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Abstract 26 

We investigated the relative contributions of intra-pore diffusion (via membrane thickness) and 27 

partitioning into nanofiltration (NF) membrane pores (via membrane pore size and ion hydration 28 

energy) to the apparent energy barriers for ion transport in NF membranes. Using polyelectrolyte 29 

layer-by-layer assembly, we independently altered NF membrane thickness as well as membrane 30 

pore sizes and then determined the apparent energy barriers to bromide and fluoride transport 31 

through the fabricated membranes. Membrane thickness and pore sizes were estimated using an 32 

AFM scratch technique and the hydrodynamic pore transport model, respectively. By increasing 33 

the number of polyelectrolyte bilayers from four to ten, the polyelectrolyte film thickness 34 

increased from 28 to 77 nm, while the apparent energy barriers to bromide transport through the 35 

membranes with four, seven, and ten bilayers were negligibly affected (4.4, 3.4, and 3.9 kcal 36 

mol-1, respectively, at 1.7 bar). Instead, we found that solute flux and the apparent energy 37 

barriers to ion transport were significantly affected by both membrane pore size and ion 38 

hydration energy. Overall, our results support the traditional energy barrier based models for ion 39 

transport in membranes and the recently proposed notion that ion dehydration at the solution-40 

membrane interface is the rate-limiting step during transport through NF membranes.  41 

 42 
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1. Introduction 49 

Nanofiltration (NF) is a pressure-driven membrane separation process in which a semi-50 

permeable membrane acts as a selective barrier that separates salts and low molecular-weight 51 

solutes from a solution [1–3]. The separation properties of NF membranes lie between those of 52 

reverse osmosis (RO) and ultrafiltration (UF) membranes, and thus the solute transport 53 

mechanism in NF membranes is based on both diffusion and convection, as well as 54 

electromigration [4,5]. The most recognized solute rejection mechanisms of NF membranes are 55 

Donnan (charge) and steric (size) exclusion [6–8], which can be exploited for the removal of 56 

target solutes, product concentration, and solvent recovery from a feed stream [9–11]. 57 

Applications of NF (e.g., in the textile, food, pharmaceutical, and biorefinery industries) focus 58 

mainly on water softening and wastewater treatment [12–20].  59 

As solute rejection in NF is mainly controlled by the size and charge of the membrane pores 60 

and the species passing through the pores [4], it follows that selectivity for species of similar size 61 

and charge is often limited [7,21–24]. Nevertheless, certain selectivity trends have been observed 62 

during the separation of ions of similar hydrated size and charge [22,25], which have mainly 63 

been ascribed to the respective hydration energies of the ions [22,26]. A higher hydration energy 64 

implies a higher energetic cost of ion dehydration, while the need for ion dehydration increases 65 

as the pore size decreases [22,25,27–33]. Numerous studies have demonstrated how higher 66 

hydration energy can enhance steric exclusion of an ion when the hydrated size of the ion is 67 

similar to the membrane pore size, since the water shells surrounding the ion are less easily 68 

removed or distorted during passage through the membrane pores [4,25,27,34–37]. Ion 69 

dehydration, as an ion-specific effect, can thus be considered an additional mechanism involved 70 

in ion selectivity.  71 

Besides influencing ion rejection, ion hydration energy and dehydration are also reflected in 72 

the energy barrier to ion transport through NF membranes [37]. Energy barriers arise when a 73 

membrane imposes a hindrance to transport. The energy barriers amount to the energy required 74 

for solute transport to occur, which includes contributions from all transport mechanisms 75 

involved (convection, diffusion, and electrical mobility) [20,25]. Furthermore, the energy 76 

barriers due to diffusion depend on the respective rate constants for diffusion at the solution-77 

membrane interface (solute partitioning into the membrane) and inside the membrane [38].  78 



The transport of solutes through membranes with pore sizes similar to the size of the 79 

hydrated solute involves partitioning of the solutes into the membrane, followed by diffusion 80 

through the membrane [22,39]. The diffusion step can be described as solutes hopping between 81 

equilibrium positions, such as vacant sites [38,40], and sites of favorable chemical/electrostatic 82 

interactions [41–44]. Notably, the diffusion of dehydrated ions inside membrane pores is 83 

strongly influenced by local charge stabilization, as the point charge of the ions is exposed upon 84 

dehydration and thereby interacts more strongly with electrically charged sites of the pore walls. 85 

This transport has been described as jump diffusion, and can lead to slower ion permeation 86 

through the membrane [44].  87 

With the series of hindrances offered by the membrane pore entry and interior, the solutes 88 

can be considered to traverse multiple transition states during transport  i.e., momentary high-89 

potential-energy and unstable configurations  much like those described by the transition-state 90 

theory for chemical reactions [40,45]. The energy barriers associated with the individual 91 

transition-states cannot be evaluated separately due to the limited number of measurable 92 

parameters involved in transport [38]. However, an apparent representative energy barrier to 93 

solute transport through membranes can be quantified experimentally using a single-barrier 94 

Arrhenius-type equation, which describes the solute flux (analogous to a chemical reaction rate 95 

constant) as a function of temperature [22,37,46].  96 

Molecular dynamics simulations and ion transport experiments reveal that when the 97 

membrane pore size is similar to the hydrated size of the ion (such as in NF membranes), ion 98 

dehydration at the pore entry is the main contribution to the apparent energy barrier [22,25,46]. 99 

