) and an average removal for 
NaCl and KCl. Salt removal followed this order MgSO4 > CaCl2 > NaCl ≥ KCl for all the membranes 
types. The eventual ion removal was a function of the combined actions of electrostatic and acid-base 
forces as well as the membrane sieving effect.
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1. Introduction

The purification of wastewater and ground water using 
membrane processes has emerged as a promising long-term 
and sustainable alternative to supplement the fading natural 
water sources [1,2]. However, these water streams, particu-
larly wastewater; is characterized by the presence of organic, 
inorganic compounds, dissolved macromolecules and 
bacterial cultures that are responsible for membrane fouling 

during filtration. Fouling has adverse effects on membrane 
performance and permeate quality [3–6]. Brackish and 
ground water on the other hand constitute of a high content 
of mineral ions such as Na+, K+, Ba2+, Ca2+ and Mg2+ amongst 
other substances. Effective removal of these ionic species 
usually requires the use of pressure driven reverse osmosis 
processes [7]. However, one over-emphasized drawback of 
the reverse osmosis process is its heavy reliance on external 
hydraulic pressured which leads to high energy consumption 
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of the overall water treatment process. [8]. Nanofiltration 
(NF) processes require lesser external driving force com-
pared with reverse osmosis, but it has average removal 
of divalent salts and low retention of monovalent salts [9]. 
Therefore, surface modification of basic nanofiltration mem-
branes presents an opportunity to prepare high performance 
NF membranes with high water flux and good selectivity for 
cationic species. One way of modifying membrane surface is 
enhancing its surface hydrophilicity [10,11].

Surface modification ranges from the addition of cer-
tain surface functional groups to the incorporation of 
nanoparticles that possesses anti-fouling properties [12–14]. 
Electrostatic self-assembly (ESA) is one of the methods that 
can also be utilized to alter membrane surface properties. 
It is an inherently simple, robust technique that involves the 
sequential deposition of oppositely charged polyelectrolytes 
resulting in the formation of ultrathin membrane films with 
controlled thickness [15–17]. The formed multilayers intro-
duce different functionality onto the membrane surface thus 
modifying its surface interfacial properties. This process is 
also referred to as layer-by-layer (LBL) assembly method; 
thus, the acronyms ESA and LBL will be used interchange-
ably throughout the text [18,19]. The driving force in an 
ESA deposition is the electrostatic attraction force between 
the oppositely charged polyelectrolytes [20,21].

The immanent advantages of the LBL method include 
being a simple operation, and in most cases, water is the 
only solvent used to dissolve polyelectrolytes; thus, reduc-
ing the consumption of harmful solvents. Additionally, the 
deposited polyelectrolyte layer also possesses antifouling 
property against organic foulants because of its hydrophilic-
ity [10,22–24]. It is for these reasons that the process has 
attracted much attention recently in the preparation of NF 
membranes [25,26].

The incorporation of nanoparticles (inorganic materi-
als) into the LBL method was explored by several research-
ers. Lui et al, [27] prepared a novel nanocomposite NF and 
forward osmosis membranes with improved antibacterial 
properties by embedding silver nanoparticles into ESA 
assembled layers. Saren et al, [28] used the LBL technique 
to prepare NF-like FO membranes with good retention for 
magnesium chloride. Hu and Mi [29] fabricated a novel 
water purification membrane through LBL assembling of 
negatively charged graphene oxide (GO) nanosheets on a 
porous poly(acrylonitrile) support and interconnecting 
them with positively charged poly(allyamine hydrochlo-
ride) (PAH) aimed for forward osmosis purposes. They 
demonstrated that bilayers (GO-PAH) were dominated by 
GO due to its higher mass. The resulting membrane showed 
improved water permeability and ion rejection. In another 
work, Kang et al, [30] incorporated zeolite nanoparticles 
into poly(acrylonitrile) based nanocomposite membrane 
to improve water permeability. The zeolitic material was 
sandwiched between a polyelectrolyte pair of poly (acrylic 
acid) and polyethylenimine (PEI). The incorporation of zeo-
lite nanoparticles was found to enhance membrane water 
permeability without compromising membrane selectivity 
for tested species.

The LBL method was also used by Karmer et al. [31], 
to modify commercial polyethersulfone membranes by 
successively adsorbing chitosan and alginate to enhance 

anti-biofouling properties. And fouling tests with model 
organic foulant (alginate) and Escherichia coli revealed 
that the deposited layers improved resistance to biological 
fouling and water permeability. The inert graphene oxide 
nanosheets were also used to coat a polyamide membrane 
in a bid to improve its stability against chlorine corrosion. 
Consequently, it was demonstrated that the conformal GO 
coating layers increased the surface hydrophilicity and 
reduced surface roughness, leading to significantly improved 
antifouling performances against protein foulant [32]. In a 
recent study by IIyas et al. [33], an ultrafiltration membrane 
was successfully modified by sequential deposition of PAH 
and PAA multilayers that acted as sacrificial layers to allow 
easy cleaning of membranes. In a different work by Zhang et 
al, [34] bilayers of PEI and PAA were deposited on poly(ac-
rylonitrile) substrates for pervaporation separation of water/
alcohol mixtures.

Inspired by previous studies, this work intended to 
prepare high flux LBL membranes with improved rejection 
for cationic species aimed for treating brackish water. 
Developing understanding of the mechanisms of polyelec-
trolyte multilayer formation and the role of various sub-
strates in film growth and multilayer interfacial properties 
is fundamental for their application in water purification 
processes. Therefore, polyelectrolyte multilayers still require 
extensive investigation in accordance to their stability and 
response to various external conditions.

This work used PEI, PAH and PSS to develop selective 
ultrathin multilayers on poly(acrylonitrile) and polyether-
sulfone nanofiltration substrates. Emphasis was focused 
on the interaction between polymeric substrates and the 
polyelectrolytes. Multilayer formation was monitored using 
various techniques such as atomic force microscopy (AFM), 
Fourier transform infrared (FTIR), electrokinetic analyzer, 
drop shape analyzer and X-ray photoelectron spectroscopy 
(XPS). The influence of membrane surface functionality on 
water permeability and ion rejection was studied. The pro-
duced membranes were then compared with the commer-
cially available nanofiltration membrane (NF90).

