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Abstract 1 

We fabricated polyelectrolyte multilayer (PEM) nanofiltration (NF) membranes using a layer-2 

by-layer (LbL) method for effective removal of scale-forming divalent cations (Mg2+, Ca2+, Sr2+, 3 

and Ba2+) from feedwaters with different salinities. Two polymers with opposite charges, polycation 4 

(poly(diallyldimethylammonium chloride), PDADMAC) and polyanion (poly(sodium 4-5 

styrenesulfonate), PSS), were sequentially deposited on a commercial polyamide NF membrane to 6 

form a PEM. Compared to pristine and PSS-terminated membranes, PDADMAC-terminated 7 

membranes demonstrated much higher rejection of divalent cations and selectivity for sodium 8 

transport over divalent cations (Na+/X2+) due to a combination of both Donnan- and size-exclusion 9 

effects. A PDADMAC-terminated membrane with 5.5 bilayers exhibited 97% rejection of Mg2+ 10 

with selectivity (Na+/Mg2+) greater than 30. We attribute the order of cation rejection (Mg2+> Ca2+> 11 

Sr2+> Ba2+) to the ionic size effect, which governs both the hydration radius and hydration energy 12 

of the cations. The ionic strength (salinity) of the feed solution had a significant influence on both 13 

water flux and cation rejection of PEM membranes. In feed solutions with high ionic strength, 14 

abundant NaCl salt screened the charge of the polyelectrolytes and led to swelling of the multilayers, 15 

resulting in decreased selectivity (Na+/X2+) and increased water permeability. The fabricated PEM 16 

membranes can be potentially applied to the pretreatment of mild-salinity brackish waters to reduce 17 

membrane scaling in the main desalination stage.   18 

Keywords: nanofiltration, polyelectrolyte multilayer, divalent cation removal, ionic strength, 19 

scaling control 20 
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 22 

Highlights 23 

 24 

 A highly selective PEM membrane was fabricated via the LbL method. 25 

 Mg2+, Ca2+, Sr2+, and Ba2+ were used to explore the effect of ionic size on rejection.  26 

 Impact of salinity on PEM membrane performance was investigated. 27 

 PEM membranes can be applied to control scaling of mild-salinity brackish waters.   28 
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1. Introduction 29 

Inorganic scaling is one of the major obstacles for efficient operation of membrane desalination 30 

and wastewater treatment systems [1-4]. Membrane scaling results in water flux decline and 31 

increases transmembrane pressure, thereby raising the cost of membrane desalination [5-7]. The 32 

most common inorganic scalants are formed by calcium- and magnesium-based precipitates such 33 

as calcium sulfate, calcium carbonate, and magnesium phosphate [8-10]. Other divalent cations (e.g., 34 

strontium and barium) are frequently found in shale gas produced wastewaters and may cause 35 

scaling in wastewater treatment operations [11-14]. Current strategies of scaling control are 36 

primarily based on the use of anti-scalants. However, using anti-scalants increases operational costs 37 

and induce organic and biological fouling [15-18]. Therefore, removing scale-forming divalent 38 

cations (X2+) from the feedwater is a promising alternative for reducing scaling potential in water 39 

and wastewater treatment systems.  40 

Nanofiltration (NF) is a competitive pretreatment approach to remove particularly divalent 41 

cations. In NF, Donnan (charge) exclusion and size (steric) exclusion are the main ion rejection 42 

mechanisms [19]. Therefore, due to their larger hydrated size and charge, divalent cations can be 43 

potentially rejected more favorably than monovalent cations by NF membranes [20]. High 44 

selectivity for the passage of monovalent cations over divalent cations (Na+/X2+) can help to 45 

maintain high water flux and energy efficiency. However, most commercial thin-film composite 46 

(TFC) NF membranes are negatively charged, weakening the Donnan exclusion of divalent cations 47 

by the membrane surface. For example, the rejections of MgCl2 by two commercial TFC NF 48 

membranes, NF90 and NF270, were only about 70% at a pressure of 9 bar [21]. Also, these 49 

membranes present relatively high rejection of NaCl (85% and 40%, respectively), which results in 50 

low selectivity [22]. Therefore, developing NF membranes with a positive surface charge will favor 51 

the rejection of divalent cations (X2+) over Na+ and result in selective removal of scale-forming 52 

divalent cations from feedwaters. 53 

Polyelectrolyte multilayer (PEM) nanofiltration membranes are fabricated by depositing 54 

polycations and polyanions alternately on a porous substrate, thus enabling control of membrane 55 

surface charge and permeability [23-25]. The type and deposition sequence of polyelectrolytes 56 

influence ion removal efficiency of PEM membranes. Importantly, the membrane surface charge is 57 
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determined mainly by the terminated polyelectrolyte layer (i.e. the top layer) [26]. Due to the 58 

