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A B S T R A C T   

Nowadays, brine produced in the Reverse Osmosis (RO) seawater desalination plants is a significant and largely 
untapped source of critical minerals and metals, which is usually discharged into the seas as wastewater. As a 
front face stage in the brine mining process, nanofiltration (NF) membranes can be used to separate brine stream 
into monovalent and multivalent ion-rich streams. Since high separation factors are required in seawater RO 
brine, polyelectrolyte multilayers with Layer-by-Layer (LbL) technique were used in this study to modify com
mercial polyamide NF membranes and improve their performance. Two common polyelectrolytes, poly(dia
llyldimethylammonium chloride) (PDADMAC) and poly(sodium 4-styrenesulfonate) (PSS) were coated onto two 
poly-piperazine polyamide NF membranes (NF270 and Desal-5 DL). The effects of the bilayers number and the 
outer layer charge on membranes’ performance were studied using two crossflow filtration setups with two 
different membrane sizes to find the membrane with the higher monovalent/multivalent separation factor. 
Desal-5 DL membrane coated with 5.5 bilayers provided the highest selectivity factors for mono/multivalent 
cations (> 21), the highest average rejection of multivalent cations group (about 95.7%) for short-term exper
iments. Another interesting result was the increase in water permeance of the Desal-5 DL membrane after it was 
coated with 5.5 bLs (indicating more than 20% improvement in pure water permeance). In addition, the stability 
test with brines at 20 bar showed that this membrane was stable over an extended period of filtration (22 hours) 
with an even higher selectivity factor of 34 and multivalent cations rejection of 97.7% on average.   

1. Introduction 

In a reverse osmosis seawater desalination plant (RO-SWDP), 
seawater with 30–50 g/L of total dissolved solid (TDS) is separated into 
two streams. These two streams are freshwater as a product in the 
permeate side and brine with more than 50 g/L of TDS as a by-product in 
the retentate side. Brine contains monovalent ions such as Na+, K+, Li+, 
Cl-, and HCO3

- , multivalent ions such as Ca2+, Mg2+, SO4
2− , and CO3

2− , 
and other elements in non-dissociated form as in the case of B (e.g., 
H3BO3 (aq)) with higher concentrations than in seawater [1,2]. The 
main composition of brine from several SWDPs in different countries is 

summarized in Table 1. 
Despite the presence of some valuable elements in the brine, it is 

usually discharged into the seas as wastewater, which has negative ef
fects on the marine ecosystems and the economic performance of the 
desalination plant. Thus, many efforts have been undertaken to extract 
these added-value elements [14–16]. In this regard, the Sea4Value 
project was introduced with the aim of shifting to a circular economy 
model to reduce saline waste discharged into the sea, increase fresh
water recovery, and transform SWDP into a valuable raw materials 
source for the European Union [17]. NF membranes were proposed as a 
first stage of treatment process for brine to separate monovalent and 
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multivalent ions in two separate rich streams. In this regard, Figueira 
et al., experimentally, and economically evaluated the performance of 
three commercial NF membranes (NF270, PRO-XS2 and Fortilife XC-N). 
PRO-XS2 showed the best selectivity of 4.3 between monovalent and 
multivalent for major elements (Na, Ca, Mg, S, Cl, K, and inorganic 
carbon) in the best configuration [18]. 

Commercial polyamide (PA) NF membranes normally have negative 
surface charge at the brine pH 7–8, so they would preferentially reject 
anions [19]. However, if the natural surface charge of NF membranes’ 
active layer is reversed, then these membranes would preferentially 
reject cationic species. Various methods have been used to fabricate the 
positively charged NF membranes, such as interfacial polymerization 
(IP) in the presence of positively charged monomer or polymer [19–22], 
casting the thin layer of a polymer incorporated with positively charged 
additives [23,24], UV-induced photografting polymerization of posi
tively charged monomer [25,26], and layer-by-layer (LbL) assembly of 
charged polyelectrolytes (PE), polycation/polyanion [27] on a sub
strate. LbL technique is a well-known and effective method for fabri
cating polyelectrolytes multilayer (PEM) film on substrates with the 
ability to change and modify their most important properties such as 
surface charge, hydrophilicity, surface roughness, pore size or molecular 
weight cut-off (MWCO). From a sustainability standpoint, modification 
is performed with dilute PE solutions, and no harmful solvents are 
needed [28]. Dilute PE solutions are also easy to use to modify full spiral 
wound elements [29]. 

LbL technique has been employed to improve the performance of 
Ultrafiltration (UF) and NF membranes [30–37]. For example, Joshi 
et al. utilized LbL assembly to produce tight UF (TUF) membranes to 
separate dye from mixture of dye/salt (mono or divalent) with high 
selectivity [36,37]. Regarding modification of NF membranes, Cheng 
et al. [31] used two common polyelectrolytes, poly(dia
llyldimethylammonium chloride) (PDADMAC) and poly(sodium 4-styr
enesulfonate) (PSS) for LbL deposition on commercial PA NF 
membranes (NFG). Modified membranes were used to remove divalent 
cations (Mg2+, Ca2+, Sr2+, and Ba2+) from feed containing 1 mM CaCl2, 
1 mM MgCl2 and 5 mM NaCl. A PDADMAC-terminated membrane with 
5.5 bilayers exhibited 97% rejection of Mg2+ with selectivity greater 
than 30 for the passage of Na + over Mg2+. They also studied the effects 
of ionic strength on separation performance. The Mg2+ rejection by this 
membrane dropped to 20% when NaCl concentration increased to 500 
mM, which showed that this modified membrane cannot be applied for 
brine treatment. 

