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ARTICLE INFO ABSTRACT

Keywords:

We investigated the relative contributions of intra-pore diffusion (via membrane thickness) and partitioning into
nanofiltration (NF) membrane pores (via membrane pore size and ion hydration energy) to the apparent energy
barriers for ion transport in NF membranes. Using polyelectrolyte layer-by-layer assembly, we independently
altered NF membrane thickness as well as membrane pore size and then determined the apparent energy barriers
to bromide and fluoride transport through the fabricated membranes. Membrane thickness and pore size were
estimated using an AFM scratch technique and the hydrodynamic pore transport model, respectively. By
increasing the number of polyelectrolyte bilayers from four to ten, the polyelectrolyte film thickness increased
from 28 to 77 nm, while the apparent energy barriers to bromide transport through the membranes with four,
seven, and ten bilayers were negligibly affected (4.4, 3.4, and 3.9 kcal mol ), respectively, at 1.7 bar). Instead,
we found that solute flux and the apparent energy barriers to ion transport were significantly affected by both
membrane pore size and ion hydration energy. Overall, our results support the traditional energy barrier-based
models for ion transport in membranes and the recently proposed notion that ion dehydration at the solution-
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membrane interface is the rate-limiting step during transport through NF membranes.

1. Introduction

Nanofiltration (NF) is a pressure-driven membrane separation pro-
cess in which a semi-permeable membrane acts as a selective barrier that
separates salts and low molecular-weight solutes from a solution [1-3].
The separation properties of NF membranes lie between those of reverse
osmosis (RO) and ultrafiltration (UF) membranes, and thus the solute
transport mechanism in NF membranes is based on both diffusion and
convection, as well as electromigration [4,5]. The most recognized so-
lute rejection mechanisms of NF membranes are Donnan (charge) and
steric (size) exclusion [6-8], which can be exploited for the removal of
target solutes, product concentration, and solvent recovery from a feed
stream [9-11]. Applications of NF (e.g., in the textile, food, pharma-
ceutical, and biorefinery industries) focus mainly on water softening and
wastewater treatment [12-20].

As solute rejection in NF is mainly controlled by the size and charge
of the membrane pores and the species passing through the pores [4], it
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follows that selectivity for species of similar size and charge is often
limited [7,21-24]. Nevertheless, certain selectivity trends have been
observed during the separation of ions of similar hydrated size and
charge [22,25], which have mainly been ascribed to the respective hy-
dration energies of the ions [22,26]. A higher hydration energy implies a
higher energetic cost of ion dehydration, while the need for ion dehy-
dration increases as the pore size decreases [22,25,27-33]. Numerous
studies have demonstrated how higher hydration energy can enhance
steric exclusion of an ion when the hydrated size of the ion is similar to
the membrane pore size, since the water shells surrounding the ion are
less easily removed or distorted during passage through the membrane
pores [4,25,27,34-37]. lon dehydration, as an ion-specific effect, can
thus be considered an additional mechanism involved in ion selectivity.

Besides influencing ion rejection, ion hydration energy and dehy-
dration are also reflected in the energy barrier to ion transport through
NF membranes [37]. Energy barriers arise when a membrane imposes a
hindrance to transport. The energy barriers amount to the energy
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required for solute transport to occur, which includes contributions from
all transport mechanisms involved (convection, diffusion, and electrical
mobility) [20,25]. Furthermore, the energy barriers due to diffusion
depend on the respective rate constants for diffusion at the
solution-membrane interface (solute partitioning into the membrane)
and inside the membrane [38].

The transport of solutes through membranes with pore sizes similar
to the size of the hydrated solute involves partitioning of the solutes into
the membrane, followed by diffusion through the membrane [22,39].
The diffusion step can be described as solutes hopping between equi-
librium positions, such as vacant sites [38,40] and sites of favorable
chemical/electrostatic interactions [41-44]. Notably, the diffusion of
dehydrated ions inside membrane pores is strongly influenced by local
charge stabilization, as the point charge of the ions is exposed upon
dehydration and thereby interacts more strongly with electrically
charged sites of the pore walls. This transport has been described as
jump diffusion and can lead to slower ion permeation through the
membrane [44].