For instance, Corry et al. [28,29] investigated energy barriers to ion transport in carbon 100 

nanotubes (CNTs) using molecular dynamics simulations, and showed that the energy barriers 101 

were controlled by the CNT diameter and the hydration energy of the ions, whereas the energy 102 

barriers were unaffected by the length of the CNTs. Unlike the frictionless transport in CNTs, 103 

polymeric NF membranes are tortuous, and the local chemical properties may vary throughout 104 

the length of the pores. Solutes experience various resistances during transport through such 105 

membranes, such as physical and chemical interactions with the pore walls [29], and they are 106 

assumed to overcome numerous transport-related energy barriers inside the membrane pores 107 

[29,38]. The contribution of these intra-pore energy barriers to the apparent energy barrier in NF 108 



membranes has yet to be shown experimentally. Notably, while energy barriers arise due to a 109 

series of local hindrances, the question whether the energy barrier for ion transport accumulates 110 

along the membrane thickness has not been answered. Hence, the contribution of the intra-pore 111 

energy barriers may be evaluated by investigating the effect of membrane thickness on the 112 

apparent energy barriers to transport in NF membranes.  113 

NF membranes are generally composed of a thin, selective separation layer, and a thicker, 114 

porous support layer. The separation layer primarily controls transport through the membrane 115 

and is where energy barriers arise. The separation layer in commercial membranes is most 116 

commonly fabricated by interfacial polymerization, a technique where a polymeric film is 117 

synthesized at an aqueous-organic interface [5,14,18]. An alternative method for the fabrication 118 

of the separation layer is polyelectrolyte (PE) layer-by-layer (LbL) assembly. In this method, a 119 

polyelectrolyte multilayer (PEM) is assembled on top of the porous support by alternating 120 

deposition of oppositely charged PEs to form a film with separation performance in the range of 121 

NF membranes [6,8,47,48]. The LbL assembly method has gained attention for its simplicity and 122 

versatility [49].  123 

The properties of PEM films can be controlled by numerous fabrication parameters. For 124 

instance, the pore size and layer thickness can be tuned by controlling the concentrations of PEs 125 

and background ionic strength of the deposition solutions [6], the film thickness can be increased 126 

by addition of layers [43,47,49–52], and the surface charge can be controlled by the terminating 127 

PE [7,16,43]. Moreover, the surface charge can be dramatically changed, or even reversed, by 128 

incorporating salt annealing in the fabrication procedure [41,53–55]. Given the highly 129 

controllable properties of PEM films, PE LbL assembly is a practical method for fabrication of 130 

tailor-made membranes for specific applications, such as investigating the effects of membrane 131 

thickness on the apparent energy barriers to ion transport through NF membranes. 132 

In this work, we used PE LbL assembly to study energy barriers to ion transport in NF 133 

membranes of different thicknesses. By carefully controlling the LbL deposition conditions, we 134 

first fabricated PEM NF membranes of various thicknesses but similar pore size and surface 135 

charge. We then measured experimental energy barriers to ion transport through the membranes 136 

and found that (i) increased membrane thickness does not result in higher energy barriers to ion 137 

permeation and (ii) the intra-pore diffusion creates a relatively low barrier. Conversely, we found 138 



that energy barriers are dependent on ion hydration energy as well as NF membranes pore size, 139 

corroborating previous experimental and molecular dynamics studies. Our work provides 140 

experimental evidence that energy barriers to ion transport in NF arise primarily due to ion 141 

dehydration effects at the water-membrane interface and can be used to guide the design of 142 

selective membrane materials. 143 

 144 

2. Materials and methods 145 

2.1 Materials and chemicals 146 

Commercial polysulfone (PSf) ultrafiltration (UF) membranes (Sepro Membranes, Oceanside, 147 

CA, USA) with molecular weight cut-off of 20 kDa were used as the substrate for PE LbL self-148 

assembly. Poly(diallyldimethylammoniumchloride) (PDADMAC; MW 150,000-200,000 g mol-149 
1; 20% wt. in water), poly(sodium 4-styrenesulfonate) (PSS; MW 70,000 g mol-1), erythritol, 150 

glucose, xylose, sodium bromide (NaBr), and sodium fluoride (NaF) were purchased from Sigma 151 

Aldrich (St. Louis, MO, USA). Sodium chloride (NaCl), isopropanol, and glycerol were 152 

purchased from J.T. Baker Chemicals (Phillipsburg, NJ, USA); hydrochloric acid (HCl) from 153 

AmericanBio (Natick, Massachusetts, USA); and sodium hydroxide (NaOH) from Avantor 154 

(Center Valley, Pennsylvania, USA). Silicon wafers (Mechanical Grade 1996) were provided by 155 

UniversityWafer, Inc. (South Boston, MA, USA). Deionized (DI) water (MilliPore, Billerica, 156 

MA, USA) was used for solution preparation, membrane compaction, and cleaning the filtration 157 

system. 158 

2.2 Fabrication of NF membranes by LbL assembly  159 

Before deposition of the PEs onto the PSf UF membrane substrate, the PSf membrane was 160 

immersed in 25% isopropanol and shaken at 60 rpm for 30 min, followed by thorough rinsing 161 

with DI water in three 30 min cycles. The pretreated PSf membrane was stored in DI water at 162 

4°C overnight before use. For LbL assembly, the pretreated PSf membrane was clamped 163 

between a glass plate and a polytetrafluoroethylene (PTFE) frame with the active side facing up 164 