In another study, Malaisamy et al. [35] coated 4 and 8 bilayers of 
PDADMAC/PSS on PA NF membrane (NF270) to improve monovalent 

anions’ rejection and Cl− /F− selectivity. The modified membranes were 
evaluated with a ternary mixture (fluoride, chloride, and sulfate) and 
single-salt solutions from 100, 500 and 1000 mg/L. In the ternary 
mixture test, they observed that the fluoride rejection increased from 
40% to 70%, while the chloride rejection decreased from 55% to 20% 
after coating with 8 bLs. No significant change of rejection occurred in 
the single fluoride salt test, while for chloride, the rejection improved 
from 30 to 91% after 8 bLs modification. Comparison with a BW30 RO 
membrane showed that the modified membranes exhibit higher selec
tivity and flux under the same conditions. 

The effect of the PE coating on PA NF membranes to convert 
seawater brine with realistic ionic strength into monovalent and 
multivalent ion-rich streams has not been studied, to the best of the 
authors’ knowledge. As stated above, commercial NF membranes 
developed for brine treatment, showed not very high selectivity between 
multi- and monovalent cations in brine concentrations or their per
meances dropped significantly [18]. Improved selectivity is required for 
the next extracting steps to effectively recover the products (raw metals) 
from brine in the process concept developed in Sea4Value project. Better 
and stable permeance would also improve the process economy. Thus, 
the objectives of this study were to evaluate the performance of 
LbL-coated NF membranes, i.e., pure water permeance (PWP), MgSO4 
and cation rejections using synthetic solutions with concentrations close 
to real brine and compare the results with commercially available PA NF 
membranes. To prepare LbL-coated membranes, two strong poly
electrolytes of PDADMAC and PSS, were used due to their good stability 
in harsh conditions [33]. In addition, the effect of bilayer numbers on PA 
NF membranes’ characteristics was also studied. According to the earlier 
studies by other researchers, PEM membranes with 
PDADMAC-terminated layer had the better performance for cation 
rejection, however, the effect of PSS as a terminated layer was also 
investigated in this study for a more accurate evaluation. 

2. Materials and methods 

2.1. Materials 

The two commercial NF membranes used in this study (NF270 and 
Desal-5 DL) are composed of three layers, i.e., top (selective/active) 
layer, support layer and polyester layer. Their characteristics are sum
marized in Table 2. 

A solution of Ultrasil 110 (EcoLab Inc.) containing EDTA (5–10 wt 
%), NaOH (5–10 wt%), sodium cumene sulfonate (1–5 wt%) and sodium 
dodecylbenzene sulfonate (1–5 wt%) was used for membranes’ 

Table 1 
Characteristics of brine from various seawater desalination plants around the world.  

No EC (mS/cm) TDS (mg/L) pH Ion concentrations (mg/L) Ref 

Ca2+ Mg2+ Na+ K+ Cl− SO4
2- HCO3

- CO3
2- Li+ B 

1 – 50,200 – 625 2,020 15,500 – 28,800 3,060 199 – – – [3] 
2 85.2 79,660 7.5 960 2,867 25,237 782 41,890 6,050 1,829 0 – 8 [4] 
3 76.8 57,336a 8.34 521 1,738 18,434 491 32,127 4,025 – – <2.5 – [5] 
4 – 55,000 7.9 879 1,864 15,270 – 31,150 5,264 432 – – – [6] 
5 – 70,488 7.9 790 2,479 21,921 743 38,886 5,316 173 155 – 8.7 [7] 
6 – 68,967 7.92 845 2,550 21,070 784 38,014 5,342 274 19.5 – 8.6 [7] 
7 84.5 77,937a 7.8 873 2,900 23,200 918 43,790 5,964 283 – – 9.3 [7] 
8 – 80,028 7.8 891 2,878 24,649 888 43,662 6,745 315 0.4 – – [8] 
9 – 53,177 6.76 617 2,150 15,100 767 30,540 3,931 117 0.4 – – [8] 
10 – 56,158 6.97 730 2,240 15,800 805 32,004 4,500 125 0.4 – – [8] 
11 – 61,587 6.38 760 2,660 17,700 950 34,839 4,602 117 0.4 – – [8] 
12 93.7 81,492 9.07 725 2,505 20,993 740 35,378 5,041 – – – – [9] 
13 95.5 70,000 8 796 2,715 17,020 816 37,955 7,243 217 18 – – [10] 
14 – 71,851a – 839 2,632 22,036 800 39,583 5,693 268 – 0.35 – [10] 
15 99.7 83,900 7.5 920 2,810 23,100 800 42,700 6,010 – – – 8.2 [11] 
16 106.8 87,600 7.9 910 2,930 25,100 880 41,500 6,150 – – – 9.1 [12] 
17 84.5 64,900 7.8 1240 2,230 18,300 620 32,800 5,240   – 6.6 [13]  

a Calculated by the authors. 
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pretreatment [38]. The polycation, poly(diallyldimethylammonium 
chloride) (PDADMAC; Mw = 400–500 kDa, 20 wt% in water) and the 
polyanion, poly(styrene sulfonic acid) sodium (PSS; Mw = 70 kDa) were 
purchased from Merck and Alfa Aesar, respectively. 

Single salt, simple mixed salt and synthetic brine solutions were 
prepared using the following solid reagents: Na2SO4 (Glentham Life 
Sciences), NaHCO3, NaCl, H3BO3, NH4VO3 (PanReac), KCl and 
MgCl2⋅6H2O (Alfa Aesar), CaCl2 (Sigma Aldrich), and MgSO4.7H2O 
(VWR Chemicals). All reagents had analytical grade. Besides, induc
tively coupled plasma (ICP) standard solutions were used to add In (10 
g/L Panreac), Ga (1 g/L Specpure), Sc (10 g/L Sigma Aldrich), Rb (10 g/ 
L Honeywell), Li (10 g/L Sigma Aldrich), and Mo (1 g/L Merck) into the 
brine. HCl 37 wt% (Panreac) was employed to adjust the pH of the 
synthetic brine and HNO3 69 wt% (Panreac) was used to prepare sam
ples for ICP analysis. The water used in the experiments was deionized 
(DI) and obtained from an ELGA Labwater Centra-R120 water purifi
cation unit equipped with a deionization cartridge (conductivity value 
< 2 μS/cm). 