With the series of hindrances offered by the membrane pore entry
and interior, the solutes can be considered to traverse multiple transition
states during transport — i.e., momentary high-potential-energy
and unstable configurations — much like those described by the
transition-state theory for chemical reactions [40,45]. The energy
barriers associated with the individual transition-states cannot be
evaluated separately due to the limited number of measurable param-
eters involved in transport [38]. However, an apparent representative
energy barrier to solute transport through membranes can be quantified
experimentally using a single-barrier Arrhenius-type equation, which
describes the solute flux (analogous to a chemical reaction rate constant)
as a function of temperature [22,37,46].

Molecular dynamics simulations and ion transport experiments
reveal that when the membrane pore size is similar to the hydrated size
of the ion (such as in NF membranes), ion dehydration at the pore entry
is the main contribution to the apparent energy barrier [22,25,46]. For
instance, Corry et al. [28,29] investigated energy barriers to ion
-transport in carbon nanotubes (CNTs) using molecular dynamics
s-imulations, and showed that the energy barriers were controlled by the
CNT diameter and the hydration energy of the ions, whereas the energy
barriers were unaffected by the length of the CNTs. Unlike the
frictionless transport in CNTs, polymeric NF membranes are tortuous,
and the local chemical properties may vary throughout the length of the
pores. Solutes experience various resistances during transport through
such membranes, such as physical and chemical interactions with the
pore walls [29], and they are assumed to overcome numerous
transport-related energy barriers inside the membrane pores [29,38].
The contribution of these intra-pore energy barriers to the apparent
energy barrier in NF membranes has yet to be shown experimentally.
Notably, while energy barriers arise due to a series of local hindrances,
the question whether the energy barrier for ion transport accumulates
along the membrane thickness has not been answered. Hence, the
contribution of the intra-pore energy barriers may be evaluated by
investigating the effect of membrane thickness on the apparent energy
barriers to transport in NF membranes.

NF membranes are generally composed of a thin, selective separation
layer, and a thicker, porous support layer. The separation layer
primarily controls transport through the membrane and is where energy
barriers arise. The separation layer in commercial membranes is most
commonly fabricated by interfacial polymerization, a technique where a
polymeric film is synthesized at an aqueous-organic interface [5,14,18].
An alternative method for the fabrication of the separation layer is
polyelectrolyte (PE) layer-by-layer (LbL) assembly. In this method, a
polyelectrolyte multilayer (PEM) is assembled on top of the porous
support by alternating deposition of oppositely charged PEs to form a
film with separation performance in the range of NF membranes [6,8,47,
48]. The LbL assembly method has gained attention for its simplicity and
versatility [49].
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The properties of PEM films can be controlled by numerous
fabrication parameters. For instance, the pore size and layer thickness
can be tuned by controlling the concentrations of PEs and background
ionic strength of the deposition solutions [6], the film thickness can be
increased by addition of layers [43,47,49-52], and the surface charge
can be controlled by the terminating PE [7,16,43]. Moreover, the
surface charge can be dramatically changed, or even reversed, by
incorporating salt annealing in the fabrication procedure [41,53-55].
Given the highly controllable properties of PEM films, PE LbL assembly
is a practical method for fabrication of tailor-made membranes for
specific applications, such as investigating the effects of membrane
thickness on the apparent energy barriers to ion transport through NF
membranes.

In this work, we used PE LbL assembly to study energy barriers to ion
transport in NF membranes of different thicknesses. By carefully con-
trolling the LbL deposition conditions, we first fabricated PEM NF
membranes of various thicknesses but similar pore size and surface
charge. We then measured experimental energy barriers to ion transport
through the membranes and found that (i) increased membrane
thickness does not result in significantly higher energy barriers to ion
permeation and (ii) the intra-pore diffusion creates a relatively low
barrier. Conversely, we found that energy barriers are dependent on ion
hydration energy as well as NF membranes pore size, corroborating
previous experimental and molecular dynamics studies. Our work pro-
vides experimental evidence that energy barriers to ion transport in NF
arise primarily due to ion dehydration effects at the water-membrane
interface and can be used to guide the design of selective membrane
materials.