(the exposed membrane area was approximately 40 cm2) [6,47]. The frame was placed on a 165 

rotary shaker, which was set to 60 rpm, and then 10 mL of cationic and anionic PE solutions 166 

were deposited onto the PSf membrane in an alternating fashion with intermediate rinsing cycles.  167 



PDADMAC and PSS were chosen as cationic and anionic PEs, respectively, because they are 168 

both charged over the normal operational pH [8,37].  169 

The PE concentration of the deposition solutions used was either 0.8 or 20 mM, calculated 170 

with respect to the monomer molar mass. The PE concentration was decreased to fabricate 171 

membranes with smaller pore sizes, as described in our previous work [6]. In both cases, the PEs 172 

were dissolved in DI water with 0.5 M NaCl as the background ionic strength, and a 0.5 M NaCl 173 

solution was used for rinsing. As the pristine PSf membrane has a negative surface zeta potential 174 

(Fig. S2), LbL assembly was initiated by the deposition of cationic PDADMAC onto the 175 

substrate. The PSf membrane was exposed to the PDADMAC solution for 10 min, followed by 176 

two 5-min rinsing cycles to remove any loosely adsorbed PDADMAC. Subsequently, the PSS 177 

solution was applied to the substrate for 10 min, followed by two 5-min rinsing cycles. These six 178 

steps concluded the first bilayer. PEM NF membranes with four, seven, and ten bilayers were 179 

fabricated to produce PEM NF membranes of different thicknesses. The subsequent bilayers 180 

were fabricated in a similar manner as described above, except for the top bilayer, where salt 181 

annealing was introduced [53,55]. The PEM was annealed by applying 10 mL of 2 M NaCl for 182 

30 min to the membrane prior to depositing the terminating PSS layer. After LbL assembly, the 183 

PEM NF membranes were immersed in 15% wt. glycerol for 4 h, and then air-dried overnight at 184 

room temperature. The membranes were thoroughly rinsed with DI water before use.  185 

2.3 NF system, water flux and solute rejection measurements 186 

Filtration experiments were conducted in a bench-scale crossflow system, with flat-sheet 187 

membranes placed in plate-and-frame cells. The effective membrane surface area was 20.02 cm2. 188 

Feed solution recirculated between the membrane cells and a feed tank at a crossflow velocity of 189 

0.21 m s-1. The temperature of the feed solution was controlled by a heater/chiller system (± 190 

1°C). The membranes were compacted overnight at high pressure—9.7 bar (140 psi) before 191 

filtrations of salt solutions and 13.8 bar (200 psi) before filtrations of organic solutions—using 192 

DI water. Pure water flux was measured gravimetrically at the beginning of each experiment and 193 

then a concentrated stock solution was added to the feed tank to reach either 4 mM NaF/NaBr or 194 

50 mg L-1 total organic carbon (TOC) (glucose/erythritol/xylose). Additionally, filtration of a 195 

mixed anion solution containing 2 mM of each NaCl, NaF, and NaBr was conducted. Filtrations 196 

of salt solutions were conducted at 1.7, 5.2, and 6.9 bar (25, 75, and 100 psi), and at 22, 28, 34, 197 



and 40°C for each operational pressure. Filtrations of organic solutions were conducted at 4.1, 198 

6.2, 8.3, and 10.3 bar (60, 90, 120, and 150 psi), and 25°C. The system was stabilized for 30 min 199 

at each pressure and temperature, after which samples of the feed and permeate were collected to 200 

determine membrane water flux (gravimetrically) and solute rejection. Ion concentration of 201 

single salt solutions was measured using an electrical conductivity meter (Oakton Instruments, 202 

Vernon Hills, IL, USA) and mixed salt solutions were measured with ion chromatography 203 

(Dionex DX-500 with an AS14A IonPac column). Organic concentration was measured using a 204 

TOC analyzer (TOCV-CSH, Shimadzu Corp., Japan). The observed rejection, Robs, was 205 

calculated using the equation: 206 

���� = �1 − 	

	�� × 	100%     (1) 207 

where cp and cf are the solute concentrations of the permeate and feed, respectively. Water 208 

permeability of the PEM NF membranes was calculated from water flux measured during 209 

filtrations of 4 mM NaBr at 22°C, and at 1.7, 5.2, and 6.9 bar (25, 75, and 100 psi). 210 

 211 

2.4 Membrane characterization 212 

PEM film thickness was evaluated using atomic force microscopy (AFM). For this purpose, the 213 

PEM films were fabricated on atomically smooth silicon wafers, with 1 mL of PE and rinse 214 

solutions applied to the substrate using small PTFE frames. Similar to the procedure described in 215 

Section 2.2, the PEM films were formed by alternating deposition of PDADMAC and PSS to the 216 

substrate for 10 min, with two 5-min intermediate rinsing cycles, and salt annealing to the 217 

terminating bilayer. The PEM samples were rinsed with DI water and air-dried overnight. Before 218 

AFM scanning, the dry PEM films were scratched with a needle without damaging the silicon 219 

wafer. PEM samples were measured using a Bruker Dimension FastScan AFM (Santa Barbara, 220 

CA, USA) equipped with a Bruker FastScan-B cantilever (5 nm tip radius) in ScanAsyst mode. 221 

AFM images of the edge of the scratch were captured at a scan rate of 3 Hz. Height profiles 222 

across the scratch were obtained by an image analysis software, NanoScope Analysis v1.9 223 

(Bruker), using the section tool. The height difference between the PEM film and the bare silicon 224 

wafer revealed the dry PEM film thickness. PEM thicknesses are reported as the average and 225 



standard deviation of six measurements (three scratches on two PEM films). Statistical 226 

difference was assessed using one-way ANOVA and the results are reported as p-values.  227 