2.2. Membranes’ pretreatment before PEM coating 

At first, NF membranes were completely soaked in 0.2 v/v % Ultrasil 
110 solution (pH 11.8) for 30 minutes without stirring to remove the 
preservative layer and enhance the negative surface charge of sub
strates. After withdrawing them from the solution, they were rinsed with 

DI water and kept in the DI water until they were tested for filtration. 

2.3. PEM coating 

LbL assembly of polyelectrolyte can be performed using several 
methods such as (a) dip coating, (b) spinning, (c) spraying, (d) elec
tromagnetic, and (e) fluidic assembly [34]. In this study, the fluidic 
assembly method was used to deposit PE on membranes at room tem
perature. This was done by an automated setup, as shown schematically 
in Fig. 1. The setup has two tanks with a capacity of 1 L each containing 
0.1 g/L of PE in 0.2 M NaCl solutions without any pH adjustment (pH 
5.7) and one tank containing 0.2 M NaCl solution. 

Based on Table 2, commercial NF270 and Desal-5 DL membranes 
have negative surface charge, so they were first coated with cationic 
polyelectrolyte (PDADMAC). To do this, after placing the membrane 
sample in the cell, the PE solution was circulated over the membrane’s 
surface by a pump with a flow rate of 50 mL/min and a pressure of 0.2 
bar. After 5 min, the outlet was closed automatically, and circulation 
was stopped for 1 min. By doing this, the pressure was increased up to 
0.7 bar, which helped to complete PE deposition. Following this step, the 
remaining PE solution was drained from the tubes, and the whole cir
culation loop as well as the membrane’s surface was washed with 0.2 M 
NaCl solution to remove loosely bound polyelectrolytes. Before starting 
the next PE deposition, the flow channel was rinsed with DI water to 
reach pure water conductivity. Anionic polyelectrolyte solution was 
deposited in the same manner and the whole process was repeated until 
the desired bilayers number was reached. Increasing the number of PE 
bilayers and consequently thickening the coated layer makes the 
membrane tighter. The tightness of the coated membrane plays a role as 
well when mono and multivalent ions are selectively separated. The idea 
is to have the membrane as open as possible so that the multivalent ions 
are still rejected but monovalent ions can pass the membrane. 

In this study, half bilayer (e.g., 4.5 bL) and integer bilayer (e.g., 5 bL) 
mean that the membrane was terminated with polycation (PDADMAC) 
and polyanion (PSS), respectively. It is expected that a membrane coated 
with half and integer bilayer is mostly positively and negatively charged, 
respectively. 

2.4. Water permeance, salt rejection, and cation selectivity of membranes 

The performances of the virgin and coated membranes were evalu
ated in the two crossflow filtration setups. In order to save time and 

Table 2 
The characteristics of used NF membranes.  

Membrane NF270 Desal-5 DL (DL) 

Manufacturer Dupont Suez 
MWCO (Da) 200-400 [39,40] 150-350 [41,42] 
Top layer Semi-aromatic 

polypiperazine-amide [43] 
Modified poly 
(piperazine-amide) 
[43] 

MgSO4 Rejection (%) >97.0a [43] 96b [43] 
NaCl Rejection (%) 40-60 [44] – 
PWP (L/(m2.h.bar)) 13.1–17.1 [10,40,42, 

45–48] 
6–7.6 [41,42,49] 

Contact angle (◦) by 
sessile drop method 

25.4–43.4 [42,43,45, 
50–52] 

39.9–52.5 [42,43,49, 
50,53–55] 

Isoelectric point (IEP) pH = 3–3.33 [42,56,57] pH = 4–4.2 [43,57,58]  

a : Test Condition: 2,000 mg/L MgSO4, 4.8 bar, 25 ◦C and 15% water recovery. 
b : Test Condition: 2,000 mg/L MgSO4, 7.6 bar, 25 ◦C and 15% water recovery. 

Fig. 1. Schematic diagram of LbL coating setup, P and N: cationic and anionic polyelectrolyte solution containers, P1, P2 and P3: pumps #1-3.  
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chemical consumption, at first, a non-commercial setup was used which 
was capable of simultaneous evaluation of four membranes with a small 
surface area (0.004 m2). A schematic of this setup is shown in Fig. 2. 

Initially, all the virgin and coated membranes were subjected to 30 
minutes of stabilization conditions with pure water at a feed pressure 
close to 15 bar. Then, for at least 30 minutes, their performances were 
evaluated by passing pure water and filtering aqueous solutions of single 
salt of MgSO4 (10 g/L) and then a mixture of three salts of NaCl (50 g/L), 
MgSO4 (10 g/L), and CaCl2 (2.5 g/L) with a composition relatively close 
to brine in SWDPs at pH 8. All experiments were carried out at least in 
duplicate except for a few cases, and the temperature was kept constant 
at 25 oC during filtration. 

Pure water permeance was defined as: 

PWP
(
L
/(

m2.h.bar
) )
​ = ​ V

A × t × p
(1)  

where V is the total volume of permeate during the sampling time in
terval, t, at steady state, A is the effective membrane area in the module, 
and p is the feed pressure. The rejection, R, was defined as:  

R = (1- CP / CF) × 100                                                                    (2) 

where CF and CP are the solute concentrations in the feed and permeate, 
respectively. Salt concentrations were measured by using a conductivity 
meter. For mixed-salt solutions, inductively coupled plasma mass spec
trometry (ICP-MS) was used to measure the cation concentrations. 

The membrane selectivity, for the passage of monovalent cation A 
over divalent cation B can be expressed in terms of rejections by Eq. (3), 
where RA and RB are the rejections of A and B, respectively. 