2. Experimental

2.1. Materials

All the chemicals used in this study were used as received 
without further purification. Polyacrylonitrile (Pan) weight 
averaged molecular weight Mw ≈ 150,000 (Sigma- Aldrich, 
Johannesburg, South Africa) and polyethersulfone were 
used as polymers (Solvay). N,N-dimethylformamide 
(DMF, 99.8%), and lithium chloride were used as the sol-
vent, and pore former, respectively, for the fabrication of the 
membrane substrates. Sodium hydroxide (Sigma-Aldrich, 
Johannesburg, South Africa) was used as the alkali solu-
tion for the post-treatment of Pan/Pes membrane substrates 
to enhance its surface charge density and hydrophilicity. 
Polyethylenimine (branched PEI, Mw ≈ 15,000), poly(allyl-
amine hydrochloride) (PAH, Mw ≈17,500) and poly(sodium 
4 styrene-sulfonate) (PSS, Mw ≈ 20,000; Fig. 1) were also 
obtained from Sigma-Aldrich (Johannesburg, South Africa) 
and were used as the respective polycation and polyan-
ion for LBL assembly. Sodium chloride (Sigma-Aldrich, 
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Johannesburg, South Africa) was used to adjust the ionic 
strength of the polyelectrolyte solutions during LBL assem-
bly. Membrane solute rejection properties were determined 
using four solutions containing calcium chloride, magnesium 
chloride, potassium chloride, and sodium chloride (Sigma-
Aldrich, Johannesburg, South Africa). The short forms: Pan 
and Pes were used to represent poly(acrylonitrile) and poly-
ethersulfone throughout the manuscript.

2.2. Substrate preparation

The polymers (Pan, Pes: 18 wt.%) and LiCl (2 wt.%) were 
dissolved in DMF in a sealed container at 60°C. To achieve 
complete dissolution, the solution was stirred for at least 
24 h. The polymer solution was then allowed to cool to 
room temperature before use [35]. A casting knife was used 
to spread the polymer solution onto a polyester non- woven 
fabric obtained from Hirose Paper Manufacturing Co. Ltd., 
Kochi, Japan, which was attached onto a clean glass plate 
by an adhesive tape. The casting knife gate height was fixed 
at 150 µm. The glass plate was then immersed into a coagu-
lant bath containing deionized water at room temperature. 
The nascent substrate was washed with deionized water 
for 5 min to remove excess solvent.

2.3. Layer by layer assembly/polyelectrolyte self-assembly

The resulting Pan/Pes substrate was soaked in 1.5 M 
NaOH at 45°C for 1.5 h; the purpose of the NaOH treatment 

was to introduce negative charges on the substrate via 
partial hydrolysis, which is important for the subsequent 
deposition of counter polyelectrolytes. The alkali treatment 
was followed by thorough rinsing with deionized water, at 
which point it was then transferred to PEI and PSS solutions 
for LBL treatment. Polyelectrolyte solutions were prepared 
by dissolving 1 g/L of PEI, PAH and PSS in 0.5 M NaCl solu-
tion. The polyelectrolyte thin skin on the top surface was 
formed by soaking the substrate in (but only exposing its 
top surface) the PEI/PAH solution and then the PSS solu-
tion. Each polyelectrolyte soaking step lasted for 45 min, 
followed by a 3-min deionized water rinsing to remove the 
excess polyelectrolytes. The above PEI/PSS or PAH/PSS 
deposition procedure was repeated to form multiple poly-
electrolyte layers. Finally, the electrostatically assembled 
layers were chemically cross linked by immersing the mem-
branes into a 0.1 wt.% glutaraldehyde solution at pH 2–3 
for 2 h [36]. Up to four bi-layers were deposited on Pan and 
Pes substrates, and since PSS was the only polyanion used it 
was excluded from the membrane naming; so the prepared 
membranes were labeled as follows: Pan-PEI (1–4), Pes-PEI 
(1–4) and Pan-PAH (1–4).

2.4. Membrane characterization

The surface morphologies, cross-sectional configura-
tion and roughness of the synthesized substrates and lay-
ered membranes were studied using an atomic force micro-
scope (AFM: Alpha300, Germany) and scanning electron 

 
 

 

Fig. 1. Structural formulas of used polymers (Pan and Pes) and polyelectrolytes (PAH, PEI and PSS).
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microscope (SEM, JEOL IT300, Tokyo, Japan). Small repre-
sentative pieces of the membrane samples were dried over-
night, then coated with carbon prior to analysis with the 
microscope. Attenuated total reflectance Fourier transform 
infrared spectroscopy (ATR-FTIR) was employed to deter-
mine the functional groups on the membrane surface (FTIR 
Spectrometer, PerkinElmer, Germany). XPS analysis was per-
formed on an AXIS SupraTM by Kratos Analytical Limited 
(UK) with a monochromatic Mg Ka X-ray as the excitation 
source. Binding energy was calibrated with respect to the 
signal from adventitious C 1s binding energy at 284.8 eV. 
This was done to study the elemental composition of the 
membrane surface functionality.

Streaming potential measurements were carried out with 
a SurPASS Electrokinetic Analyzer (Anton Paar GmbH, 
Austria) to evaluate membrane surface charge. Measurements 
were carried out with 0.01 mol/L KCl aqueous solutions at 
23°C at a pH of about 6.12. Surface zeta potentials were deter-
mined from the measured streaming potentials according to 
the Helmholtz–Smoluchowski equation (Eq. (1)). The data 
presented were average values from three samples of each 
membrane type.

ζ
η σ
ε ε

=
⋅ ⋅
⋅ ⋅

∆
∆
V
P 0

 (1)

where ∆V is the measured streaming potential, η is the elec-
trolyte viscosity (Pa.s), electrolyte’s electrical conductivity 
(s/m), ∆P is the applied pressure and e is the permittivity 
of water (C2 N–1 m–2). The permittivity is defined as e = e0D, 
where e0 is permittivity of vacuum = 8.85 × 10–12 (C2 N–1 m–2) 
and D is the dielectric constant of water = 78.55 at 25°C.