An estimation of the average pore size of the PEM NF membranes was calculated using the 228 

hydrodynamic pore transport model [56]. The model assumes the membrane to be a bundle of 229 

cylindrical capillary tubes of constant radii and uses rejection data of neutral organic solutes for 230 

the pore size estimation, as was described previously by our group [6,18,57]. Solute flux and 231 

rejection data for erythritol (MW 122 g mol-1), xylose (MW 150 g mol-1) and glucose (MW 180 232 

g mol-1) were collected during single solute filtrations using the crossflow system, filtration 233 

conditions, and analytical methods described in Section 2.3. These data were fed to the 234 

hydrodynamic pore transport model, and the average membrane pore radius was estimated from 235 

transport data for each organic solute. Estimated pore sizes and standard deviations are reported 236 

based on the results obtained from erythritol, xylose and glucose rejections. Statistical difference 237 

was assessed using one-way ANOVA and the results are reported as p-values. The model has 238 

been described in detail by Deen [56] and Nghiem et al. [57], and a short description of the 239 

method is provided in the Supplementary Material.  240 

The surface zeta potential of the PEM NF membranes was calculated from streaming 241 

potential measurements using an electro-kinetic analyzer with an asymmetric clamping cell 242 

(EKA, Brookhaven Instruments, Holtsville, NY, USA) as described elsewhere [8,14]. The 243 

surface zeta potential was determined at pH 5, 7, and 9 using a constant background electrolyte 244 

concentration of 1 mM KCl and 0.1 mM KHCO3. PEM NF membranes were prepared on PSf UF 245 

substrate by the method described in Section 2.2, except using a bigger PTFE frame and 20 mL 246 

of PE and rinse solutions. The results are reported as the average and standard deviation of two 247 

independent samples, with eight streaming potential measurements per sample.  248 

2.5 Determination of energy barriers to ion transport 249 

Experimental energy barriers to ion transport through the PEM NF membranes were determined 250 

from an Arrhenius-type equation: 251 

�� = �	��� �− ��
���          (2) 252 

where Js is the ion flux through the membrane, A is a pre-exponential factor, Ea is the 253 

experimental energy barrier, R is the universal gas constant, and T is the absolute temperature. A 254 



linearized form of Eq. (2) describes the natural logarithm of ion flux through the membrane as a 255 

function of the inverse of the absolute temperature: 256 

ln 	�� = ln�	 −	 ����			             (3) 257 

Energy barriers to ion transport through the PEM NF membranes were calculated from the 258 

slope of the line resulting from Eq. (3). The ion flux, Js, was calculated at different feed 259 

temperatures from experimental data according to: 260 

�� =	 ��� 	          (4) 261 

where Jw is the water flux through the membrane and cp is the ion concentration in the permeate. 262 

The ion flux was normalized to the feed concentration at each sampling to eliminate any effect of 263 

feed concentration variability due to sampling and solvent evaporation at elevated temperatures. 264 

Energy barriers to water transport were calculated in a similar manner as for ion transport, except 265 

using water flux instead of solute flux in Eq. (3).   266 

Water flux and rejection data for fluoride, bromide, and chloride were collected in single and 267 

mixed sodium salt filtrations, using the crossflow system, filtration conditions, and analytical 268 

methods described in Section 2.3. The experimental energy barriers to water and ion transport in 269 

the PEM NF membranes with four, seven, and ten bilayers were calculated from these data. The 270 

average and standard deviation are reported from at least three independently fabricated 271 

membranes. Statistical difference was assessed using one-way ANOVA and Welch two-sample 272 

t-tests, and the results are reported as p-values. 273 

3. Results and discussion 274 

3.1 Characterization of PEM NF membranes  275 

The aim of this study was to investigate the effect of intra-pore ion transport on energy barriers 276 

in NF membranes. To do so, we fabricated PEM NF membranes of different thicknesses by 277 

changing the number of bilayers of PDADMAC/PSS deposited on a PSf UF substrate. The PEM 278 

fabrication conditions were selected so that only the thickness of the PEM NF membranes 279 

changed by addition of bilayers, while changes in membrane pore size and surface charge were 280 

minimized. We estimated the PEM thickness, average pore size, and surface zeta potential using 281 

AFM, the hydrodynamic pore transport model, and an electro kinetic analyzer, respectively, to 282 

quantify variations in these membrane properties.  283 



For thickness measurements, PEMs with four, seven, and ten bilayers of PDADMAC/PSS 284 

were fabricated on atomically smooth silicon wafers. After assembly, the PEM films were dried 285 

and then scratched with a needle before imaging with AFM (Fig. S1). A scan of the edge of the 286 

scratch revealed the height difference between the PEM and the bare silicon wafer, which 287 

corresponded to the dry PEM thickness (Fig. 1A-C). The PEM thickness increased from 28 to 77 288 

nm for PEMs with four to ten bilayers (p < 0.001, Fig. 1C). The observed PEM film growth was 289 

linear with an average bilayer thickness of 7.9 nm, which is in good agreement with results 290 

reported elsewhere for similar systems [6,50,52,58]. The measured PEM thickness indicates the 291 

increase in thickness of the separation layers of the PEM NF membranes with addition of 292 

bilayers, although the thickness may not be directly comparable to the PEMs on porous UF 293 

membranes. When PEMs are assembled on porous substrates, the PEM growth begins in a pore 294 

regime (filling of the pores) before it reaches the film regime (increasing film thickness) [50,53]. 295 