SA/B =
CP,A

CF,A

/
CP,B

CF,B
=

100 − RA

100 − RB
(3) 

After finding the optimal conditions according to the performance of 
evaluated virgin and modified membranes, a commercial setup with a 
higher membrane surface area was used to make the experiment closer 
to the real conditions. In the next step, the performance of the best LbL- 
coated NF membrane was further verified with synthetic brine, which 
mimics the composition of brine in SWDPs. Based on the ion concen
trations in the synthetic brine, they were classified as major or minor 
ions in Table 3. To avoid carbonate precipitation, the pH of the brine was 
adjusted to 6.5. Experiments were carried out in SEPA™ CF II crossflow 
setup (GE, PA, USA) with an active area of 0.014 m2 and equipped with a 
high-pressure diaphragm pump (Hydra-Cell, MN, USA). To keep the feed 
concentration constant, permeate and retentate were recirculated to the 
feed tank (closed loop). The membranes were initially tested with water 
and then with synthetic brine. Before the tests, the membranes were 
pressurized for 90 minutes at 22 bar followed by 30 min at 18 bar with a 

feed flow of 5 L/min. The feed flow rate was kept constant at 3.45 L/min 
(crossflow velocity of 0.7 m/s) throughout the test, and the pressure 
varied from 6 to 20 bar. Permeate samples were collected for each 
pressure tested and feed samples were collected at the start and at end of 
the tests. All experiments were carried out in duplicate. Finally, a long- 
term stability test with synthetic brine was performed for 22 hours at 20 
bar and feed flow rate of 3.45 L/min using Desal-5 DL. Permeate samples 
were collected every hour, and feed samples were collected at the start 
and end of the test. 

In Equation (3), the average rejections of the monovalent group 
(Rmono) and the multivalent group (Rmulti) are used to calculate selec
tivity values between monovalent and multivalent cations (Smono/multi). 

2.5. Water uptake measurement 

The water uptake was measured by immersing the circular piece of 
membrane sample with a diameter of 16 mm in DI water at room tem
perature for 24 h. After removing the wet sample from water, the surface 
was gently mopped using absorbent paper to remove the excess water 
and the wet weight of sample (Wwet) was recorded immediately. Then, 
the wet sample was placed in an oven at 80 oC for several hours and the 
dry weight of sample (Wdry) was recorded until reaching a constant 
value. Eq. (4) was used to calculate the water uptake of the membrane 
samples. 

Water uptake=
(
Wwet − Wdry

)

Wdry
×100 (4)  

Fig. 2. Schematic diagram of the utilized crossflow filtration setup.  

Table 3 
Composition of synthetic brine (TDS = 66,824 mg/L).   

Element Concentration (mg/L) Salt/standard used 

Major ions Na 21,823.9 Na2SO4, NaHCO3, NaCl 
Cl 39,634.7 NaCl, KCl, CaCl2, MgCl2.6H2O 
S 1,889.2 Na2SO4 

C 53.38 NaHCO3 

Mg 2,523.1 MgCl2.6H2O 
K 801.5 KCl 
Ca 86.0 CaCl2 

Minor ions B 8.5 H3BO3 

Li 0.5 Li standard 
In 0.5 In standard 
Rb 0.5 Rb standard 
V 0.5 NH4VO3 

Ga 0.5 Ga standard 
Sc 0.5 Sc standard 
Mo 0.5 Mo standard  

M.R. Moradi et al.                                                                                                                                                                                                                              



Journal of Membrane Science 691 (2024) 122224

5

2.6. Analytical methodologies 

Several methods were used to evaluate the effect of polyelectrolyte 
multilayer coatings on the solutions and membrane samples. The ana
lyses performed are listed in Table 4. 

3. Results and discussion 

3.1. Membrane’s characteristics 

The ATR-FTIR spectra of virgin and coated membranes are depicted 
in Fig. 3. When comparing coated NF270 and DL spectra to a substrate’s 
spectra, there is an additional peak at 1037 cm− 1, which is attributed to 
both the sulfonate stretching of PSS and the C–N stretching of PDAD
MAC [59] and confirms the successful coating of 5 and 5.5 bilayers of 
PDADMAC/PSS on the substrate’s surface. The higher absorbance in
tensity of membranes coated with 5.5 bLs at 1037 cm− 1 compared to 5 
bLs indicates a greater compositional fraction of PDADMAC. The PEM is 
very thin, which explains why this peak at 1037 cm− 1 is so weak. 

The zeta potential (ζ) of the virgin and coated NF270 and Desal-5 DL 
membranes was determined at different pH levels of electrolytes (1 mM 
KCl) to investigate the effect of the last PE and bilayer number on 
membrane surface charge (Fig. 4). Both virgin NF270 and DL mem
branes have negative surface charge, but surface charge of a NF270 
membrane is more negative than that of a DL membrane. Zeta potential 
increases with the decrease of pH and the charge effect disappeared (ζ =
0) at the isoelectric point (IEP). The corresponding isoelectric points of 
virgin NF270 and DL are about 3.3 and 4, respectively, which are very 
close to data reported in Table 2. Due to the use of Ultrasil, the surface 
charge of both virgin membranes became more negative, as can be seen 
in Fig. 4. At neutral pH and higher most membrane samples have their 
surface charges fully developed, i.e., if the pH is still shifted some more 
basic, the surface charges would not get any more negative. 

When the NF270 and DL membranes were deposited with 4.5 bLs of 
PDADMAC/PSS, their surface charges changed to positive (Fig. 4), since 
the terminated layer is PDADMAC as a polycation, and switched back to 
negative when coated with one more layer of PSS as a polyanion to reach 
5 bL. These changes were also seen in other studies of PE coating on 
membranes using PDADMAC/PSS [31,35]. According to Fig. 4, by 
continuing the coating up to 7.5 bilayers, the zeta potential did not 
change significantly or even decreased at around pH 6.5 to 7.5, implying 
that the charge density reached a maximum at 5.5 bL [31,35]. 