Donnan-exclusion effect, PEM membranes terminated with polycations, such as 59 

Poly(diallyldimethylammonium chloride) (PDADMAC) and poly(allylamine hydrochloride) 60 

(PAH), favor divalent cations removal over monovalent cations [27]. Compared to PAH-terminated 61 

membranes, PDADMAC-terminated membranes often exhibit higher water flux due to their 62 

stronger swelling ability [28]. Generally, increasing the number of polyelectrolyte bilayers results 63 

in higher ion rejection and lower water permeability [26, 29, 30].  64 

Feed solution ionic strength affects significantly the water and salt permeability of PEM 65 

membranes. For example, an increase of background ionic strength enhanced the permeability of 66 

PSS (poly(sodium 4-styrenesulfonate))/PAH multilayer capsules, as evidenced by the leakage of 67 

fluorescein dye through the capsule [31]. The authors explained the increased permeability of the 68 

multilayer membrane by the rearrangement of the polyelectrolyte segments as a response to charge 69 

screening (i.e., attraction of dissolved ions to opposite charges on the polyelectrolyte chain). It was 70 

also shown that the ionic strength of the feed solution has a nonlinear correlation with the 71 

permeability of ions through the PEM membrane due to attractive interaction between external ions 72 

and the charge of the polymer [32]. In another study involving forward osmosis, the high ionic 73 

strength of the draw solution enhanced the reverse solute flux of PEM membranes due to the 74 

increased compression of the electric double layer (EDL) [33].  75 

The properties of the substrate (i.e., the underlying support for LbL assembly) also play a role 76 

in the performance of PEM membranes [34]. The most commonly used substrates to fabricate PEM 77 

NF membranes are porous inorganic alumina and polymeric microfiltration (MF) or ultrafiltration 78 

(UF) membranes [26, 35]. To strengthen the adsorption of polyelectrolytes, these substrates are 79 

often treated with O3/UV or oxygen plasma to generate charged functional groups on the substrate 80 

surface [30, 36, 37]. Also, MF and UF porous substrates require a large number of polyelectrolyte 81 

bilayers to properly cover their large pores, resulting in extended fabrication time and decreased 82 

PEM stability. For example, seven PDADMAC/PSS bilayers on top of alumina substrate covered 83 

the underlying pores poorly, resulting in only 45% rejection of Mg2+ [28]. In contrast, TFC 84 

polyamide-based NF membranes possess negatively charged carboxyl groups [38] and require only 85 

a few bilayers to form a functional PEM membrane. Despite the potential of TFC membranes for 86 

use as substrates for LbL deposition, only a few studies have been reported on PEM membranes 87 
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utilizing such substrates [39-41].  88 

In this study, we fabricated PEM NF membranes via layer-by-layer deposition on a negatively 89 

charged TFC NF membrane to selectively remove divalent cations from feed solutions with 90 

different ionic strengths. To understand the ion removal mechanism, we investigated the role of 91 

bilayer number and membrane surface charge in the rejection of four divalent cations with different 92 

ionic size (i.e., Mg2+, Ca2+, Sr2+, and Ba2+). By adjusting the concentration of NaCl to simulate 93 

various water sources (e.g., fresh water, brackish water, and sea water), we verified the significant 94 

influence of feed solution ionic strength on both cation rejection and water permeability of PEM 95 

membranes.  96 

 97 

2. Materials and methods 98 

2.1. Materials and chemicals 99 

Poly(diallyldimethylammonium chloride) (PDADMAC; Mw = 400,000-500,000 Da, 20 wt% 100 

in water), poly(sodium 4-styrenesulfonate) (PSS; Mw = 70,000 Da), magnesium chloride 101 

hexahydrate (MgCl2·6H2O), calcium chloride dihydrate (CaCl2·2H2O), and strontium chloride 102 

hexahydrate (SrCl2·6H2O) were purchased from Sigma-Aldrich. Sodium chloride (NaCl) and 103 

barium chloride dihydrate (BaCl2·2H2O) were purchased from J. T. Baker. All the chemicals were 104 

ACS grade. Commercial TFC NF membrane (NFG) was provided by Synder Filtration. Deionized 105 