2. Materials and methods
2.1. Materials and chemicals

Commercial polysulfone (PSf) ultrafiltration (UF) membranes
(Sepro Membranes, Oceanside, CA, USA) with molecular weight cut-off
of 20 kDa were used as the substrate for PE LbL self-assembly. Poly
(diallyldimethylammoniumchloride) (PDADMAC; MW 150,000-200,
000 g mol™'; 20% wt. in water), poly(sodium 4-styrenesulfonate)
(PSS; MW 70,000 g mol’l), erythritol, glucose, xylose, sodium
bromide (NaBr), and sodium fluoride (NaF) were purchased from Sigma
Aldrich (St. Louis, MO, USA). Sodium chloride (NaCl), isopropanol, and
glycerol were purchased from J.T. Baker Chemicals (Phillipsburg, NJ,
USA); hydrochloric acid (HCl) from AmericanBio (Natick, Massachu-
setts, USA); and sodium hydroxide (NaOH) from Avantor (Center Valley,
Pennsylvania, USA). Silicon wafers (Mechanical Grade 1996) were
provided by UniversityWafer, Inc. (South Boston, MA, USA). Deionized
(DI) water (MilliPore, Billerica, MA, USA) was used for solution prepa-
ration, membrane compaction, and cleaning the filtration system.

2.2. Fabrication of NF membranes by LbL assembly

Before deposition of the PEs onto the PSf UF membrane substrate, the
PSf membrane was immersed in 25% isopropanol and shaken at 60 rpm
for 30 min, followed by thorough rinsing with DI water in three 30-min
cycles. The pretreated PSf membrane was stored in DI water at 4°C
overnight before use. For LbL assembly, the pretreated PSf membrane
was clamped between a glass plate and a polytetrafluoroethylene (PTFE)
frame with the active side facing up (the exposed membrane area was
approximately 40 cmz) [6,47]. The frame was placed on a rotary shaker,
which was set to 60 rpm, and then 10 mL of cationic and anionic PE
solutions were deposited onto the PSf membrane in an alternating
fashion with intermediate rinsing cycles. PDADMAC and PSS were
chosen as cationic and anionic PEs, respectively, because they are both
charged over the normal operational pH [8,37].

The PE concentration of the deposition solutions used was either 0.8
or 20 mM, calculated with respect to the monomer molar mass. The PE
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concentration was decreased to fabricate membranes with smaller pore
sizes, as described in our previous work [6]. In both cases, the PEs were
dissolved in DI water with 0.5 M NaCl as the background ionic strength,
and a 0.5 M NaCl solution was used for rinsing. As the pristine PSf
membrane has a negative surface zeta potential (Fig. S2), LbL assembly
was initiated by the deposition of cationic PDADMAC onto the substrate.
The PSf membrane was exposed to the PDADMAC solution for 10 min,
followed by two 5-min rinsing cycles to remove any loosely adsorbed
PDADMAC. Subsequently, the PSS solution was applied to the substrate
for 10 min, followed by two 5-min rinsing cycles. These six steps
concluded the first bilayer. PEM NF membranes with four, seven, and
ten bilayers were fabricated to produce PEM NF membranes of different
thicknesses. The subsequent bilayers were fabricated in a similar
manner as described above, except for the top bilayer, where salt
annealing was introduced [53,55]. The PEM was annealed by applying
10 mL of 2 M NacCl for 30 min to the membrane prior to depositing the
terminating PSS layer. After LbL assembly, the PEM NF membranes were
immersed in 15% wt. glycerol for 4 h, and then air-dried overnight at
room temperature. The membranes were thoroughly rinsed with DI
water before use.