The effect of the number of bilayers on contact angles (CAs) of coated 
NF270 and DL membranes measured by sessile drop method is shown in 
Fig. 5. The average CA of the virgin NF270 and DL membranes was 33.7◦

and 44.6◦, respectively, which was consistent with other studies re
ported in Table 2. The CA of both membranes increased dramatically to 
more than 80◦ and became more hydrophobic after a coating of 4.5 bLs 
of PDADMAC/PSS and then decreased to around 40◦ when the mem
brane was deposited with a single layer of PSS to reach 5 bL. The CA of 
membranes coated with 5.5, 6.5, 7.5 bL, like those coated with 4.5 bL, 
were higher than virgin membranes, due to the hydrophobic property of 
the PDADMAC layer. Other studies also reported that membranes 

terminated with PDADMAC are relatively hydrophobic, while PSS- 
terminated ones are relatively hydrophilic. The effects of the terminat
ing layer on the surface properties such as contact angle and surface 
charge, as shown in Figs. 4 and 5, are known as odd-even effects [35,60]. 

3.2. Transport properties and separation performances 

Since the primary goal of this study was to improve the selective 
separation of mono/multivalent cations, the last layer of coated mem
branes was a cationic PE, i.e., PDADMAC. To assess the impact of the last 
layer charge, a membrane which had an anionic terminating layer (5 bL) 
was prepared. PWPs, MgSO4, cation rejections, and selectivities of virgin 
and coated membranes were measured as shown in Figs. 6 and 7. Ac
cording to Figs. 6a and 7a, PWPs of virgin NF270 and DL membranes 
were (17.1 ± 1.0) and (7.2 ± 0.5) L/(m2.h.bar), respectively, which 
agree with the data in Table 2. Despite using high saline water as a feed, 
MgSO4 rejection of virgin DL membrane was more than 96%, but NF270 
had MgSO4 rejection of around 90%, which was lower than the rejection 
reported by membrane manufactures with feed concentrations of 2,000 
mg/L. This indicates that MgSO4 rejection of the NF270 membrane is 
more dependent on the charge than that of the DL membrane. 

According to Fig. 6a, by increasing the number of bilayers and 
consequently thickening the polyelectrolyte multilayer, pure water 
permeance of the coated NF270 membrane decreased, while MgSO4 
rejection increased to nearly a plateau after 6.5 bL. Based on Fig. 6b, Na, 
Ca, and Mg rejections were less than 20%, 60%, and 80%, respectively, 
for virgin and coated NF270 membranes and the Na/Mg selectivities 
were low for all coated NF270 membranes, ranging from 3 to 3.9. The 
order of rejections was in accordance with their hydrated radii and 
hydration energies, which are 0.358, 0.412, and 0.428 nm and − 365, 
− 1505, and − 1830 kJ/mol for Na+, Ca2+, and Mg2+ cations, respec
tively [31]. Higher rejection was observed for ions with larger hydrated 
radius and hydration energy. 

An important point that can be seen in Fig. 6b is that after 6.5 bi
layers, because the membrane became thicker and tighter than desired, 
the rejection of Na+ as a monovalent ion increased, and Mg2+ rejections 
may even decrease due to decreasing surface charge caused by increased 
Na + rejections as explained by Cheng et al. [31]. As a result of these two 
changes, Na/Mg selectivity decreased. This trend was also seen for the 
coated DL membrane in Fig. 7. 

A trade-off between flux and rejection is a well-known phenomenon 
in membrane filtration. Increasing thickness in separating layer often 
decreases the flux and increases the rejections. Since charge (Donnan 
exclusion) and size (steric) exclusions are the main mechanisms for 
rejection of charged species by NF membrane, divalent cations are 
rejected more favorably than monovalent cations due to their larger 
hydrated size and stronger charge. PEMs can increase the surface charge 
due to overcompensation of opposite charges of polyanion or poly
cation. This will increase the repulsion between membrane surface and 
similarly charged ions and affect more strongly on multivalent ions if the 
coating layer is open enough. However, when more bLs are deposited, it 
will increase the size exclusion and then also monovalent ion rejection 
will increase. The buildup of PEMs and its effect on surface properties 

Table 4 
Analyses for the evaluation of virgin and coated membranes’ performance in filtration tests.  

Analysis Method Equipment 

pH – Metrohm 744 pH meter 
Conductivity – Consort C3010 Multiparameter Analyzer 
Ion concentration Inductively coupled plasma Agilent ICP-OES 5110/Agilent ICP-MS 7800 
Contact angle Sessile drop and Captive bubble methods KSV CAM 101 and computer program CAM 2008 
Surface charge Steaming current SurPASS electrokinetic analyzer with Adjustable Gap Cell from Anton 

Paar 
Chemical 

composition 
Attenuated total reflectance Fourier transform infrared spectroscopy (ATR- 
FTIR) 

Perkin Elmer FTIR Frontier Spectrometer 

Surface image Field Electrical Scanning Electron Microscopy (FE-SEM) JEOL JSM-7900F (Japan) accelerating voltage of 1 kV  

M.R. Moradi et al.                                                                                                                                                                                                                              



Journal of Membrane Science 691 (2024) 122224

6

are explained in Refs. [61–63], for example. 
PWP was expected to decrease with increasing PEM thickness in the 

case of the Desal-5 DL membrane, as it was with the NF270 membrane, 
but as shown in Fig. 7a, PWP first increased and then decreased at 6.5 
bL. Malaisamy et al. [35] reported a similar trend, but the authors did 
not mention the reason for it. It is obvious that the water permeance of 
the membranes increases as its water uptake increases. Hence, the water 
uptake of membranes was measured and the values of (10.6 ± 0.9)% 
and (23.6 ± 2.3)% were obtained for virgin and 5.5 bLs-coated DL 
membranes, respectively, which shows that the water uptake of coated 
sample was more than virgin DL membrane. The changes in water up
take can also be qualitatively assessed using ATR-FTIR spectra. Based on 

Fig. 8, there are two peaks at around 3400 cm− 1 and 1645 cm− 1 due to 
the O–H stretching mode of water and H2O bending mode, respectively 
[64], which are more intense for wet samples compared to dry ones. 
However, the peak intensity of the wet coated sample is higher than that 
of the wet virgin sample, attributed to higher water uptake. 