(DI) water was produced from a Milli-Q ultrapure water purification system (Millipore) and used 106 

for preparing solutions, compaction of membranes, and rinsing the NF system.  107 

2.2. Polyelectrolyte multilayer membrane fabrication 108 

The NFG membrane was chosen as the substrate for LbL deposition due to its relatively high 109 

water permeability (10.1-12.3 L m-2 h-1 bar-1), low sodium rejection (10%), and large pore size 110 

(MWCO ~ 600-800 Da) (data provided by the manufacturer). Before the deposition of 111 

polyelectrolytes, the NFG membrane was immersed in 25% isopropanol for 30 minutes, followed 112 

by a thorough rinse with DI water. A home-made frame was used to ensure that the polyelectrolyte 113 

layers were only formed on the negatively charged active layer. PDADMAC and PSS were chosen 114 

as the polycation and polyanion, respectively. PDADMAC is a strong polycation that maintains a 115 
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permanent positive charge regardless of solution pH, whereas PSS is a strong polyanion with pKa 116 

at ~1 [42, 43]. Each polymer was dissolved in 0.2 M sodium chloride solution at a concentration of 117 

0.1 g L-1. The pH values of PDADMAC and PSS solutions were 5.5 and 5.8, respectively.  118 

Figure 1 illustrates the fabrication procedure of the PEM membranes. In brief, the NFG 119 

membrane was dip-coated in 0.1 g L-1 PDADMAC solution for 30 minutes. After rinsing the 120 

membrane with 0.2 M NaCl solution (pH 5.7), the membrane was dip-coated in 0.1 g L-1 PSS 121 

solution to form the first bilayer. This deposition cycle was performed 1-5.5 times to fabricate PEM 122 

with 1-5.5 bilayers. In this study, membranes denoted as “0.5” bilayer were terminated with 123 

polycation (PDADMAC), whereas those denoted as integral bilayer were terminated with polyanion 124 

(PSS). After the deposition procedure, the PEM membranes were immersed in 15 wt% glycerol 125 

solution for four hours and dried overnight as suggested in the literature [27]. Before use, the 126 

membranes were rinsed with DI water thoroughly to remove glycerol.  127 

Figure 1 128 

2.3. Membrane characterization  129 

The zeta potential of the membrane surface at different solution pH was measured by using a 130 

streaming potential analyzer with an asymmetric clamping cell (EKA, Brookhaven Instruments, 131 

Holtsville, NY); 1 mM KCl and 0.1 mM KHCO3 were used as the background electrolytes. The 132 

detailed procedure used to calculate zeta potential from the measured streaming potential is 133 

described elsewhere [44, 45]. Eight measurements were performed for each pH and two coupons 134 

were measured independently for each membrane. The membrane surface morphology was 135 

characterized by scanning electron microscopy (SEM, Hitachi SU-70). Before measurement, the 136 

samples were dried overnight at ambient temperature and then coated with a thin film of iridium 137 

using a sputter coater (Denton Desk IV). The contact angle of the membrane was measured by the 138 

sessile drop method (OneAttension, Biolin scientific instrument) [46]. For each membrane coupon, 139 

eight contact angle measurements were conducted and the average value is presented.  140 

2.4. Ion rejection and selectivity of PEM membranes 141 

Four types of divalent cation (i.e., Mg2+, Ca2+, Sr2+, and Ba2+) were investigated. Ca2+ and 142 

Mg2+ are commonly found in brackish groundwater, while Sr2+ and Ba2+ are frequently detected in 143 
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shale gas-produced water [12, 13, 47-49]. A bench-scale cross-flow NF system was used to measure 144 

the water flux and cation rejection of PEM membranes. The dimension of the membrane cell was 145 

77 mm×26 mm×3 mm and the surface area of the membrane coupon was 20.02 cm2. All the 146 

measurements were conducted at 3.45 bar (50 psi) after six hours of membrane compaction with DI 147 

water at 4.14 bar (60 psi). Feed and permeate samples were collected one hour after the water flux 148 

stabilized in order to measure the rejection for each cation. Ion chromatography (IC; ICS-1000, 149 