2.3. NF system, water flux and solute rejection measurements

Filtration experiments were conducted in a bench-scale crossflow
system, with flat-sheet membranes placed in plate-and-frame cells. The
effective membrane surface area was 20.02 cm?. Feed solution recircu-
lated between the membrane cells and a feed tank at a crossflow velocity
of 0.21 m s™!. The temperature of the feed solution was controlled by a
heater/chiller system (+1 °C). The membranes were compacted over-
night at high pressure—9.7 bar (140 psi) before filtrations of salt solu-
tions and 13.8 bar (200 psi) before filtrations of organic
solutions—using DI water. Pure water flux was measured gravimetri-
cally at the beginning of each experiment and then a concentrated stock
solution was added to the feed tank to reach either 4 mM NaF/NaBr or
50 mg L~! total organic carbon (TOC) (glucose/erythritol/xylose).
Additionally, filtration of a mixed anion solution containing 2 mM of
each NaCl, NaF, and NaBr was conducted. Filtrations of salt solutions
were conducted at 1.7, 5.2, and 6.9 bar (25, 75, and 100 psi), and at 22,
28, 34, and 40 °C for each operational pressure. Filtrations of organic
solutions were conducted at 4.1, 6.2, 8.3, and 10.3 bar (60, 90, 120, and
150 psi), and 25 °C. The system was stabilized for 30 min at each
pressure and temperature, after which samples of the feed and permeate
were collected to determine membrane water flux (gravimetrically) and
solute rejection. Ion concentration of single salt solutions was measured
using an electrical conductivity meter (Oakton Instruments, Vernon
Hills, IL, USA) and mixed salt solutions were measured with ion chro-
matography (Dionex DX-500 with an AS14A IonPac column). Organic
concentration was measured using a TOC analyzer (TOCV-CSH, Shi-
madzu Corp., Japan). The observed rejection, R,ps, was calculated using
the equation:

Rype = (1 —@> x 100% e8]
cr

where ¢, and ¢y are the solute concentrations of the permeate and feed,
respectively. Water permeability of the PEM NF membranes was
calculated from water flux measured during filtrations of 4 mM NaBr at
22 °C, and at 1.7, 5.2, and 6.9 bar (25, 75, and 100 psi).

2.4. Membrane characterization

PEM film thickness was evaluated using atomic force microscopy
(AFM). For this purpose, the PEM films were fabricated on atomically
smooth silicon wafers, with 1 mL of PE and rinse solutions applied to the
substrate using small PTFE frames. Similar to the procedure described in
Section 2.2, the PEM films were formed by alternating deposition of
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PDADMAC and PSS to the substrate for 10 min, with two 5-min inter-
mediate rinsing cycles, and salt annealing to the terminating bilayer.
The PEM samples were rinsed with DI water and air-dried overnight.
Before AFM scanning, the dry PEM films were scratched with a needle
without damaging the silicon wafer. PEM samples were measured using
a Bruker Dimension FastScan AFM (Santa Barbara, CA, USA) equipped
with a Bruker FastScan-B cantilever (5 nm tip radius) in ScanAsyst
mode. AFM images of the edge of the scratch were captured at a scan
rate of 3 Hz. Height profiles across the scratch were obtained by an
image analysis software, NanoScope Analysis v1.9 (Bruker), using the
section tool. The height difference between the PEM film and the bare
silicon wafer revealed the dry PEM film thickness. PEM thicknesses are
reported as the average and standard deviation of six measurements
(three scratches on two PEM films). Statistical difference was assessed
using one-way ANOVA and the results are reported as p-values.

An estimation of the average pore size of the PEM NF membranes
was calculated using the hydrodynamic pore transport model [56]. The
model assumes the membrane to be a bundle of cylindrical capillary
tubes of constant radii and uses rejection data of neutral organic solutes
for the pore size estimation, as was described previously by our group [6,
18,571. Solute flux and rejection data for erythritol (MW 122 g mol™%),
xylose (MW 150 g mol™1) and glucose (MW 180 g mol~ 1) were collected
during single solute filtrations using the crossflow system, filtration
conditions, and analytical methods described in Section 2.3. These data
were fed to the hydrodynamic pore transport model, and the average
membrane pore radius was estimated from transport data for each
organic solute. Estimated pore sizes and standard deviations are re-
ported based on the results obtained from erythritol, xylose and glucose
rejections. Statistical difference was assessed using one-way ANOVA and
the results are reported as p-values. The model has been described in
detail by Deen [56] and Nghiem et al. [57], and a short description of the
method is provided in the Supplementary Material.