Here, we deposited at least four bilayers onto the PSf UF substrate to be within the film regime 296 

across all experiments.   297 

Fig. 1 298 

The average pore sizes of the PEM NF membranes were estimated using the hydrodynamic 299 

pore transport model. Membranes with four, seven, and ten bilayers of PDADMAC/PSS were 300 

fabricated on PSf UF substrates and applied in filtrations of neutral organic solutes (erythritol, 301 

xylose, and glucose). The pore size calculations were based on rejection data for the solutes 302 

(Table S2), as described elsewhere [6,57]. Pore sizes were seemingly not affected by the number 303 

of bilayers in the PEM films, as the average estimated pore radii were calculated to be 0.73, 0.70, 304 

and 0.74 nm for the PEM NF membranes with four, seven, and ten bilayers, respectively (p = 305 

0.76, Fig. 1C). Similarly, the variation in surface zeta potential among the PEM NF membranes 306 

with different number of bilayers was small and assumed not to affect the energy barrier 307 

measurements (Fig. 1D). The control over surface charge was achieved by applying salt 308 

annealing to the PEM NF membranes during fabrication. Preliminary experiments showed that 309 

the surface zeta potential of PEM NF membranes with two, four, and eight bilayers of 310 

PDADMAC/PSS fabricated without salt annealing became increasingly positive with addition of 311 

bilayers, even with PSS (anionic) as the terminating PE (Fig. S2). This phenomenon has been 312 

commonly explained by overcompensation of PDADMAC in the PEM due to an uneven 313 

adsorption of PDADMAC and PSS to the film, which results in accumulation of excess 314 



PDADMAC with addition of bilayers [51,53,58]. Salt annealing has been proposed as a method 315 

to restore the stoichiometric balance between PDADMAC and PSS in PEM films [55]. Briefly, 316 

the mobility of the PEs within the PEM is enhanced by exposure to high salt concentration (> 1.5 317 

M NaCl), whereby the excess, extrinsic PDADMAC sites (charge-neutralized by salt counter-318 

ions from the deposition solution) are evenly dispersed through the PEM, allowing a higher 319 

uptake of PSS at the surface in the following deposition cycle [55]. By applying salt annealing, 320 

we were able to produce membranes with different number of bilayers but similar, negative 321 

surface charges (Fig. 1D).  322 

The filtration performance of the PEM NF membranes (water permeability and solute 323 

rejection, Table 1) supports the results obtained from characterization. Water permeability 324 

decreased from 9.01 to 6.61 L m-2 h-1 bar-1 upon increasing the number of bilayers from four to 325 

ten (p < 0.01), which can be explained by higher resistance to water flux in thicker membranes 326 

[12]. Notably, the decrease in water flux was not inversely proportional to the increase in 327 

membrane thickness, which indicates that partitioning into the membrane imposed a higher 328 

resistance to transport than diffusion inside the membrane [38]. Glucose and bromide rejection 329 

remained similar for the three membranes (p > 0.57 for both solutes), which is in agreement with 330 

results from the hydrodynamic pore transport model and electro kinetic analyzer, respectively. 331 

The similarity in the rejection values is also consistent with predictions of a pore transport model 332 

proposed by Bowen and Welfoot [59], who showed that rejection of uncharged solutes and ions 333 

is independent of membrane thickness.  334 

Table 1 335 

Membrane thickness increased significantly with the addition of bilayers to the PEMs while 336 

pore size and surface zeta potential were comparatively unaffected (Fig. 1). The similarity in 337 

pore size was particularly important for measurements of energy barriers to ion transport through 338 

the membranes, given the reported effect of steric hindrance on ion dehydration (i.e., greater 339 

need for ion dehydration when ions pass through smaller membrane pores) [25]. Thus, the 340 

characterization proves the usefulness of the PEM NF membranes for studying the effect of 341 

membranes thickness on energy barriers to ion transport in NF membranes.  342 



3.2 Effects of membrane thickness on apparent energy barriers to ion transport 343 

We applied PEM NF membranes of varying thicknesses (with four, seven, and ten bilayers of 344 

PDADMAC/PSS) in filtrations of ionic solutions and calculated the energy barriers to ion 345 

transport through the membranes, according to the linearized Arrhenius equation (Eq. 3). In an 346 

attempt to limit the dominating effect of ion dehydration at the pore entry on the apparent energy 347 

barrier, we used bromide ions with relatively low hydration energy and PEM NF membranes 348 

with average pore sizes larger than the hydrated size of the ions in our study. By using such a 349 

system, the potential effect of membrane thickness, i.e., the contribution of the transport 350 

resistance arising within the membrane, on the apparent energy barrier should have become more 351 

evident.  352 

Bromide flux through the membranes was measured at temperatures ranging from 22-40°C 353 

and operating pressures of 1.7-6.9 bar (Fig. 2). An increase in the two operating parameters led 354 

to an increase in bromide flux. Generally, solute flux increases at higher pressure (up to a certain 355 

critical pressure) mostly due to enhanced convective flow [25,60], while higher temperature 356 

leads to increased diffusion, decreased water viscosity, and potentially altered membrane pore 357 

structure (e.g., due to fusion of adjacent pores) [61–63]. The effect of temperature on the PEM 358 

pore sizes and water viscosity was investigated by comparing the calculated energy barriers for 359 

water and ion transport through the membranes (Fig. S3). The energy barriers for water were 360 

always lower than for ions, so the observed increase in bromide flux at higher temperatures 361 