Dionex, Sunnyvale, CA, USA) was used to measure the cation concentrations. The cross-flow 150 

velocity and temperature for all the experiments were maintained at 21.4 cm s-1 and 25 °C, 151 

respectively. 152 

PEM membranes with different bilayer numbers and terminated polyelectrolytes were tested 153 

with a solution mixture containing 1 mM CaCl2, 1 mM MgCl2, and 5 mM NaCl. The removal 154 

efficiency and selectivity (Na+/X2+) of Ca2+ and Mg2+ were calculated to evaluate the effect of 155 

polyelectrolyte type and bilayer number on membrane performance. In addition, the influence of 156 

ionic size on cation rejection was investigated by using four salt solutions containing 1 mM divalent 157 

cations (Mg2+, Ca2+, Sr2+, or Ba2+). In order to analyze the effect of feed solution ionic strength, 158 

different concentrations of NaCl (in the range of 50 - 500 mM) were added to 5 mM MgCl2. Finally, 159 

the removal of the above four divalent cations was investigated at high salinity (500 mM NaCl). 160 

The pH for all feed solutions used in this study was fixed at 6.0 ± 0.3. 161 

The membrane selectivity for the passage of sodium (Na+) over divalent cations (X2+) was 162 

calculated using [24, 30] 163 

𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 
𝑁𝑎+

𝑋2+ =  
𝐶𝑓(𝑋2+)

𝐶𝑝(𝑋2+)
/

𝐶𝑓(𝑁𝑎+)

𝐶𝑝(𝑁𝑎+)
=

100−𝑅𝑁𝑎+

100−𝑅𝑋2+
                                        (1) 164 

where Cf and Cp are the concentrations of cations in the feed solution and permeate, respectively; 165 

X2+ represents Mg2+, Ca2+, Sr2+, or Ba2+; and R is the rejection of each cation as calculated from  166 

𝑅 = (1 −
𝐶𝑝

𝐶𝑓
) × 100%                                                       (2) 167 

 168 

3. Results and discussion 169 

3.1. Effect of polyelectrolyte type and bilayer number on membrane properties and performance 170 
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3.1.1 PEM membranes characteristics 171 

PDADMAC- and PSS-terminated PEM membranes with different bilayer numbers on top of 172 

the polyamide NF membrane (NFG) were fabricated using the LbL method. SEM images depicting 173 

the morphologies of the NFG and PEM membranes are presented in Fig. S1 and S2. The NFG 174 

substrate had a relatively smooth surface with small round structures randomly distributed. The 175 

PDADMAC-terminated PEM membranes were fully covered with a crumpled layer (Fig. S1). On 176 

the other hand, the PSS-terminated PEM membranes had no crumpled layers but rather round 177 

structures larger than those of the NFG substrate (Fig. S2). The terminating polyelectrolyte also 178 

altered membrane hydrophilicity as indicated by the measured water contact angles (Fig. S3). The 179 

PDADMAC-terminated membranes were more hydrophobic (water contact angle between 60° and 180 

82°) than the PSS-terminated membranes and the pristine NFG membrane (water contact angle of 181 

about 40°) in agreement with previous studies [50, 51].  182 

The zeta potential of the PEM membranes was measured at different solution pH (3-9) to 183 

explore the effect of terminating polyelectrolyte and bilayer number on membrane surface charge 184 

characteristics (Fig. 2). The pristine NFG membrane showed a negative surface charge above pH 4 185 

due to the deprotonation of carboxyl groups on the polyamide membrane surface. The surface 186 

charge of PEM membranes was significantly affected by the type of capping polyelectrolytes. 187 

PDADMAC-terminated membranes showed less negative zeta potential than that of the NFG 188 

membrane at all solution pH investigated (Fig. 2A), with more positive values at increased bilayer 189 

number. Conversely, the PSS capping layer increased the negative surface charge compared to the 190 

NFG membrane (Fig. 2B), with more negative zeta potential observed for higher bilayer number. 191 

The zeta potential of the 5.5-bilayer membrane was identical to that of the 4.5-bilayer membrane, 192 

suggesting that the density of positive charge on the membrane surface reached a maximum after 193 

deposition of 4.5 bilayers. A similar phenomenon was observed for the PSS-terminated membranes 194 

after deposition of 4 bilayers.  195 

Figure 2 196 

3.1.2 Transport properties and separation performance of PEM membranes 197 

The water permeability of PEM membranes was measured in a custom-built crossflow 198 

nanofiltration system operating at 3.45 bar (50 psi). Compared to the pristine NFG membrane, both 199 
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polycation- and polyanion-terminated PEM membranes exhibited reduced water permeability, with 200 

lower water permeability at higher bilayer number (Fig. 3A). This observation is attributed to the 201 

increased resistance to water permeation with an increase in the polyelectrolyte multilayer thickness 202 