The surface zeta potential of the PEM NF membranes was calculated
from streaming potential measurements using an electro-kinetic
analyzer with an asymmetric clamping cell (EKA, Brookhaven In-
struments, Holtsville, NY, USA) as described elsewhere [8,14]. The
surface zeta potential was determined at pH 5, 7, and 9 using a constant
background electrolyte concentration of 1 mM KCl and 0.1 mM KHCOs.
PEM NF membranes were prepared on PSf UF substrate by the method
described in Section 2.2, except using a bigger PTFE frame and 20 mL of
PE and rinse solutions. The results are reported as the average and
standard deviation of two independent samples, with eight streaming
potential measurements per sample.

2.5. Determination of energy barriers to ion transport

Experimental energy barriers to ion transport through the PEM NF
membranes were determined from an Arrhenius-type equation:

J,=A exp( - If_;") 2)

where J; is the ion flux through the membrane, A is a pre-exponential
factor, E, is the experimental energy barrier, R is the universal gas
constant, and T is the absolute temperature. A linearized form of Eq. (2)
describes the natural logarithm of ion flux through the membrane as a
function of the inverse of the absolute temperature:

E,
RT

InJ;=InA — 3)

Energy barriers to ion transport through the PEM NF membranes
were calculated from the slope of the line resulting from Eq. (3). The ion
flux, Js, was calculated at different feed temperatures from experimental
data according to:

Jy=Juc, 4
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where J,, is the water flux through the membrane and c, is the ion
concentration in the permeate. The ion flux was normalized to the feed
concentration at each sampling to eliminate any effect of feed concen-
tration variability due to sampling and solvent evaporation at elevated
temperatures. Energy barriers to water transport were calculated in a
similar manner as for ion transport, except using water flux instead of
solute flux in Eq. (3).

Water flux and rejection data for fluoride, bromide, and chloride
were collected in single and mixed sodium salt filtrations, using the
crossflow system, filtration conditions, and analytical methods
described in Section 2.3. The experimental energy barriers to water and
ion transport in the PEM NF membranes with four, seven, and ten
bilayers were calculated from these data. The average and standard
deviation are reported from at least three independently fabricated
membranes. Statistical difference was assessed using one-way ANOVA
and Welch two-sample t-tests, and the results are reported as p-values.

3. Results and discussion
3.1. Characterization of PEM NF membranes

The aim of this study was to investigate the effect of intra-pore ion
transport on energy barriers in NF membranes. To do so, we fabricated
PEM NF membranes of different thicknesses by changing the number of
bilayers of PDADMAC/PSS deposited on a PSf UF substrate. The PEM
fabrication conditions were selected so that only the thickness of the
PEM NF membranes changed by addition of bilayers, while changes in
membrane pore size and surface charge were minimized. We estimated
the PEM thickness, average pore size, and surface zeta potential using
AFM, the hydrodynamic pore transport model, and an electro kinetic
analyzer, respectively, to quantify variations in these membrane
properties.

For thickness measurements, PEMs with four, seven, and ten bilayers
of PDADMAC/PSS were fabricated on atomically smooth silicon wafers.
After assembly, the PEM films were dried and then scratched with a
needle before imaging with AFM (Fig. S1). A scan of the edge of the
scratch revealed the height difference between the PEM and the bare
silicon wafer, which corresponded to the dry PEM thickness (Fig. 1A-C).
The PEM thickness increased from 28 to 77 nm for PEMs with four to ten
bilayers (p < 0.001, Fig. 1C). The observed PEM film growth was linear
with an average bilayer thickness of 7.9 nm, which is in good agreement
with results reported elsewhere for similar systems [6,50,52,58]. The
measured PEM thickness indicates the increase in thickness of the sep-
aration layers of the PEM NF membranes with addition of bilayers,
although the thickness may not be directly comparable to the PEMs on
porous UF membranes. When PEMs are assembled on porous substrates,
the PEM growth begins in a pore regime (filling of the pores) before it
reaches the film regime (increasing film thickness) [50,53]. Here, we
deposited at least four bilayers onto the PSf UF substrate to be within the
film regime across all experiments.