cannot be explained entirely by increased pore size or decreased water viscosity. Rather, an 362 

additional ion-specific mechanism (i.e., ion dehydration) was involved in bromide transport in 363 

addition to convection, which resulted in higher energy barriers to bromide transport than water 364 

transport. The relatively small difference between the energy barriers for water and bromide 365 

transport (especially in the membranes with larger pore size) suggests, however, that bromide 366 

transport through the membranes was significantly affected by convection. In addition to the 367 

influence of pressure and temperature, bromide flux decreased with membrane thickness, which 368 

can be explained by increased resistance to convective and diffusive transport [12]. However, the 369 

reduction in bromide flux was comparatively lower than the increase in membrane thickness, 370 

suggesting that hindrance to transport was composed of another major barrier than intra-pore 371 

diffusion, such as ion dehydration at the solution-membrane interface.       372 

Fig. 2 373 



Arrhenius plots were produced from bromide fluxes at different temperatures by plotting the 374 

natural logarithm of the bromide flux against the inverse of the absolute temperature (Fig. 3A). 375 

The linearity of the Arrhenius plots verifies the occurrence of thermally activated transport 376 

through the membranes, and the slopes of the Arrhenius plots were thus used to calculate the 377 

apparent energy barriers (Fig. 3B) [38]. The energy barriers to bromide transport in PEM NF 378 

membranes of different thicknesses ranged from 3.4-4.4 kcal mol-1; these barriers are comparable 379 

to energy barriers calculated elsewhere for commercial NF and ion-exchange membranes 380 

[22,37]. Notably, the data do not show a relationship between the energy barriers and membrane 381 

thickness. More specifically, the energy barriers do not increase with increased membrane 382 

thickness, suggesting that the apparent energy barrier is not an accumulative parameter with 383 

respect to membrane thickness; instead, it represents the local energy barrier of the rate-limiting 384 

step. Our results thus support previously published models on diffusion in membranes describing 385 

solute transport as sequential (and local) barriers in series, rather than a single accumulative 386 

barrier over the membrane [38]. 387 

Similar observations have been described previously by Epsztein et al., who found energy 388 

barriers to ion transport in ion-exchange membranes to be comparable to those for NF 389 

membranes, despite ion-exchange membranes being much thicker than NF membranes [22,37]. 390 

The authors concluded that the energy barriers were mainly due to ion dehydration at the pore 391 

entry, in agreement with previous studies [22,25,46]. According to transport models based on the 392 

transition-state theory [38], if the energy barrier due to intra-pore diffusion is significant, solute 393 

flux will depend inversely on membrane thickness. Here, the relatively minor effect of thickness 394 

on solute flux (Fig. 2) suggests that the barrier at the solution-membrane interface is the rate-395 

limiting step and therefore poses the most significant barrier for solute transport. Although the 396 

average pore size was relatively large in our experiments and transport was dominated by 397 

convection rather than diffusion, some pores may still force bromide ions to partially dehydrate 398 

or, at least, rearrange their hydration shells at the pore entrance. 399 

Fig. 3 400 



3.3 Effect of hydration energy, pore size, and pressure on apparent energy barriers to ion 401 

transport  402 

To verify that ion dehydration governs the apparent energy barrier, we studied the effects of ion 403 

hydration energy and membrane pore size on energy barriers to ion transport in PEM NF 404 

membranes. We fabricated PEM NF membranes with different pore sizes by varying the 405 

concentrations of PEs in the deposition solutions from 0.8 to 20 mM, which resulted in 406 

membranes with average estimated pore radii of 0.62 and 0.70 nm, respectively, as estimated 407 

from the hydrodynamic pore transport model. We then determined the energy barriers to bromide 408 

transport through those membranes (Fig. 4B). The effect of ion hydration energy on energy 409 

barriers was investigated by comparing bromide and fluoride transport (hydration energies of 410 

75.3 and 111.1 kcal mol-1, respectively [22]) in PEM NF membranes with seven bilayers of 411 

PDADMAC/PSS and an average estimated pore radius of 0.62 nm (Fig. 4A).  412 

Fig. 4 413 

Both higher ion hydration energy (fluoride) and smaller membrane pore size (0.8 mM PE) 414 

resulted in increased energy barriers to ion transport through the PEM NF membranes (Fig. 4 and 415 

Fig. S4), in contrast to increased membrane thickness (Fig. 3B). As such, hydration energy and 416 

pore size had a greater effect on energy barriers than membrane thickness, which suggests that 417 

partial ion dehydration controls the apparent energy barrier to ion transport in NF membranes. 418 

Welch two-sample t-tests showed significant differences in energy barriers for bromide and 419 

fluoride ions (p = 0.01-0.05) as well as for the pore sizes (p = 0.02-0.16), where the p-values 420 

vary depending on the applied pressure. Larger differences may have been observed in 421 

membranes with pore sizes more comparable to the hydrated size of the ions, where diffusive 422 

transport is relatively more important in comparison to convective transport.   423 

Energy barriers to ion transport in membranes have been found to decrease to some extent 424 

upon increasing the operating pressure, notably when the ions experience a high resistance to 425 

partitioning into the membrane due to high ion hydration energy and narrow pores [25]. 426 