[50]. The PDADMAC-terminated membranes (denoted as “0.5” bilayer) exhibited higher water 203 

permeability than the PSS-terminated membranes (denoted as an integer bilayer). We attribute this 204 

observation to the stronger swelling ability of the PDADMAC polymer than that of the PSS polymer, 205 

resulting in higher water mobility within the deposited PDADMAC multilayers [52, 53].  206 

A feed solution containing 1 mM CaCl2, 1 mM MgCl2, and 5 mM NaCl was used to investigate 207 

the separation performance of the PEM membranes. The rejections of the three cations (i.e., Na+, 208 

Ca2+, and Mg2+) are shown in Fig. 3B. The low rejections of both monovalent (4% for Na+) and 209 

divalent (14.7% for Ca2+ and 15.7% for Mg2+) cations by the pristine NFG membrane were due to 210 

its “loose” structure (MWCO ~ 600-800 Da). The PDADMAC-terminated membranes exhibited 211 

significantly improved rejection of Ca2+ and Mg2+, yet maintained high permeation of Na+. 212 

Modifying the NFG membrane with 5.5 bilayers of polyelectrolytes, for example, resulted in 213 

rejections of 94% and 98% for Ca2+ and Mg2+, respectively, which were markedly higher than that 214 

for Na+ (only 23%). Since the membranes with 4.5 and 5.5 bilayers had the same surface charge 215 

(Fig. 2A), the higher rejection of divalent cations observed for the 5.5 bilayer membrane are 216 

attributed to an increased size-exclusion effect with the addition of another bilayer. The high 217 

permeation of Na+ and improved rejection of Ca2+ and Mg2+ resulted in an exceptional selectivity 218 

(characterized by the molar ratio Na+/X2+ at the permeate) for the PDADMAC-terminated 219 

membranes (Fig. 3C). Increasing the bilayer number to 5.5, for example, enhanced the selectivity 220 

of the PDADMAC-terminated membranes up to a value of above 30.  221 

In contrast to the results obtained with the PDADMAC-terminated membranes, divalent 222 

cations were not effectively removed by the PSS-terminated membranes (Fig. 3B and 3D). For 223 

example, the PSS-terminated membrane modified with five bilayers removed only 33% Ca2+ and 224 

54% Mg2+ from the feed solution, resulting in low selectivity (Na+/X2+). Considering the 225 

electrostatic attraction between the PSS-terminated membrane surface and cations, the higher 226 

divalent cation rejection by the five bilayer PSS-terminated membrane compared to that with less 227 

bilayers can be ascribed to increased size-exclusion effect.   228 
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Figure 3 229 

3.2. Selectivity of PEM membranes for different divalent cations (Mg2+, Ca2+, Ba2+, and Sr2+)  230 

Due to their scaling potential and common presence in freshwater, brackish water, or shale gas 231 

produced water, four divalent cations (i.e., Mg2+, Ca2+, Ba2+, and Sr2+) were chosen to evaluate the 232 

influence of ion size on the separation performance of PEM membranes. PEM membranes with 4.5 233 

and 5.5 bilayers, which demonstrated high rejection for divalent cations (Fig. 3), were used in the 234 

following study.  235 

Each divalent cation (1 mM) was mixed with NaCl (5 mM) individually to measure its rejection 236 

and selectivity (Na+/X2+) by the PEM membranes (Fig. 4A and 4B).  The PDADMAC-terminated 237 

PEM membranes showed rejections higher than 80% for all the investigated divalent cations. A 238 

clear order of both rejection and selectivity (Ba2+< Sr2+< Ca2+< Mg2+) was found for the PEM 239 

membranes. The NFG membrane, with very “loose” structure, showed relatively low rejection for 240 

all cations and could not provide a clear trend of rejection or selectivity. The highest and lowest 241 

rejections observed for Mg2+ and Ba2+, respectively, were in accordance with their hydrated radii 242 

difference (Table 1). While Sr2+ and Ca2+ have the same hydrated radius (0.412 nm) [54-57], the 243 

rejection of Ca2+ was slightly higher than that of Sr2+. We attribute this observation to the different 244 

ionic charge densities and hydration energy of the two cations. Ca2+ has a higher ionic charge 245 

density than Sr2+ because of its smaller ionic radius (0.100 nm for Ca2+ vs 0.113 nm for Sr2+) [58], 246 

leading to stronger electrostatic repulsion between Ca2+ and the positively charged PEM membrane 247 