Contact angle (θ) measurements are generally used to 
determine the surface free energy through the Young–Dupre 
equation (Eq. (2)) which links the contact angle of a drop of a 
liquid placed on a flat solid surface with the surface tension 
of a liquid, according to van Oss [37].

γ θ γ γ γ γ γ γl S l S l S l1 2+( ) = + +( )+ − − +cos LW LW  (2)

where θ is the measured contact angle; γLW is the Lifshitz–
van der Waals free energy component; γ+ is the electron-ac-
ceptor component; γ– is the electron donor component; and 
the subscripts “s” and “l” designate the solid and liquid 
phases, respectively. The left-hand side of the equation rep-
resents the free energy of cohesion per unit area of the liq-
uid (l) and the right hand side represents the free energy of 
adhesion per unit area between the liquid (l) and the solid 
(s) [38,39].

The boundary between hydrophobicity and hydrophilic-
ity occurs when the difference between the apolar attraction 
and the polar repulsion between molecules or particles of 
material (s) immersed in water (l) is equal to the cohesive 
polar attraction between the water molecules [37]. The 
surface free energy per unit area ΔGT
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between similar solid materials (s) gives an indication of the 
attraction and repulsion between the two interfaces when 
immersed in liquid medium (w) [38,40]. The total surface 
free energy of adhesion was determined from the Lifshitz–
van der Waals and the acid-base components according to:
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Surface free energy components of a membrane can 
be determined by measuring contact angles between the 
membrane and three well-characterized probe liquids with 
known surface tension components, such as deionized 
water, glycerol and diiodomethane. The tension compo-
nents of these three liquids are listed in Table 1. The sessile 
drop method was used to measure the contact angles of the 
probe liquids (4 µL droplet) employing a Kruss Drop Shape 
Analyzer, DSA30 (KRUSS GmbH, German) on dried surfaces 
of the membranes at about 24.0°C using a 5.0 µL syringe. 
The contact angles were captured from a digital video image 
of the drop on the membrane. At least 10 measurements on 
different locations of the membrane sample were performed 
and averaged to obtain the contact angle of the measured 
membrane sample.

2.5. Determination of membrane separation parameters

Pure water permeability and salt rejection of the pre-
pared membranes were evaluated in a laboratory-scale 
crossflow pressure-driven test unit. The effective membrane 
area (A) was 41.86 cm2, the applied pressure (ΔP) ranged 
from 3 to 15 bar at a constant water temperature of 23.1°C. 
The loaded membrane sample was first compacted with 
deionized water at pressure above the operational pressure 
for at least 3 h, until the permeate flux reached a steady state. 
The feed volume was fixed at 10 L.

Pure water flux, JW, was calculated from the total amount 
of the collected permeate (V) for a fixed time (t) per surface 
area (A) as expressed by Eq. (6).

J V
AtW =  (6)

The intrinsic water permeability, A, was calculated by 
dividing the water flux by the applied hydraulic pressure 
as described in Eq. (7).

A
J
P
W=
∆

 (7)

Table 1
Surface tension components (mJ/m2) of probe liquids

Probe liquid γLW γ+ γ– γAB γTOT

Water 21.8 25.5 25.5 51.0 72.8
Glycerol 34.0 3.9 57.4 30.0 64.0
Diiodomethane 50.8 0.0 0.0 0.0 50.8
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The observed salt rejection (R) was determined from the 
difference in bulk feed (Cb) and permeate (Cp) salt concen-
trations (Eq. (8)). The applied pressure was kept at 7 bars, 
permeate samples of 250 mL were collected and a calibrated 
conductivity meter was used to measure their electrical 
conductivity.

R
C
C
p

b

= −1  (8)

The calculated salt rejection (R) was then used to com-
pute the membranes’ solute permeability coefficient, B, using 
Eq. (9).

B
R

A P= −








× ∆ − ∆( )1 1 π  (9)

where Δπ is the osmotic pressure of the feed solution, given 
by Eq. (10).

π = imRT  (10)

where i is the van’t Hoff coefficient, m is the molarity of the 
solution, R is the universal gas constant and T is the absolute 
temperature.

The salt flux, JS across the membrane was calculated 
using Eq. (11).

J J B
AiRTS W=  (11)

3. Results and discussion

3.1. Membrane surface morphology and roughness

The surface image (Fig. 2a) is characterized by a rough 
ridged-like surface belonging to the hydrolyzed Pan sub-
strate. The ridged-like (rough-cast) appearance disappeared 
when three and four polyelectrolyte bilayers were depos-
ited resulting in a neat layered surface as shown by Figs. 2b 
and c. The changes in surface morphology of the substrate 
confirm the successful deposition of the polyelectrolyte 
layers. The cross-sectional image (Fig. 2d) is exhibiting an 
asymmetric configuration consisting of an ultrathin skin 

 

 
Fig. 2. SEM micrographs of the prepared layer-by-layer assembly membranes: Surface view of (a) unmodified Pan substrate, 
(b) Pan-PAH-3, (c) Pan-PAH-4 and (d) the cross-sectional view of the membranes.
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layer followed by finger-like macro-voids resulting from 
solvent-non-solvent de-mixing during phase inversion. 
This layer is terminated by a dense, compact layer at the 
bottom of the membrane.

The deposition of the ultrathin polyelectrolyte multilay-
ers on the surface was further investigated by performing a 
scratch test using AFM cantilever. The scratched part was 
then analyzed using a non-contact mode and SEM to result in 
the images in Figs. 3a and b. Parts of the layers were peeled-
off the surface due to the scratch exerted by the cantilever 
and are visible on the SEM image revealing a layered struc-
ture. The resulting surface topology (Fig. 3a) shows a ridge 
and valley (a corrugated configuration) further confirming 
the layered structure.