The average pore sizes of the PEM NF membranes were estimated
using the hydrodynamic pore transport model. Membranes with four,
seven, and ten bilayers of PDADMAC/PSS were fabricated on PSf UF
substrates and applied in filtrations of neutral organic solutes (eryth-
ritol, xylose, and glucose). The pore size calculations were based on
rejection data for the solutes (Table S2), as described elsewhere [6,57].
Pore sizes were seemingly not affected by the number of bilayers in the
PEM films, as the average estimated pore radii were calculated to be
0.73, 0.70, and 0.74 nm for the PEM NF membranes with four, seven,
and ten bilayers, respectively (p = 0.76, Fig. 1C). Similarly, the variation
in surface zeta potential among the PEM NF membranes with different
number of bilayers was small and assumed not to affect the energy
barrier measurements (Fig. 1D). The control over surface charge was
achieved by applying salt annealing to the PEM NF membranes during
fabrication. Preliminary experiments showed that the surface zeta

Journal of Membrane Science 603 (2020) 117921

potential of PEM NF membranes with two, four, and eight bilayers of
PDADMAC/PSS fabricated without salt annealing became increasingly
positive with addition of bilayers, even with PSS (anionic) as the ter-
minating PE (Fig. S2). This phenomenon has been commonly explained
by overcompensation of PDADMAC in the PEM due to an uneven
adsorption of PDADMAC and PSS to the film, which results in accu-
mulation of excess PDADMAC with addition of bilayers [51,53,58]. Salt
annealing has been proposed as a method to restore the stoichiometric
balance between PDADMAC and PSS in PEM films [55]. Briefly, the
mobility of the PEs within the PEM is enhanced by exposure to high salt
concentration (>1.5 M NaCl), whereby the excess, extrinsic PDADMAC
sites (charge-neutralized by salt counter-ions from the deposition solu-
tion) are evenly dispersed through the PEM, allowing a higher uptake of
PSS at the surface in the following deposition cycle [55]. By applying
salt annealing, we were able to produce membranes with different
number of bilayers but similar, negative surface charges (Fig. 1D).

The filtration performance of the PEM NF membranes (water
permeability and solute rejection, Table 1) supports the results obtained
from characterization. Water permeability decreased from 9.01 to 6.61
Lm~2h~! bar ! upon increasing the number of bilayers from four to ten
(p < 0.01), which can be explained by higher resistance to water flux in
thicker membranes [12]. Notably, the decrease in water flux was not
inversely proportional to the increase in membrane thickness, which
indicates that partitioning into the membrane imposed a higher resis-
tance to transport than diffusion inside the membrane [38]. Glucose and
bromide rejection remained similar for the three membranes (p > 0.57
for both solutes), which is in agreement with results from the
hydrodynamic pore transport model and electro kinetic analyzer,
respectively. The similarity in the rejection values is also consistent with
predictions of a pore transport model proposed by Bowen and Welfoot
[59], who showed that rejection of uncharged solutes and ions is
independent of membrane thickness.

Membrane thickness increased significantly with the addition of
bilayers to the PEMs while pore size and surface zeta potential were
comparatively unaffected (Fig. 1). The similarity in pore size was
particularly important for measurements of energy barriers to ion
transport through the membranes, given the reported effect of steric
hindrance on ion dehydration (i.e., greater need for ion dehydration
when ions pass through smaller membrane pores) [25]. Thus, the
characterization proves the usefulness of the PEM NF membranes for
studying the effect of membrane thickness on energy barriers to ion
transport in NF membranes.