surface [59, 60]. Also, Ca2+ with higher hydration energy (Table 1) holds the surrounding water 248 

molecules more strongly, and therefore undergoes lower dehydration than Sr2+ when entering the 249 

membrane pores [59, 61]. The removal efficiency and selectivity (Na+/X2+) for each divalent cation 250 

was investigated individually without NaCl (Fig. S4A and S4B).  A similar removal efficiency and 251 

selectivity was observed as for the mixed solutions (Fig. 4), thus eliminating possible interactions 252 

between divalent cations and sodium chloride.  253 

Figure 4 254 

3.3. Impact of solution ionic strength on cation rejection and membrane permeability 255 

Feedwaters simulating waters with various salinities (Table S1) mildly brackish water, 256 
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moderately brackish water, heavily brackish water, and seawaterwere prepared to investigate the 257 

influence of ionic strength on salt rejection and water permeability of the fabricated PEM 258 

membranes. The ionic strength of the feed solution was altered by varying the concentration of 259 

NaCl from 50 mM to 500 mM. A constant concentration of MgCl2 (5 mM) was added to all feed 260 

solutions to provide divalent cations and mimic relatively high Mg2+ concentration in brackish water 261 

[62].  262 

Figure 5 shows that salt rejection by the commercial NFG membrane was independent of 263 

feedwater salinity, whereas the rejection of Mg2+ declined substantially with the increase in solution 264 

ionic strength for the PEM membranes. For example, the rejection of Mg2+ by the 4.5 bilayer 265 

membrane decreased from 60% to 20% when NaCl concentration increased from 50 mM to 500 266 

mM. We attribute the decrease in rejection at higher ionic strength to the screening of the positive 267 

charge of PDADMAC by Cl- anions, thereby weakening the Donnan exclusion effect and reducing 268 

Mg2+ rejection [63]. 269 

Figure 5 270 

The rejection of the other divalent cations (i.e., Ba2+, Sr2+, and Ca2+) by the NFG and PEM 271 

membranes was also tested under low (Figure 6A) and high (Figure 6B) ionic strength. In the 272 

absence of NaCl, all the divalent cations showed high rejection of above 65% and 80% for the 4.5 273 

and 5.5 bilayer PEM membrane, respectively. In the presence of 500 mM NaCl, however, the 274 

rejection of all the divalent cations (at 5 mM) by the PEM membranes was significantly lower than 275 

that without NaCl due to charge screening effect. For example, the rejection of Mg2+ dropped from 276 

~ 90% to ~ 20% for the 5.5 bilayer PEM membrane after the addition of 500 mM NaCl.  277 

The water flux of the NFG and PEM membranes was affected by the increase in solution ionic 278 

strength in different ways (Figure 6C). At high ionic strength, the water flux of the NFG membrane 279 

was reduced by 20% due to the increase of feed osmotic pressure. In contrast, for the PEM 280 

membranes, high ionic strength resulted in the increase of water flux by 30% and 50% for 4.5 and 281 

5.5 bilayer PEM membranes, respectively, likely due to the swelling of the polyelectrolytes. 282 

Increased charge screening along the polyelectrolyte chain by counter-ions in the solution (i.e., Na+ 283 

or Cl-) suppresses electrostatic attraction between polyelectrolytes of opposite change and decreases 284 

the self-repulsion between charges on the same polyelectrolyte, resulting in more coiled, loopy, and 285 
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loose structure of the PEM [34]. For PEM membranes, the negative effect of osmotic pressure on 286 

the water flux was less than the positive effect of polyelectrolyte swelling, thereby resulting in an 287 

overall increase of water flux. After rinsing the NFG and PEM membranes thoroughly with DI 288 

water, the water flux was restored to its initial value. This observation indicates that the 289 

PDADMAC/PSS multilayer remained stable under high salinity conditions, and the polymer-290 

polymer ion pairs were not discomposed during the swelling process [64]. Miller et al. [65] also 291 

demonstrated that the permeability of neutral solutes (glucose, sucrose, and raffinose) for 292 

PDADMAC/PSS membranes increased due to membrane swelling. Therefore, we attribute the 293 

decreased removal efficiency of divalent cations by PEM membranes under high ionic strength 294 

(Figures 5 and 6) also to the swelling of the multilayers that further enhance the permeability of 295 

cations. 296 

Figure 6 297 

Figure 7 illustrates the mechanisms underlying the performance of the PDADMAC-terminated 298 