The roughness of the prepared LBL membranes showed 
no clear correlation between surface roughness and num-
ber of bi-layers for the three sets of membranes. However, 
the overall observation was that surface roughness slightly 
increased with the number of bilayers for the Pan-PEI and 

Pan-PAH membranes. The surface roughness for the Pan-
PEI and Pan-PAH membranes were low, which suggest that 
the multilayers resulting from the Pan-PEI/PSS and PAH/PSS 
pairs are more aligned and compact resulting in smoother 
morphology compared with the Pes-PEI/PSS membranes.

3.2. Membrane zeta potential and FTIR analysis

The development of thin multi-layered films on the 
membranes was studied using FTIR spectroscopy. Fig. 4a 
shows the spectra of Pan, PEI, PAH and PSS depicting char-
acteristic peaks across the infrared region. Fig. 4b shows 
the spectra of the Pan-PEI membranes. There is a clear 
presence of new functionality as a result of polyelectro-
lyte coating shown by the presence of the broad peak at 
3,307.1 cm–1 which is attributed to alkynes; Sp, C–H stretch-
ing which emanates from the presence of both PEI and PSS. 
There is also the presence of a medium C=N stretching at 
1,674.7 cm–1, a functionality brought by the presence of PEI 
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layer. The appearance of a weak peak at 1,215 cm–1 reveal the 
presence of a C=C stretch, which confirms the presence of 
polyelectrolyte chains on the membrane surface.

Fig. 4c shows the spectra of PES-based LBL membranes, 
there is no strong evidence of surface modification from the 
presented spectra except for the presence of weak peaks at 
1,035.28 cm–1 for the 3rd and 4th layers which is assigned to 
alkoxy groups (C–O) that have arose from the cross-linking 
amongst the layers. There is also a weak peak at 1,640 cm–1 
which corresponds to C=N stretching and C=C aromatic 
stretching from the PSS. Meanwhile Fig. 4d displays the 
spectra of the Pan-PAH layered membranes, presenting a 
strong indication of surface modification with clear peaks 
at the 3,300 cm–1 region which corresponds to the Sp C–H 
stretching, primary and secondary amine (N–H) stretching 
contributed by the PEI and PSS. The 1,553.86 cm–1 peak was 
a result of a C=C stretching from the aromatic ring of PSS. 
There was also a shift of the C=C alkene stretching and N–H 
bending peaks at 1,624 to 1,660 cm–1. As well as the shift of 
the Sp3 C–H bend from 1,369 to 1,395 cm–1. Peak at 1,560 cm–1 
corresponds to the COONa stretching. The presence of 
–SO3

– group of the PSS polyelectrolyte at 1,006; 1,035 and 
1,126 cm–1 and –CH=N– group of the PAH polyelectrolyte at 
1,627 cm–1. There was also the emergence of the weak peak at 
the 1,220–1,202 cm–1 region due C–O functionality. The FTIR 
spectra revealed that the membrane surfaces were modified 

by the deposition of PEI/PSS and PAH/PSS bilayers. The 
infrared spectroscopy spectra were further supported by the 
UV-Vis analysis (Fig. A1(a)), which displayed a change in 
the absorbance intensity. This was an indication of the mod-
ification/rearrangement in the structure of the UV excitable 
functional groups as a result of the interaction between the 
polyacrylonitrile chain and the polyelectrolytes.

The surface of the Pan-PEI membranes was further 
characterized with XPS to study its elemental composition. 
Figs. 5a and b show the wide XPS scans for the Pan, Pan-
PEI_1 and Pan-PEI_4 membranes. They show strong peaks 
that are attributed to C1s, N1s and O1s at various binding 
energies as listed in Table 2. There is also peak attributed to 
the presence of Na+ which emanates from the presence of the 
poly(sodium 4-styrenesulfonate) layers on the membrane 
surface.

The nitrogen content of the poly(acrylonitrile) substrate 
was significantly reduced upon deposition of the PEI and 
PSS polyelectrolytes, furthermore, it slightly increased from 
6.51% to 7.14% after four polyelectrolyte bi-layers. The Pan-
PEI_1 and Pan-PEI_4 membranes showed a significant pres-
ence of oxygen (O1s) with a concentration of about 17%. 
Further resolution of the XPS scan peaks showed the pres-
ence of new bonds in the structure of the polyelectrolyte 
films as shown in Figs. 5c–j and they were assigned as listed 
in Table 2. The bonds assigned in Pan-PEI_1 were repeated in 
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Fig. 5. XPS spectra of the PEI-PSS bi-layers on the Pan polymer substrate. (e) C1s - Pan, (d) C1s – Pan-PEI_1, (e) C1s - Pan-PEI_4, (f) 
N1s – Pan, (g) N1s - Pan-PEI_1, (h) N - Pan_PEI_4, (i) O - Pan-PEI_1, and (j) O – Pan-PEI_4.
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Pan-PEI_4 in similar binding energies, with slight variations 
in their concentrations which is attributed to the increased 
presence of polyelectrolyte layers. The detected functional 
groups (elemental bonds) suggest the superior presence 
of the PSS polyelectrolyte which is understandable since 
all multilayers were terminated by the negatively charged 
poly(4-Sodium styrenesulfonate). These spectroscopic 
results revealed that the poly(acrylonitrile) base was easily 
modified by coating with polyelectrolyte layers, mainly due 
to the presence of nitrogen-based functionality on its surface 
that can act as electrophiles and form bonds with the poly-
cations (PEI and PAH) which also contain amine groups.

Zeta potential measurements were used to monitor the 
changes in surface charge as a function of polyelectrolyte 
deposition on the treated substrate surface (Fig. 6a). The 
treated substrate surface exhibited a very negative charge 
because of the partial hydrolysis resulting from NaOH 
treatment. Deposition of the positively charged PAH tran-
sitioned the surface charge into positive values. The PAH 
adsorption was followed by PSS deposition as per the 
procedure during LBL assembly. This resulted in a sharp 
decrease and eventual reversal of the highly positive surface 
to a strong negative charge. This experiment is proof of the 
strong attractive electrostatic forces between the oppositely 
charged polyelectrolytes during self-assembly, thus; giving 
insight into the growth of these polyelectrolyte multilayers 
on the substrate.