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

We applied PEM NF membranes of varying thicknesses (with four,
seven, and ten bilayers of PDADMAC/PSS) in filtrations of ionic solu-
tions and calculated the energy barriers to ion transport through the
membranes, according to the linearized Arrhenius equation (Eq. (3)). In
an attempt to limit the dominating effect of ion dehydration at the pore

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

4 Bilayers 7 Bilayers 10
20 mM PE 20 mM PE Bilayers
20 mM PE
Water permeability” (L m~2 9.01 + 8.46 + 6.61 +
h™'bar ) 1.13 0.91 0.47

Bromide rejection, Rops” (%) 16.3+42 129+3.2 17.9 +2.7
Glucose rejection, Rops™ (%) 39.6 + 43.5+ 4.5 432 +21

10.1

2 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.

¢ Measured at 25 °C, 6.2 bar, and pH 5.7, feed concentration 50 mg L~ TOC.
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Fig. 1. Characterization of PEM films and PEM NF

B T T T T T membranes prepared with four, seven, and ten bi-
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Section Length (um) and the bare silicon wafer (thinner part). Three
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C measured. (C) Average estimated pore size (p = 0.76)
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o 3 8 5F N o Experimental conditions: feed concentration 50 mg
Qo2 20 = rﬂj’ < A L~! TOC, crossflow velocity 0.21 m s~*, and temper-
-10F - ature 25 °C. (D) Surface zeta potential of PEM NF
0.0 4 Bilayers _ 7 Bilayers 5 5 7 8 ) membranes fabricated on PSf UF substrate. The sur-
pH face zeta potential was calculated from eight

entry on the apparent energy barrier, we used bromide ions with rela-
tively low hydration energy and PEM NF membranes with average pore
sizes larger than the hydrated size of the ions in our study. By using such
a system, the potential effect of membrane thickness, i.e., the
contribution of the transport resistance arising within the membrane, on
the apparent energy barrier should have become more evident.
Bromide flux through the membranes was measured at temperatures
ranging from 22 to 40 °C and operating pressures of 1.7-6.9 bar (Fig. 2).
An increase in the two operating parameters led to an increase in
bromide flux. Generally, solute flux increases at higher pressure (up to a
certain critical pressure) mostly due to enhanced convective flow
[25,60], while higher temperature leads to increased diffusion,
decreased water viscosity, and potentially altered membrane pore
structure (e.g., due to fusion of adjacent pores) [61-63]. The effect of
temperature on the PEM pore sizes and water viscosity was investigated
by comparing the calculated energy barriers for water and ion transport
through the membranes (Fig. S3). The energy barriers for water were
always lower than for ions, so the observed increase in bromide flux at
higher temperatures cannot be explained entirely by increased pore size
or decreased water viscosity. Rather, an additional ion-specific mecha-
nism (i.e., ion dehydration) was involved in bromide transport in
addition to convection, which resulted in higher energy barriers to
bromide transport than water transport. The relatively small difference
between the energy barriers for water and bromide transport (especially
in the membranes with larger pore size) suggests, however, that bromide
transport through the membranes was significantly affected by con-
vection. In addition to the influence of pressure and temperature, bro-
mide flux decreased with membrane thickness, which can be explained
by increased resistance to convective and diffusive transport [12].
However, the reduction in bromide flux was comparatively lower than
the increase in membrane thickness, suggesting that hindrance to
transport was composed of another major barrier than intra-pore

streaming potential measurements on two indepen-
dent coupons using a constant background electrolyte
concentration of 1 mM KCI and 0.1 mM KHCOs. The
pH was adjusted using hydrochloric acid (HCI) and
sodium hydroxide (NaOH). (For interpretation of the
references to colour in this figure legend, the reader is
referred to the Web version of this article.)

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

Arrhenius plots were produced from bromide fluxes at different
temperatures by plotting the natural logarithm of the bromide flux
against the inverse of the absolute temperature (Fig. 3A). The linearity
of the Arrhenius plots verifies the occurrence of thermally activated
transport through the membranes, and the slopes of the Arrhenius plots
were thus used to calculate the apparent energy barriers (Fig. 3B) [38].
The energy barriers to bromide transport in PEM NF membranes of
different thicknesses ranged from 3.4 to 4.4 kcal mol~!; these barriers
are comparable to energy barriers calculated elsewhere for commercial
NF and ion-exchange membranes [22,37]. Notably, the data do not show
a relationship between the energy barriers and membrane thickness.
More specifically, the energy barriers do not increase with increased
membrane thickness, suggesting that the apparent energy barrier is not
an accumulative parameter with respect to membrane thickness;
instead, it represents the local energy barrier of the rate-limiting step.
Our results thus support previously published models on diffusion in
membranes describing solute transport as sequential (and local) barriers
in series, rather than a single accumulative barrier over the membrane
[38].