All spectra in Fig. 8 were normalized to the band at 1240 cm− 1 as the 
biggest peak of the membrane (Fig. 3b). AFM results showed an increase 
in surface roughness for virgin and 5.5 bLs coated DL membrane from 
9.9 to 15 nm, respectively. This change would boost the water uptake as 
well. 

It is known that the membrane’s water uptake depends on hydro
philicity [65], porosity [66], ion-exchange capacity (IEC) [67] and other 

Fig. 3. ATR-FTIR spectra of virgin and coated (a) NF270 and (b) Desal-5 DL membranes.  

Fig. 4. Zeta potential of virgin and coated (a) NF270 and (b) Desal-5 DL membranes.  
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parameters. In this case, it seems the increase in water uptake cannot be 
due to improving hydrophilicity. Because as shown in Fig. 5b, the 
apparent contact angle increased, so the surface became more hydro
phobic after being coated. The mismatch between the CA results and the 
water uptake of Desal-5 DL membranes may be related to the CA mea
surement method. Although the sessile drop method is the most common 
method for measuring CA, some studies consider the captive bubble 
method closer to the real condition [68]. Therefore, to ensure the re
sults, the CAs were also measured by the captive bubble method, and the 
values of (9.9 ± 1.4)o and (28.3 ± 1.7)o were obtained for virgin and 5.5 
bLs-coated Desal-5 DL membranes, respectively. This result is in line 
with the CA result measured by the sessile drop method. Hence, it can be 
declared with near certainty that the rise in water uptake cannot be 
related to hydrophilicity. Another factor that can cause this is the in
crease in surface porosity [69]. According to the FE-SEM images in 
Fig. 9, the virgin DL membrane had no pores but had many randomly 
distributed round structures. On the other hand, a porous structure can 
be seen in the surface image of 5.5 bLs-coated DL membranes. 

Another factor that can affect the membrane’s water uptake is 
change in IEC. PEs have ion exchange properties, and they are used to 
prepare ion exchange membranes [70]; therefore, employing them as 
the coating layer may result in a membrane with a higher IEC. Because 
the purpose of this work is not to focus on ion exchange property of 
membrane, the IEC was not calculated and reported here. 

In membranes coated with PEMs, water uptake also depends on the 
type of its outermost layer, i.e., polycation or polyanion. The 
PDADMAC-terminated PEM swells more strongly than PSS due to higher 
concentration of counterions and thus higher osmotic pressure in PEM 
[31,60,71]. The higher PWP of DL membrane coated with 5.5 bLs 
(PDADMAC-terminated) compared to DL membrane coated with 5 bLs 
(PSS-terminated) can be related to this phenomenon, which is known as 
the odd-even effect, as seen in Figs. 4 and 5. However, a similar change 
in PWP could not be observed for the coated NF270 membrane due to its 
originally (substrate) higher PWP since the coating PEMs only increased 
the resistance for water molecules to pass through the coating and 
substrate. 

Fig. 5. Contact angles of virgin and coated (a) NF270 and (b) Desal-5 DL membranes measured by sessile drop method.  

Fig. 6. (a) PWP and MgSO4 rejections of single salt feed of 10 g/L MgSO4 and (b) cation rejections and Na/Mg selectivities of mixed salts feed of 50 g/L NaCl, 10 g/L 
MgSO4, and 2.5 g/L CaCl2 for virgin and coated NF270 membranes at 11 bar. 

Fig. 7. (a) PWP and MgSO4 rejections of single salt feed of 10 g/L MgSO4 and (b) cation rejections and Na/Mg selectivities of mixed salts feed of 50 g/L NaCl, 10 g/L 
MgSO4, and 2.5 g/L CaCl2 for virgin and coated Desal-5 DL membranes at 11 bar. 
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As shown in Fig. 7b, although the changes in cation rejections were 
small, Na/Mg selectivity improved, and the best selectivity was related 
to 5.5 bLs-coated DL membrane, while it also had the best PWP. Ac
cording to the above results, it was concluded that the DL membranes 
coated with 5.5 bilayers had the best performance, so two samples of 
virgin and 5.5 bLs-coated DL membranes with larger area were prepared 

for the next step to evaluate their performance with synthetic brine. 
First, pure water flux of the virgin and 5.5 bLs-coated Desal-5 DL 

membranes were measured at different pressures using the second 
filtration setup mentioned in section 2.4. The PWP of virgin and 5.5 bLs- 
coated DL was calculated and their values are (6.2 ± 0.3) and (7.7 ±
0.2) L/(m2.h.bar), respectively, which shows the increase of permeance 
after being coated with 5.5 bLs, similar to previous results. The differ
ence between PWP results measured by two setups is related to the 
difference in measurement condition in two setups, like flow rate over 
the membrane, the difference in performance of different parts of a 
membrane in a commercial module, and the difference in cells used for 
the coating of two samples with different sizes. 

Figs. 10 and 11 show the major and minor element rejections of 
virgin and coated DL membranes. The average rejections of major 
divalent elements including Mg and Ca increased from (86.3 ± 1.3)% to 
(89.2 ± 0.3)% and from (72.5 ± 2.5)% to (75.4 ± 0.9)%, respectively, 
and the average rejection of major monovalent elements including Na 
and K decreased after being coated with 5.5 bLs from (11.5 ± 2.1)% to 
(8.1 ± 2.7)% and from (12.9 ± 1.5)% to (9.3 ± 1.2)%, respectively, 
which caused improvement of mono/divalent cations’ selectivity. It 
could be that higher surface charge rejects stronger charged (multiva
lent) cations better due to the Donnan exclusion effect, and because 
enough cations must pass through a membrane to maintain electro
neutrality, it makes it easier for weaker charged (monovalent) cations to 
pass through the membrane [35]. 