The surface charge of the prepared LBL membranes was 
determined to give the pattern shown by Fig. 6b, which is 
highlighted by the relatively poor zig-zag format of the mea-
sured zeta potentials. The deposition of the cationic PEI and 
PAH changed the negatively charged Pan and Pes surfaces 
into positive charge, with PAH contributing the highest 
positive charge (+73 mV) compared with the weakly posi-
tive surfaces resulting from PEI deposition. However, the 
deposition of the negatively charged PSS on surfaces ter-
minated by the cationic PEI/PAH layer reduced the surface 
charges; the Pan-PAH surface charge was reduced from 73.2 
to 35.1 mV. The Pes-based membranes were negative, with 
Pes-PEI_1 and 4 exhibiting a charge almost similar to that 
of the plain Pes (–28.5 and –37.2). However, Pes-PEI_2 and 
3 recorded weak negative zeta potentials of –4.01 and –1.01, 
respectively. The Pan-PEI membranes fluctuated between 

negative charges depending on the ratio of the PEI and PSS 
on the surface. PEI had more influence on the first and third 
bi-layer, while the negative charge was more pronounced on 
the second and fourth bi-layers.

Table 2
Surface elemental composition of prepared membranes after XPS analysis

Membrane sample Elements Atomic concentration (%) Binding energy (eV) Assignment 

Pan C 76.03 284.4 –C–H
N 18.55 397.3 –C–N

Pan-PEI_1 C 76.93 282.1 (56.2%) –C=C–
283.3 (20.7%) –C–C–

N 6.51 397.1 (4.97%) –C–N
399.2 (1.54%) –N–H

O 16.56 529.9 (5.16%) –O–Na
528.9 (11.40%) –O=O–

Na 1,071.6.8 –O–Na
S 168.2 –S–O
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Fig. 6. (a) Adsorption of polyelectrolytes on treated substrate and 
(b) surface charges of prepared layer-by-layer membranes deter-
mined through streaming potential measurements.
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The Pan-PAH membranes were relatively positive, with 
the only deviation presented by the second bi-layer which 
recorded a weak negative charge (–9.5 mV). The third and 
fourth bilayers exhibited a weakly positive reading of 3.4 
and 1.1 mV. These results further support our aforemen-
tioned observations that the surface of the substrates was 
modified by the electrostatic deposition of counter polye-
lectrolytes, as earlier reported in previous studies [41,42]. 
It was also revealed that the charge of the deposited film 
is dependent on the ratio of the PEI/PSS and PAH/PSS 
pairs. The non- conformity in the displayed charge patterns 
resulted from the imbalance in charge densities between 
the two polyelectrolytes as demonstrated by the measured 
zeta potential in solution. The PEI solution exhibited a weak 
positive charge (+6.8 mV) while an expected negative charge 
(–22.8 mV) was obtained for the PSS solution; this gives 
explanations for the dominant negative surface charge mea-
sured on the PEI/PSS multilayers. From the selected pairs of 
counter polyelectrolytes, it was revealed that the PES poly-
mer produced negatively charged membranes.

3.3. Membrane water contact angle and surface free energy

The determination of surface free energy components 
of membranes is regarded as fundamental to developing 
proper understanding of the mechanisms involved during 
filtration [39,43]. Generally, the measured water contact 
angle decreased after the deposition of polyelectrolyte 
layers for all membrane types as shown in Fig. 7. Extreme 
decline was observed for the Pan-PEI membranes, decreas-
ing from 74° to 29° after the first bi-layer of PEI and PSS. 
The subsequent three membranes recorded almost constant 
contact angles averaging at 33°. The polyelectrolytes layers 
improved the water-membrane affinity mostly due to the 
presence of charged functionalities caused by misalignment 
of the polyelectrolyte as shown by the increasing polar com-
ponent of surface free energy (γAB), which further suggested 
that the membrane surface was easily wetted by water. 
There was also a decline in water contact angle for the Pes-
PEI membranes. However, this drop was not as significant 
after the first bi-layer was deposited, the contact angle only 
declined by only 3°; from 69° to 66°. A far bigger margin 
in measured contact angle was recorded after the 2nd and 
3rd polyelectrolyte layers. A similar trend was observed for 
the Pan-PAH membranes. The most conspicuous observa-
tion was that the decline in water contact angles was stag-
nant after the 4th bi-layer for all three sets of membranes. 
The number of bi-layers no longer had influence on mem-
brane wettability properties.

In general terms, surface hydrophilicity/hydrophobicity 
has been defined by the value of the measured contact angle; 
with an angle of less than 90° considered hydrophilic, with 
90° and above regarded as hydrophobic. However, the fun-
damental definition can be derived from the measurement 
of contact angles using three well characterized liquids rep-
resenting the apolar and polar components of surface free 
energy. The computation of these angles results in ΔGT

S
O
W

T
S 

which is the total free energy of cohesion and the sign of 
ΔGT

S
O
W

T
S defines the nature of the surface and the magnitude 

of ΔGT
S

O
W

T
S is used as the quantitative measure of the surface 

hydrophobicity or hydrophilicity [40]. When ΔGT
S

O
W

T
S < 0 the 

material is defined as hydrophobic and when ΔGT
S

O
W

T
S > 0 it is 

described as hydrophilic.
Table 3 presents the calculated membrane surface free 

energy components. It shows that all the membranes had 
a strong electron donor mono-polarity. The Pan and Pan-
PEI_1 membranes exhibited a strong single polarity sur-
face that led to a low acid-base (AB) component. However, 
there was a gradual increase in the electron acceptor polar-
ity when more polyelectrolyte layers were deposited on the 
membrane surface, which in turn improved its polar compo-
nent. This was an indication of the contribution of the poly-
electrolytes towards the polar component of the membrane 
surface. The Pan-PEI membranes recorded the lowest con-
tact angles which correlated to its surface polar energy com-
ponent. A similar observation was made for the Pes-based 
membranes, Pes and Pes-PEI_1 membranes had a negligible 
electron acceptor functionality followed by a slight increase 
upon addition of PEI and PSS bi-layers. The Pan-PAH mem-
branes also followed a similar trend exhibiting relatively low 
AB component for all four layers.