PEM membranes under different ionic strengths. Cation removal by the PEM membranes is due to 299 

a combined effect of Donnan (charge)- and steric (size)-exclusion mechanisms. The contribution of 300 

each mechanism to the overall rejection depends on the interaction between the polyelectrolyte 301 

chains and the surrounding ions. At low ionic strength (Figure 7A), the polyelectrolyte chains are 302 

relatively stretched due to reduced charge screening of the polyelectrolyte by the surrounding ions, 303 

resulting in strong self-repulsion between charges on the same chain as well as intramolecular 304 

repulsion between neighboring polymer chains with the same charge [66, 67]. The positive charge 305 

of the capping PDADMAC layer provides strong Donnan exclusion of divalent cations, leading to 306 

high rejection of divalent cations and high selectivity (Na+/X2+).  307 

At high ionic strength (Figure 7B), however, the polyelectrolyte charges are effectively 308 

screened by the abundant counter-ions (Cl- or Na+) present in solution. The charge screening effect 309 

weakens the repulsion forces between (i) the capping PDADMAC and cations in solution and (ii) 310 

neighboring functional groups carrying the same charge within the polymer chains. While the 311 

reduced interactions between PDADMAC and cations directly reduces the Donnan exclusion effect 312 

and therefore the cation rejection of the PEM membranes, the weakened intramolecular repulsion 313 

within the polymer chains results in the swelling of polyelectrolytes [28, 31]. The loose structure of 314 
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the polyelectrolyte layer caused by swelling leads to permeation of both water and salt, resulting in 315 

decreased cation rejection and increased water permeability. In addition, the high concentration of 316 

counter-ions in solution may cause local folding of the polymer chains and generate large pores that 317 

increase salt permeability [66]. Cross-linking of the polyelectrolytes can be used to alleviate the 318 

swelling behavior at the expense of reduced water permeability [67]. However, Donnan (charge) 319 

exclusion, one of the primary mechanisms for divalent cation removal by PEM membranes, will be 320 

still limited by charge screening in high-salinity solutions.   321 

Figure 7  322 

 323 

4. Conclusion 324 

Highly selective rejection of divalent cations was achieved with polyelectrolyte multilayer NF 325 

membranes fabricated by a simple and convenient layer-by-layer method. The PDADMAC-326 

terminated multilayer membrane exhibited a more positively charged surface than the NFG 327 

substrate membrane and PSS-terminated membrane, thus demonstrating a great potential to remove 328 

divalent cations (Mg2+, Ca2+, Sr2+, and Ba2+) selectively from feedwaters. The rejection and 329 

selectivity (Na+/X2+) are strongly dependent on (i) the number of polyelectrolyte bilayers, (ii) the 330 

type of the divalent cation, and (iii) the ionic strength of the feed solution. The number of PEM 331 

bilayers affects both Donnan-exclusion and size-exclusion mechanisms. Specifically, PEM 332 

membranes with 4.5 and 5.5 bilayers provided adequate positive charge to reject divalent cations 333 

effectively, meanwhile maintaining high water and Na+ permeabilities. Divalent cations with larger 334 

hydrated radius, higher ionic charge density, and greater hydration free energy showed higher 335 

rejection by PEM membranes. The ionic strength of the feed solution influences the PEM 336 

performance via charge screening and polymer swelling. 337 

Under low ionic strength conditions (e.g., <50 mM NaCl as a background electrolyte), the 338 

PEM membranes with 4.5 and 5.5 polyelectrolyte bilayers maintained high rejection of divalent 339 

cations. At high ionic strength, the abundant Na+ and Cl- ions not only weakened the Donnan 340 

exclusion effect by screening the charge of the polyelectrolytes, but also led to swelling of the 341 

polymer chains and loosened the structure of the polyelectrolyte multilayer. As a result, cation 342 

removal efficiency and selectivity (Na+/X2+) dropped markedly, accompanied by an increase of 343 
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water permeability compared to that under low ionic strength conditions. Despite their 344 

compromised performance under high ionic strength, these PEM membranes can be used for scaling 345 

control by pretreatment of feedwaters with mild-salinity, such as brackish water with <5000 mg/L 346 

of total dissolved solids. 347 
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 528 

 529 

 530 

Fig. 1. Schematic of multilayer polyelectrolyte membranes fabrication with alternating electrostatic deposition of 531 

polycation (poly(diallyldimethylammonium chloride), PDADMAC) and polyanion ((poly(sodium 4-532 

styrenesulfonate), PSS) on NFG substrate. The schematic was adopted from reference [27]. 533 
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 535 