Regarding minor elements (Fig. 11), once again a decrease in 
average rejection of monovalent elements such as Rb from 17% to 10% 
and Li from 11% to 2% was seen after the coating with 5.5 bLs. In 
addition, V rejection decreased from 58% on average across the pressure 
range to 52% on average. This occurred because V was present in the 
brine (pH = 6.5) as a mixture of the species VO2(OH)2

- and VO3OH2−

[18], which have negative charge and were less rejected by the coated 
membrane (5.5 bLs) with the positive surface charge. Finally, the 
rejection of In increased from 87% to 91% after the membrane was 
coated. At the brine pH, In was present as In(OH)3 (aq) in a 

Fig. 8. ATR-FTIR spectra of dry and wet virgin and coated Desal-5 
DL membranes. 

Fig. 9. Surface FE-SEM images of (a) virgin and (b) 5.5 bLs-coated DL membranes.  

Fig. 10. Major element rejections of a) virgin and b) 5.5 bLs-coated DL membranes at different pressures.  
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non-dissociated form [18]. The size exclusion mechanism explained the 
high rejection values for In(OH)3 (aq) in NF membranes, as reported by 
Werner et al. [72]. Since In(OH)3 (aq) has an octahedral structure with 
In3+ in the centre coordinated with three OH- and solvated with three 
water molecules, the thicker active layer and a higher hydrophobicity 
(see Fig. 5) of the coated membrane resulted in a higher rejection of In 
compared to the virgin membrane. The rejections of Sc (almost 100% on 
average), Mo (almost 98% on average) and Ga (almost 96% on average) 
did not change after coating. 

It is worth mentioning that Li and B underwent a negative rejection. 
According to Yaroshchuk’s extensive research, negative rejections of 
ions occur in the salt mixture solution due to the acceleration of such 
ions by the electric field of diffusion potential caused by the strong re
jections of other components (multivalent cations) of the mixture. The 
most common case is for monovalent ions with dominant amounts of 
multivalent ions with the same charge [73]. Although this explains Li 
negative rejection values, the case of B is more complex. At brine pH, B is 
present as H3BO3 (aq) in a non-dissociated form [18], as a result, an 
electric field could not accelerate it. However, the high rejection of some 
of the ions may result in their accumulation at the membrane surface 
area on the feed side, resulting in a local change of pH. A change in the 
speciation of boron from H3BO3 (aq) to H2BO3

- under these conditions 
would allow it to be accelerated by the electric field of diffusion 
potential. 

The monovalent/multivalent cations’ selectivities of virgin and 
coated DL membranes at different pressures were calculated using Eq. 
(3) based on the rejection values presented in Figs. 10 and 11. The 
overall selectivity is calculated from Eq. (3) using average monovalent 
cation rejection and average multivalent cation rejection of synthetic 
brine at 20 bar omitting Ca, B and V (Ca is mostly removed in pre
treatment and B and V are not fully dissociated). Since the highest 
selectivity values for all membranes were associated with rejections 
measured at 20 bar, the results at this pressure are shown in Fig. 12, 
indicating that the coated Desal-5 DL membrane had the highest selec
tivity when compared to other membranes. It is worth noting that the 
brine permeance value presented in Fig. 12 is calculated from the slope 
of the linear regression of the fluxes versus the pressures from 6 bar to 
20 bar. 

3.3. Long-term stability of LbL-coated membranes 

Membranes’ long-term stability is an important property. To inves
tigate this parameter, brine flux and mono/multivalent cation selectivity 
of coated DL membrane as the best membrane were evaluated at 20 bar 
(pressure where the highest selectivity was obtained) for 22 hours. As 
can be seen in Fig. 13, the brine flux and selectivity were almost con
stant, and their final values reached 65.8 L/m2h and 34, respectively, 
after 22 hours. It is worth mentioning that the selectivity obtained in the 
short-term experiment by the coated Desal-5 DL (21.3) presented in 
Fig. 12 (samples were collected after 15 minutes at each pressure) is 
similar to the one observed after 1 h of experiment (22.9) in Fig. 13. 
However, after 3 h of experiment, the selectivity rose to 35.4 and 

remained relatively constant until the end of the experiment (22 hours). 
Hence, the NF process needs a few hours to stabilize. 

Increasing the selectivity after 3 h can be related to salt annealing 
effect [74]. This phenomenon is rather little studied in connection with 
PEMs on semipermeable membranes. After depositing the PEs by LbL 
method the multilayer is rough, unstructured, and probably very inho
mogeneous. Some spots are very thick and other spots have no PEs at all 

Fig. 11. Minor element rejections of a) virgin and b) 5.5 bLs-coated DL membranes at different pressures.  

Fig. 12. Brine permeance and overall mono/multivalent cation selectivities of 
virgin and coated DL membranes at 20 bar. 

Fig. 13. Stability of 5.5 bLs-coated DL membranes according to changes in Flux 
and mono/multivalent cation selectivity at 20 bar over 22 h. 

M.R. Moradi et al.                                                                                                                                                                                                                              



Journal of Membrane Science 691 (2024) 122224

10

or just little. During permeation test of a feed with strong ionic strength 
at high pressure, PEMs start to smoothen, covering the substrate more 
homogeneously, becoming more structured, which means that the 
different layers are assembled more distinctly, as well as becoming 
thinner and denser. Probably some of the PEs are removed too. So, after 
annealing the surface charge may become weaker but the pore sizes of 
the coating layer will also become narrower which can cause the in
crease in multivalent cation rejections while it is still open for mono
valent cations permeation. 

The promising point of this long-term test is that the selectivity 
improved about 60% after 22 hours while the brine flux decreased by 
less than 7% compared to the short-term test. 