The values of the surface free energy components cor-
related with the measured water contact angles. The Pan-PEI 
membranes had the largest γAB component supported by the 
low measured contact angles. The γAB values for the Pes-PEI 
and Pan-PAH membranes were almost similar which corre-
sponded to their average water contact angles.

Table 4 presents the total energies of cohesion ΔGT
S

O
W

T
S, 

the behavior of similar membrane surfaces when immersed 
in water. The total Liftshitz–van der Waals energy is always 
negative which indicates the attractive (hydrophobic) nature 
of the apolar functionality of the surface. And for most of the 
prepared membranes, it was smaller than the total acid-base 
(ΔGAB

SWS) energies. According to the calculated total cohesion 
energies, most of the membranes were hydrophilic (varying 
degrees of hydrophilicity), except for the plain Pes membrane 
which recorded a negative energy of cohesion implying that 
the surface was hydrophobic. The most interesting obser-
vation was that the best performing membranes in each set 
(Pan-PEI_1, Pes-PEI_2 and Pan-PAH_4) exhibited the highest 
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degree of hydrophilicity which correlated with their perfor-
mance in terms of water permeability when compared with 
other membranes in the three sets.

3.4. Membrane separation properties

3.4.1. Membrane water permeability and salt rejections

The determined water permeability values for LBL 
membranes are presented in Fig. 8. Clearly, the deposition 
of polyelectrolyte bi-layers modified the surface of the Pan 
and Pes substrates. The basic Pan membrane (substrate) was 
the most permeable, recording a permeability value (A) of 
27.7 L m–2 h–1 bar–1. Deposition of the 1st bi-layer reduced 

the Pan membrane’s permeability by more than three folds 
to 6.1 L m–2 h–1 bar–1. The continued deposition of bi-layers 
further reduced membrane water permeability which is com-
plemented by the improved retention of monovalent cations. 
The reduction in permeability is attributed to the presence 
of cross-linked polyelectrolyte layers on the surface that 
created an extra resistance to water flow.

The PEI/PSS laid Pes membrane had a varying degree 
of permeability rising from 0.5 to 4.9 L m–2 h–1 bar–1 which 
corresponded to the increasing number of bi-layers. The 
increase in water permeability compromised solute reten-
tion. This was a contrasting observation to that made from 
the Pan-based membranes. The Pes-PEI_2 membrane had 
the best performance: it had a balanced performance in 
terms of water permeability and ion rejection. The presence 

27.7

6.1

2.4
0.86 0.84

2.7
4.3

6.3

9.9

2.5
0.9

2.1
4.1 4.9

3.4

10.1
8.9

Pa
n

Pa
n-P

EI_
1

Pa
n-P

EI_
2

Pa
n-P

EI_
3

Pa
n-P

EI_
4

Pa
n-P

AH
_1

Pa
n-P

AH
_2

Pa
n-P

AH
_3

Pa
n-P

AH
_4 Pe

s

Pe
s-P

EI_
1

Pe
s-P

EI_
2

Pe
s-P

EI_
3

Pe
s-P

EI_
4

Pa
n-P

EI-
PA

H

Pa
n-P

AH
-PE

I
NF9

0

0

5

10

15

20

25

30

W
at

er
 p

er
m

ea
bi

lit
y 

(L
M

H)

Membranes

Fig. 8. Water permeability of the different prepared membranes 
layer-by-layer membranes.

Pan

Pan
-PEI_1

Pan
-PEI_2

Pan
-PEI_3

Pan
-PEI_4

Pan
-PAH_1

Pan
-PAH_2

Pan
-PAH_3

Pan
-PAH_4 Pes

Pes
-PEI_1

Pes
-PEI_2

Pes
-PEI_3

Pes
-PEI_4

Pan
-PEI-P

AH

Pan
-PAH-PEI

NF9
0

0

20

40

60

80

100

Re
je

ct
io

n 
(%

)

 MgSO4

 CaCl2
 NaCl
 KCl

Fig. 9. Membrane separation performance: solute rejection for 
MgSO4, CaCl2, NaCl and KCl.

Table 3
Surface free energy components of prepared layer-by-layer 
membranes

Membrane γLW γ+ γ– γAB γTOT

Pan 36.72 1E-06 44.16 0.013 36.73
Pan-PEI_1 40.17 1E-06 57.55 0.033 40.19
Pan-PEI_2 33.97 2.31 42.14 19.70 53.71
Pan-PEI_3 33.75 3.74 49.69 27.31 44.45
Pan-PEI_4 38.59 0.25 25.93 5.09 43.70
Pes 39.45 1E-06 18.48 0.0086 39.52
Pes-PEI_1 38.94 1E-06 20.99 0.0092 38.95
Pes-PEI_2 37.88 0.089 28.07 3.16 41.02
Pes-PEI_3 40.41 0.47 31.71 7.72 48.13
Pes-PEI_4 41.76 0.21 26.94 4.76 46.56
Pan-PAH_1 39.19 0.71 33.28 9.72 48.91
Pan-PAH_2 37.68 0.83 23.16 8.77 46.43
Pan-PAH_3 41.16 0.51 28.97 7.69 48.82
Pan-PAH_4 37.96 0.005 42.49 0.92 38.25

Table 4
Free energy of cohesion components for the prepared mem-
branes

Membrane ΔGL
1
W
31 (mJ/m2) ΔGAB

131  
(mJ/m2)

ΔGT
1
O
31

T 
(mJ/m2)

Pan –3.87 32.20 28.40
Pan_PEI_1 –5.57 51.20 45.70
Pan_PEI_2 –2.67 20.40 17.70
Pan_PEI_3 –2.60 24.90 22.30
Pan_PEI_4 –3.80 22.40 18.60
Pes –9.67 5.80 –3.87
Pes-PEI_1 –7.94 9.46 1.50
Pes-PEI_2 –4.41 4.72 0.31
Pes-PEI_3 –5.70 10.10 4.45
Pes-PEI_4 –4.43 6.58 2.15
Pan-PAH_1 –5.06 12.1 7.04
Pan-PAH_2 –4.32 12.93 8.61
Pan-PAH_3 –6.10 15.77 9.67
Pan-PAH_4 –4.45 29.3 24.80
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of polyelectrolyte layers on the surface of Pes-enhanced 
water transport through the membrane. They improved 
membrane wettability as supported by the observed con-
tact angle patterns and calculated polar surface free energy 
components.