 536 
Fig. 2. Zeta potential of (A) PDADMAC polymer terminated membranes and (B) PSS polymer terminated 537 

membranes as a function of pH. The error bars represent standard deviation and were calculated from duplicate 538 

measurements.  539 
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 540 

 541 

Fig. 3. Permeability and selectivity of polyelectrolyte NF membranes with different bilayer numbers and surface 542 

charge. Membranes denoted by “0.5” bilayer were terminated by polycation (PDADMAC), whereas those denoted 543 

by integral bilayer were terminated by polyanion (PSS). (A) Water permeability of NFG membrane (white 544 

column), positively (red columns) and negatively (blue columns) charged membranes. (B) Rejection of different 545 

cations from a feedwater containing 1 mM CaCl2, 1 mM MgCl2 and 5 mM NaCl. The selectivity of sodium ions 546 

over divalent cations (Ca2+/Na+, Mg2+/Na+) were calculated for (C) positively charged membranes and (D) 547 

negatively charged membranes. 548 

  549 
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 550 

 551 

 552 

Fig. 4. The rejection of divalent cations and their selectivity (Na+/X2+) for 4.5- and 5.5- bilayers polyelectrolyte 553 

NF membranes. The NFG pristine membrane was used as the control. (A) Cation rejection for mixed salt solution. 554 

The feed solution is composed of 5 mM NaCl and 1 mM divalent cation salt (BaCl2, SrCl2, CaCl2 or MgCl2). (B) 555 

The selectivity of a sodium ion over divalent cations. 556 

 557 
 558 

 559 

 560 
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 561 

Fig. 5. The rejection of Mg2+ as a function of solution ionic strength. The performance of 4.5 bilayers (red) and 562 

5.5 bilayers (green) polyelectrolyte membranes was tested and compared with NFG pristine membrane (blue). 563 

Different concentrations of NaCl (50 mM, 100 mM, 200 mM and 500 mM) were used to generate different ionic 564 

strengths.  The concentration of MgCl2 was 5 mM in all experiments. 565 

 566 

 567 

 568 

  569 



 

24 

 

 570 

 571 

Fig. 6. Divalent cation rejection and water flux under high salinity. (A) The rejection of individual cations, 572 

Na+ (red), Ba2+ (green), Sr2+ (pink), Ca2+ (orange), or Mg2+ (blue) at the concentration of 5 mM. (B) The 573 

rejection of cations from mixed salt solutions containing both 500 mM NaCl and 5 mM of each divalent 574 

salt (BaCl2, SrCl2, CaCl2, or MgCl2). (C) The effects of salinity on water permeability of each membrane. 575 

The membranes were subjected to individual and mixed salt solution in sequence, after which physical 576 

cleaning with DI water (at 21.37 cm/s cross-flow velocity) was conducted. Then the DI water flux was 577 

measured as compared with that prior to salt rejection tests. NFG, 4.5 bilayer and 5.5 bilayer polyelectrolyte 578 

membranes were tested in the experiment. 579 

 580 
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  581 
 582 
Fig. 7. Schematic of cation transport in PDADMAC-terminated multilayer polyelectrolyte membranes under low 583 

(A) and high (B) salinity. Sphere symbols represent monovalent (Pink: Na+, Green: Cl-) and divalent (Red: Mg2+, 584 

Ca2+, Sr2+ and Ba2+) ions. Orange chains and layers represented the PDADMAC polymer and positively charged 585 

polyelectrolyte layers. Blue chains and layers represented the PSS polymer and negatively charged polyelectrolyte 586 

layers. NFG is a TFC NF membrane used as the substrate of the polyelectrolyte membrane. Note that high salinity 587 

results in charge screening and polymer swelling, which influence the transport of both water and cation molecules.   588 
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 589 

Table 1 Hydrated radius, ionic radius and hydration-free energy of the cations. 590 
Cation Hydrated Radius 

(nm)a 

Ionic Radius 

 (nm)b 

Hydration Free Energy  

(KJ mol-1)b 

Na+ 0.358 0.102 364 

Ba2+ 0.404 0.136 1249 

Sr2+ 0.412 0.125 1379 

Ca2+ 0.412 0.100 1504 

Mg2+ 0.428 0.072 1828 
a The hydrated radius of the cation was obtained from Nightinga et al.[54] 591 
b The ionic radius and the hydration-free energy were obtained from Binder et al.[68] 592 
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