4. Conclusions 

The aim of this study was to improve the performance of commercial 
PA nanofiltration membranes for selective separation of mono/multi
valent cations in RO seawater brine. To this end, an NF270 and a Desal-5 
DL membrane were selected. Several layers of different charged poly
electrolytes (PDADMAC/PSS) were deposited on the surface of NF 
membranes. Characterization results showed that PE coating influences 
the surface charge, contact angles, and surface porosity of membranes. 
The effect of bilayer number on membrane performance was studied 
with pure water, single salt, simple mixed salt, and synthetic brine. By 
the short-term experiments, it was seen that 5.5 bLs-coated Desal-5 DL 
NF membrane had the highest selectivity between mono/multivalent 
cations (> 21) and the highest average rejection for the multivalent 
cations group (about 95.7%). The coating also had a positive impact on 
water permeance of Desal-5 DL membrane (more than 20% improve
ment in pure water permeance) which is likely related to increased 
water uptake of the coating layer. In addition, the stability test (long- 
term) showed that the Desal-5 DL membrane coated with 5.5 bilayers is 
stable over an extended period of filtration (22 hours), resulting in a 
selectivity factor of 34 and a multivalent cation rejection of around 
97.7% on average. 
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[18] M. Figueira, D. Rodríguez-Jiménez, J. López, M. Reig, J.L. Cortina, C. Valderrama, 
Experimental and economic evaluation of nanofiltration as a pre-treatment for 
added-value elements recovery from seawater desalination brines, Desalination 
549 (2023), 116321. 

[19] H.-Z. Zhang, Z.-L. Xu, H. Ding, Y.-J. Tang, Positively charged capillary 
nanofiltration membrane with high rejection for Mg2+ and Ca2+ and good 
separation for Mg2+ and Li+, Desalination 420 (2017) 158–166. 

[20] D. Wu, Y. Huang, S. Yu, D. Lawless, X. Feng, Thin film composite nanofiltration 
membranes assembled layer-by-layer via interfacial polymerization from 
polyethylenimine and trimesoyl chloride, J. Membr. Sci. 472 (2014) 141–153. 

[21] F. Léniz-Pizarro, C. Liu, A. Colburn, I.C. Escobar, D. Bhattacharyya, Positively 
charged nanofiltration membrane synthesis, transport models, and lanthanides 
separation, J. Membr. Sci. 620 (2021), 118973. 

[22] X. Cheng, Y. Zhang, S. Shao, C. Lai, D. Wu, J. Xu, X. Luo, D. Xu, H. Liang, X. Zhu, 
Highly permeable positively charged nanofiltration membranes with multilayer 
structures for multiple heavy metal removals, Desalination 548 (2023), 116266. 

[23] C. Morgante, X. Ma, X. Chen, D. Wang, V. Boffa, V. Stathopoulos, J. Lopez, 
J. Cortina, A. Cipollina, A. Tamburini, Metal-Organic-Framework-based 
nanofiltration membranes for selective multi-cationic recovery from seawater and 
brines, J. Membr. Sci. (2023), 121941. 

[24] X.-H. Ma, Z. Yang, Z.-K. Yao, Z.-L. Xu, C.Y. Tang, A facile preparation of novel 
positively charged MOF/chitosan nanofiltration membranes, J. Membr. Sci. 525 
(2017) 269–276. 

[25] F. Liu, B. Ma, D. Zhou, L.-J. Zhu, Y.-Y. Fu, L. Xue, Positively charged loose 
nanofiltration membrane grafted by diallyl dimethyl ammonium chloride 
(DADMAC) via UV for salt and dye removal, React. Funct. Polym. 86 (2015) 
191–198. 

[26] H. Deng, Y. Xu, Q. Chen, X. Wei, B. Zhu, High flux positively charged nanofiltration 
membranes prepared by UV-initiated graft polymerization of methacrylatoethyl 
trimethyl ammonium chloride (DMC) onto polysulfone membranes, J. Membr. Sci. 
366 (2011) 363–372. 

[27] Q. Nan, P. Li, B. Cao, Fabrication of positively charged nanofiltration membrane 
via the layer-by-layer assembly of graphene oxide and polyethylenimine for 
desalination, Appl. Surf. Sci. 387 (2016) 521–528. 

[28] G.-R. Xu, S.-H. Wang, H.-L. Zhao, S.-B. Wu, J.-M. Xu, L. Li, X.-Y. Liu, Layer-by-layer 
(LBL) assembly technology as promising strategy for tailoring pressure-driven 
desalination membranes, J. Membr. Sci. 493 (2015) 428–443. 

[29] A. Aksenova, End-of-life Membrane Modification inside Spiral-Wound Modules 
Using Layer-By-Layer Coating with Polyelectrolytes, MSc Thesis, LUT University, 
2020. 

[30] Y. Liu, G.Q. Chen, X. Yang, H. Deng, Preparation of layer-by-layer nanofiltration 
membranes by dynamic deposition and crosslinking, Membranes 9 (2019) 20. 

[31] W. Cheng, C. Liu, T. Tong, R. Epsztein, M. Sun, R. Verduzco, J. Ma, M. Elimelech, 
Selective removal of divalent cations by polyelectrolyte multilayer nanofiltration 
membrane: role of polyelectrolyte charge, ion size, and ionic strength, J. Membr. 
Sci. 559 (2018) 98–106. 

[32] D. Scheepers, B. Chatillon, K. Nijmeijer, Z. Borneman, Asymmetric layer-by-layer 
polyelectrolyte nanofiltration membranes with tunable retention, J. Polym. Sci. 59 
(2021) 1293–1304. 

[33] M.G. Elshof, W.M. de Vos, J. de Grooth, N.E. Benes, On the long-term pH stability 
of polyelectrolyte multilayer nanofiltration membranes, J. Membr. Sci. 615 (2020), 
118532. 
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