The permeability of Pan-PAH membranes was also lower 
than that of the basic Pan membrane (substrate). However, 
amongst the prepared LBL membranes; water permeability 
generally increased with the number of bi-layers (PAH/PSS) 
which corroborates that the polyelectrolyte pairs improved 
water permeability while maintaining good ion selectiv-
ity. The additional membranes prepared with alternating 
sequence of polycations recorded significantly different 
water permeabilities; (A) values of 3.4 and 10.1 L m–2 h–1 bar–1 

for Pan-PEI-PAH and Pan-PAH-PEI, respectively. The com-
mercial nanofiltration membrane (NF 90) recorded an A 
value of 8.9 L m–2 h–1 bar–1 which was similar to that of the 
best performing layered membrane.

The MgSO4 salt was highly rejected by all members, 
and 97% was the maximum rejection value recorded for the 

Pan-PAH_3 membrane (Fig. 9). The order of removal was as 
follows: MgSO4 > CaCl2 > NaCl ≥ KCl for all the membranes 
types. The estimated hydrated radii for the tested cations 
ranged from 0.6 to 3 nm and the pore size of NF membranes 
ranges from 1 to 10 nm [7,44]. Therefore, membrane siev-
ing effect or size exclusion was not the only ion retention 
mechanism. But other dominant forces (i.e., electrostatic and 
acid-base interaction forces) were responsible for the selec-
tive removal of the salts in the feed stream. Worth noting is 
that ion rejection was dependent on permeability rate, that is; 
most of the membranes with low A values had significantly 
high ion rejection. As the surface forces are stronger than 
the drag forces for low pressures, the solute flux is less than 
solvent flux due to surface forces, and rejection rate (which 
is the ratio of the solute flux to the solvent flux) increases. 
However, when the drag force becomes higher the effect of 
surface forces becomes more and more negligible, and the 
solute flux increases. Therefore, if the difference between the 
solute and solvent fluxes decreases, then the rejection rate 
reduces [4,5,8,45]. From each set of prepared membranes, 
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Fig. 10. Salt and water fluxes for the tested mineral salts for the best performing membranes.
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there was one outstanding type that attained good water per-
meability and solute rejection.

3.4.2. Salt transport

The passage of salts through the membrane was calcu-
lated for all membranes by computing the B (solute perme-
ability coefficient) and JS (Salt flux) values using Eqs. (6) and 
(8). However; only the data for the best performing mem-
brane based on permeate flux and salt rejection in each set 
is presented in Table 5. These performance indicators were 
compared with that of the high salt rejecting commercial 
NF90 membrane. The B/A ratio is an important selectivity 
parameter in membrane-based filtration systems, and it is 
directly related to the reverse solute transport. A lower B/A 
ratio (higher selectivity) is generally preferred for enhanced 
solute rejection, reduced fouling tendency and more stable fil-
tration process. The values in Table 5 reveal that the prepared 
membranes had a good selectivity for salt of divalent cations 
(low B/A ratio) at relatively good flux which correlates to the 
low salt flux (Fig. 10). The good solute retention decreased 
significantly when the membranes were tested using salts of 
monovalent ions. The salt permeability coefficient increased 
by 18–83 folds which correlates to the increase in salt flux as 
depicted by Fig. 10. Solutions of KCl had the highest salt flux 
which corroborates the poor rejection data discussed in the 
preceding section.

Fig. 10 further revealed that the Pan-PAH_4 and Pan-
PAH-PEI membranes had the best performance amongst 
the prepared membranes recording an average permeate 
flux of 24 L m–2 h–1 with more than 80% rejection of Ca2+ and 
Mg2+. The permeate flux almost doubled (from 12 to 22 L 
m–2 h–1) for the NF90 membrane when rejection tests were 
performed with solutions of KCl and NaCl. But still had a 
better retention of the monovalent salts compared with the 
prepared membranes, which implies that the membrane was 
more susceptible to concentration polarization compared 
with the prepared LBL membranes which had constant 
water flux for all test solutions [46,47]. The graphs in Fig. 
10 also reinforces that the ability of a membrane to retain 
solutes is strongly linked to permeate flux. The NF90 mem-
brane had a better overall ion removal for all test solutions 

but lower permeate flux compared with the Pan-PAH_4 and 
Pan-PAH-PEI membranes. It can be concluded that the pres-
ence of PAH polycation on Pan-based membranes resulted 
in improved membrane performance. These membranes 
are better suited for the purpose of brackish water treat-
ment where total removal of ions is not a necessity. The 
separation properties of the layered membranes can be eas-
ily tuned by selecting an appropriate number of polyelec-
trolyte layers for optimal filtration performance (brackish 
water treatment).

3.4.3. Removal discussions

The solutes used in this work are all mineral salts, which 
ionizes in aqueous media and are susceptible to electrostatic 
interactions. And the prepared membranes are hydrophilic 
which means they are prone to be hydrated and ionized 
in aqueous solutions containing electrolytes, particularly 
because they bear (zwitterions) amine and carboxyl groups 
[48,49]. To study the effects of ion adsorption in the stern 
plane, the zeta potential of selected good membranes was 
then determined using the rejection test solutions which had 
a fixed concentration of 30 mM and the results are listed in 
Table 6. The surface charges for Pan-PEI_1 and Pan-PAH-PEI 
were reduced by 7 and 11 mV, respectively, when zeta poten-
tial was determined using the MgSO4 electrolyte solution. 
Whilst, there was a surface charge reversal for the Pes-PEI_2 
membrane from –4.01 to +10.6 mV and a slight increase 

Table 5
Calculated salt permeability coefficients for selected high performing membranes