Considering that the apparent energy barrier is calculated from the Arrhenius-type equation 427 

where solute flux is described as a function of temperature, the decrease in energy barriers at 428 

higher pressure (or higher water permeation velocity) may be the result of increased contribution 429 

of convective transport over diffusive transport at higher pressure [1,20]. The temperature 430 



dependence of diffusion thereby becomes comparatively less important for solute flux, which 431 

can be observed as a decrease in the apparent energy barrier at higher pressure. We evaluated the 432 

effects of pressure on the energy barriers and found that pressure effects were generally not 433 

apparent, with the exception of fluoride transport through the denser membrane studied (pore 434 

radius of 0.62 nm, Fig. 4A). The pressure effect was thus more pronounced as the need for ion 435 

dehydration was higher, in agreement with reported observations [25,62]. The energy barrier to 436 

fluoride transport decreased significantly with pressure (p < 0.001), while no pressure effects on 437 

the energy barriers to bromide transport were observed at the operating pressures applied here, 438 

suggesting that bromide transport was largely convection-controlled. Based on these 439 

observations, pressure may potentially be exploited to tune the selectivity of NF membranes 440 

towards ions of similar hydrated size and charge.   441 

3.4 Mechanisms of ion transport through PEM NF membranes 442 

The apparent energy barrier to solute transport in membranes was originally described by a 443 

membrane diffusion model derived from the transition-state theory [38]. According to this 444 

model, the apparent energy barrier is dependent on both the energy barriers to intra-pore 445 

diffusion and the energy barrier due to solute partitioning into the membrane. Similarly, the 446 

transport of ions through a PEM NF membrane may be described as a sequence of energy 447 

barriers that arise due to ion partitioning into the membrane pores and diffusion across the 448 

membrane thickness (Fig. 5) [38,64]. Although the apparent energy barrier theoretically depends 449 

on both steps, it is governed by the rate-limiting step during transport, or the step that imposes a 450 

higher energy barrier [38]. We found that membrane thickness did not affect the apparent energy 451 

barriers calculated here, indicating that the apparent energy barrier is not an accumulative 452 

parameter with respect to thickness. Instead, the apparent energy barrier represents a single local 453 

barrier as described by the membrane diffusion model [38]. Notably, the relatively small effect 454 

of thickness on ion flux, even with the local charge stabilization of the dehydrated ion during 455 

diffusion through the membranes, suggests that transport was mainly controlled by ion 456 

partitioning into the membrane, i.e. ion dehydration at the solution-membrane interface, and not 457 

by diffusion inside the membrane.  458 

Fig. 5 459 



While ion rejection and the apparent energy barriers to ion transport were unaffected by 460 

increasing membrane thickness, water permeability and solute flux decreased to some extent due 461 

to a greater resistance to water transport. Membrane thickness thus somewhat influenced the rate 462 

of transport through the membranes but did not play a role in ion selectivity. The selectivity of 463 

the membranes was solely dictated by the pore size of the membrane and properties of the ions. 464 

Once a solute has crossed the largest energy barrier at the pore entry, the solute traverses the 465 

membrane without being significantly affected by the pore interior [38].  466 

  467 



4. Conclusion 468 

We investigated the role of intra-pore diffusion in the apparent energy barriers to ion transport in 469 

NF membranes. PEM NF membranes were prepared using PE LbL assembly, where one 470 

membrane property (either membrane thickness or pore size) was varied while other membrane 471 

properties were kept constant. The apparent energy barriers to bromide and fluoride transport 472 

through the membranes were calculated from an Arrhenius-type equation. We found no 473 

distinguishable effect on the apparent energy barriers to bromide transport when changing 474 

membrane thickness, whereas both ion hydration energy and membrane pore size significantly 475 

affected the apparent energy barriers. The results indicate that the apparent energy barriers to ion 476 

transport were mainly controlled by ion dehydration at the water-membrane interface (i.e., in 477 

entering or partitioning into the pore) rather than intra-pore diffusion. This observation was 478 

supported by predictions of a membrane diffusion model previously derived from the transition-479 

state theory, which shows that solute permeation (translated to the apparent energy barrier here) 480 

is independent of membrane thickness when transport is controlled by partitioning of the solute 481 

into the membrane. The results highlight the important role of ion dehydration at the water-482 

membrane interface in controlling ion rejection by NF membranes and simultaneously eliminate 483 

membrane thickness as a parameter involved in ion dehydration-based selectivity.  484 
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 693 

Fig. 1. Characterization of PEM films and PEM NF membranes prepared with four, seven, and 694 

ten bilayers using 20 mM PDADMAC/PSS deposition solutions. (A) Sample AFM images (20 695 

×	20 µm, 3-D and 2-D) of a dry PEM film with four bilayers of PDADMAC/PSS on a silicon 696 

wafer. Before imaging, a scratch was generated by dragging a needle across the dry PEM film. 697 

The images show the topology of the PEM film and the bare silicon wafer around one edge of 698 

the scratch. (B) Sample height profiles of PEM films obtained from AFM. The thickness of the 699 

PEM films was calculated from the height profiles as the difference in height between the PEM 700 

film (thicker part) and the bare silicon wafer (thinner part). Three different scratches on two 701 

independent coupons were measured. (C) Average estimated pore size (p = 0.76) and thickness 702 

(p < 0.001) of PEM NF membranes and films, respectively. PEM NF membranes were fabricated 703 

on PSf UF substrate. Pore size was determined from the hydrodynamic pore transport model, 704 

using rejection of erythritol, xylose, and glucose in single-solute filtration experiments at applied 705 

pressures of 4.1, 6.2, 8.3, and 10.3 bar (60, 90, 120, and 150 psi). Experimental conditions: feed 706 

concentration 50 mg L-1 TOC, crossflow velocity 0.21 m s−1, and temperature 25°C. (D) Surface 707 



zeta potential of PEM NF membranes fabricated on PSf UF substrate. The surface zeta potential 708 

was calculated from eight streaming potential measurements on two independent coupons using 709 

a constant background electrolyte concentration of 1 mM KCl and 0.1 mM KHCO3. The pH was 710 

adjusted using hydrochloric acid (HCl) and sodium hydroxide (NaOH). 711 
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 714 

Fig. 2. Bromide flux through PEM NF membranes with (A) four, (B) seven, and (C) 10 bilayers 715 

of PDADMAC/PSS. Membranes were prepared by deposition of 20 mM polyelectrolyte 716 

solutions onto a PSf UF substrate. Bromide flux was measured during filtration of 4 mM NaBr 717 

solutions at 1.7, 5.2, and 6.9 bar (25, 75, and 100 psi). Rejection was calculated from 718 

conductivity measurements of the feed and permeate. Experimental conditions: crossflow 719 

velocity of 0.21 m s−1, pH 5.7. Error bars report standard deviations of four independently 720 

fabricated membranes.  721 
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  722 

Fig. 3. (A) Arrhenius plot and (B) experimental energy barriers to bromide transport through 723 

PEM NF membranes with four, seven, and ten bilayers of PDADMAC/PSS. Membranes were 724 

prepared by deposition of 20 mM PE solutions onto a PSf UF substrate. (A) Bromide flux was 725 

determined during filtration of 4 mM NaBr at 22, 28, 34, and 40°C; 5.2 bar (75 psi); crossflow 726 

velocity of 0.21 m s−1; and pH 5.7. The bromide flux was normalized to the flux at 22°C (295 K) 727 

and the natural logarithm of the normalized flux was plotted against the inverse of the absolute 728 

temperature, according to the linearized Arrhenius equation. (B) Energy barriers were calculated 729 

from the slopes of the Arrhenius plots at applied pressures of 1.7, 5.2, and 6.9 bar (25, 75, and 730 

100 psi), under the same conditions as in (A) (p = 0.23, 0.41, and 0.32 for 1.7, 5.2, and 6.9 bar, 731 

respectively). Error bars report standard deviations of four independently fabricated membranes.  732 
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  735 

Fig. 4. (A) Experimental energy barriers to transport of anions of different hydration energies 736 

(Br- = 75.3 kcal mol-1; F- = 111.1 kcal mol-1) through PEM NF membranes with seven bilayers of 737 

PDADMAC/PSS (Welch two-sample t-tests; p = 0.05, 0.01, and 0.02 for 1.7, 5.2, and 6.9 bar, 738 

respectively). Membranes were prepared by deposition of 0.8 mM PE solutions onto a PSf UF 739 

substrate. (B) Experimental energy barriers to bromide transport through PEM NF membranes of 740 

different pore sizes (Welch two-sample t-tests; p = 0.02, 0.16, and 0.03 for 1.7, 5.2, and 6.9 bar, 741 

respectively). PEM NF membranes were prepared by deposition of seven bilayers of 20 mM 742 

(pore radius = 0.70 nm) and 0.8 mM (pore radius = 0.62 nm) PDADMAC/PSS onto a PSf UF 743 

substrate. The energy barriers were calculated from flux and rejection data from filtration of 744 

single salt solutions (4 mM NaBr or 4 mM NaF) at 22, 28, 34, and 40°C; crossflow velocity of 745 

0.21 m s−1; and pH 5.7. The energy barriers were calculated from the slope of Arrhenius plots, 746 

where the natural logarithm of ion flux through the membranes was plotted against the inverse of 747 

the absolute temperature. Error bars report standard deviations of three independently fabricated 748 

membranes. 749 
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 751 

Fig. 5. Schematic description of energy barriers to anion transport through PEM NF membranes. 752 

The main energy barrier arises at the membrane-water interface, where ions undergo 753 

dehydration, or deformation of their hydration shells, before they enter the pore. The ions 754 

overcome further energy barriers as they move through the membrane and hop between vacant 755 

sites and between charged groups of the membrane.   756 

757 



Table 1. Water permeability and solute rejection of PEM NF membranes. 758 

 4 Bilayers 

20 mM PE 

7 Bilayers 

20 mM PE 

10 Bilayers 

20 mM PE 

 

Water 
permeabilitya    
(L m-2 h-1 bar-1) 

9.01 ± 1.13 8.46 ± 0.91 6.61 ± 0.47  

Bromide 
rejection, Robs

b 
(%) 

16.3 ± 4.2 12.9 ± 3.2 17.9 ± 2.7  

Glucose 
rejection, Robs

c 

(%) 
39.6 ± 10.1 43.5 ± 4.5 43.2 ± 2.1  

a Filtration of bromide solution (4 mM NaBr), at 22°C, pH 5.7, and 1.7, 5.2, and 6.9 bar               
b Measured at 22°C, 6.9 bar, and pH 5.7, feed concentration 4 mM NaBr                                                             
c Measured at 25°C, 6.2 bar, and pH 5.7, feed concentration 50 mg L-1 TOC                                                       

 759 

 760 



Highlights 

The effect of intra-pore diffusion on energy barriers to ion transport is explored 

Nanofiltration membranes with controlled thickness and pore size were fabricated 

Models derived from transition-state theory are used to describe energy barriers  

Ion dehydration is the rate-limiting step during transport in nanofiltration  

The mechanism of ion transport through nanofiltration membranes is described 
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