Salt permeability  
coefficient 

Salts

MgSO4 CaCl2 KCl NaCl

Pan-PEI_1 B (L m–2 h–1) 1.5 ± 0.5 2.5 ± 0.2 76.6 ± 2.3 69.5 ± 3.1
B/A (bar) 0.2 ± 0.03 0.4 ± 0.01 12.6 ± 1.9 11.4 ± 0.1

Pes-PEI_2 B (L m–2 h–1) 25.5 ± 3.2 42.3 ± 2.2 61.1 ± 5.6 56.8 ±  1.8
B/A (bar) 12.1 ± 1.2 20.1 ± 1.5 29.4 ± 3.2 27.0 ± 2.4

Pan-PAH_4 B (L m–2 h–1) 11.7 ± 0.5 6.5 ± 0.8 49.7 ± 3.3 63.4 ± 5.3
B/A (bar) 1.2 ± 0.1 0.7 ± 0.03 5.0 ± 0.6 6.4 ± 0.1

Pan-PAH-PEI B (L m–2 h–1) 4.3 ± 0.7 14.9 ± 1.3 64.5 ± 4.7 72.9 ± 0.5
B/A (bar) 0.4 ± 0.04 1.5 ± 0.2 10.4 ± 0.2 7.2 ± 0.5

NF 90 B (L m–2 h–1) 6.7 ± 0.1 11.1 ± 1.4 10.1 ± 0.1 13.0 ± 1.2
B/A (bar) 0.8±0.04 1.3 ± 0.05 1.1 ± 0.2 1.4 ± 0.08

Table 6
Membrane surface charges after testing with 30 mM of inorganic 
salts

Membrane Zeta potential (mV)

MgSO4 CaCl2 NaCl

Pan-PEI_1 10.0 ± 1.1 –3.8 ± 0.9 –7.9 ± 2.5
Pes-PEI_2 10.6 ± 2.9 –21.7 ± 0.7 –2.5 ± 0.3
Pan-PAH_4 7.1 ± 0.3 –3.8 ± 0.4 –4.5 ± 0.6
Pan-PAH-PEI 3.6 ± 1.5 1.6 ± 0.7 –3.9 ± 0.7
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for the Pan-PAH_4 membrane from +1.11 to +7.1 mV. This 
observation implies that the initially positive charged mem-
branes selectively adsorbed the SO4

2– and the cation (Mg2+) 
preferentially adsorbed the negative and weak positively 
charge surfaces of Pes-PEI_2 and Pan-PAH_4. However, the 
deposition of the negatively charged PSS on the surfaces ter-
minated by the cationic PEI/PAH layer reduced the surface 
charges. At high ionic concentrations the membrane charges 
were screened by the adsorption of counter ions in solution; 
accumulation of charges on the surface further shield the 
surface charge reducing electrostatic forces and improving 
ion transfer through the membrane [50,51]. Thus, the even-
tual salt removal was through the preferential attraction of 
anions and their increased concentration on the surface pro-
moted the retention of divalent cations.

Electrostatic forces are one of the surface forces which 
contribute to reduced transfer of ions through the membrane 
but cannot be independently responsible for the retention 
of both NaCl and KCl. Thus, the partial removal of mon-
ovalent ions is attributed to acid-base interaction forces 
brought upon by the presence charged polyelectrolyte mul-
tilayers [52]. Our experimental results demonstrated that 
brackish water desalination at low pressure using nanofil-
tration is a possibility especially when the membrane has a 
good removal of multivalent ions and average retention of 
monovalent ions. By this action, water hardness is removed, 
and electrical conductivity significantly reduced making the 
water more conducive for domestic purposes. This type of 
membrane can eliminate the need to re-introduce monova-
lent ions into the treated water which is the case in high salt 
removing separation processes.

4. Conclusion

Three sets of LBL membranes were prepared using 
polyacrylonitrile and polyethersulfone as substrates. A max-
imum of four multilayers of PEI/PAH and PSS were depos-
ited and the membranes were intended for brackish water 
desalination. Spectroscopic analysis with FTIR and XPS con-
firmed the presence of new functionalities on the membrane 
surface which were attributed to the functional groups of 
polyelectrolytes (PEI/PAH and PSS). It was revealed that 
the imbalance in charge densities/charge sites amongst the 
polyelectrolytes led to irregular association of film layers.

The presence of polyelectrolyte films resulted in favor-
able interactions between the membrane and water molecules 
which increased the polar component of the membrane’s 
surface free energy thus increasing its hydro philicity. The 
deposition of polyelectrolyte bi-layers created an extra 
resistance towards permeate water flow lowering the per-
meability of the substrates or unmodified membranes and 
subsequently improving the solute retention of resulting 
membranes. The prepared membranes exhibited a good 
rejection of salts of multivalent cations (MgSO4 and CaCl2) 
and average removal for NaCl and KCl. The eventual ion 
removal was a function of the combined actions of electro-
static and acid-base forces as well as the membrane sieving 
effect.

The LBL assembly technique (of polyelectrolytes) enabled 
the preparation of membranes that could be easily tailored 
towards effective removal of cationic species in water 

towards brackish and seawater desalination. Membranes 
constituting the PAH polyelectrolyte had the most promis-
ing performance in terms of both flux and ion/salt rejection. 
The experimental results revealed that the polyacryloni-
trile polymer was better suited to produce high performing 
membranes (relatively good water flux and solute rejection) 
because it had a better interaction with the polyelectrolytes. 
The prepared membranes were better suited for brackish 
water treatment or hardness removal since there was no total 
removal of both di- and monovalent mineral salts which 
are essential in drinking water.
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Appendix A.1: UV-Vis characterization of prepared multilayered membranes

The multilayer film growth of PEI/PSS and PAH/PSS pairs on the Pan and Pes polymers was monitored using UV spectros-
copy. There was significant absorbance at the region 200–400 nm, which further confirmed the deposition of polyelectrolyte 
multilayers. An ultraviolent-visible spectrophotometer was used to determine the membrane surface modification due to the 
deposition of polyelectrolytes pairs of PSS-PEI and PSS-PAH. 
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Fig. A1. (a) UV-Vis spectra of the modified membranes, (a) Pan-PEI/PSS, and (b) PES-PEI/PSS and Pan-PAH/PSS.
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