Similar observations have been described previously by Epsztein
etal. [22,37] who found energy barriers to ion transport in ion-exchange
membranes to be comparable to those for NF membranes, despite
ion-exchange membranes being much thicker than NF membranes. The
authors concluded that the energy barriers were mainly due to ion
dehydration at the pore entry, in agreement with previous studies [22,
25,46]. According to transport models based on the transition-state
theory [38], if the energy barrier due to intra-pore diffusion is signifi-
cant, solute flux will depend inversely on membrane thickness. Here, the
relatively minor effect of thickness on solute flux (Fig. 2) suggests that
the barrier at the solution-membrane interface is the rate-limiting step
and therefore poses the most significant barrier for solute transport.
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Fig. 2. Bromide flux through PEM NF membranes with (A) four, (B) seven, and
(C) 10 bilayers of PDADMAC/PSS. Membranes were prepared by deposition of
20 mM polyelectrolyte solutions onto a PSf UF substrate. Bromide flux was
measured during filtration of 4 mM NaBr solutions at 1.7, 5.2, and 6.9 bar (25,
75, and 100 psi). Rejection was calculated from conductivity measurements of
the feed and permeate. Experimental conditions: crossflow velocity of 0.21 m
s™!, pH 5.7. Error bars report standard deviations of four independently
fabricated membranes.

Although the average pore size was relatively large in our experiments
and transport was dominated by convection rather than diffusion, some
pores may still force bromide ions to partially dehydrate or, at least,
rearrange their hydration shells at the pore entrance.

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

To verify that ion dehydration governs the apparent energy barrier,
we studied the effects of ion hydration energy and membrane pore size
on energy barriers to ion transport in PEM NF membranes. We fabricated
PEM NF membranes with different pore sizes by varying the concen-
trations of PEs in the deposition solutions from 0.8 to 20 mM, which
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resulted in membranes with average estimated pore radii of 0.62 and
0.70 nm, respectively, as estimated from the hydrodynamic pore
transport model. We then determined the energy barriers to bromide
transport through those membranes (Fig. 4B). The effect of ion hydra-
tion energy on energy barriers was investigated by comparing bromide
and fluoride transport (hydration energies of 75.3 and 111.1 keal mol %,
respectively [22]) in PEM NF membranes with seven bilayers of
PDADMAC/PSS and an average estimated pore radius of 0.62 nm
(Fig. 4A).

Both higher ion hydration energy (fluoride) and smaller membrane
pore size (0.8 mM PE) resulted in increased energy barriers to ion
transport through the PEM NF membranes (Fig. 4 and Fig. S4), in
contrast to increased membrane thickness (Fig. 3B). As such, hydration
energy and pore size had a greater effect on energy barriers than
membrane thickness, which suggests that partial ion dehydration con-
trols the apparent energy barrier to ion transport in NF membranes.
Welch two-sample t-tests showed significant differences in energy bar-
riers for bromide and fluoride ions (p = 0.01-0.05) as well as for the pore
sizes (p = 0.02-0.16), where the p-values vary depending on the applied
pressure. Larger differences may have been observed in membranes with
pore sizes more comparable to the hydrated size of the ions, where
diffusive transport is relatively more important in comparison to
convective transport.

Energy barriers to ion transport in membranes have been found to
decrease to some extent upon increasing the operating pressure, notably
when the ions experience a high resistance to partitioning into the
membrane due to high ion hydration energy and narrow pores [25].
Considering that the apparent energy barrier is calculated from the
Arrhenius-type equation where solute flux is described as a function of
temperature, the decrease in energy barriers at higher pressure (or
higher water permeation velocity) may be the result of increased
contribution of convective transport over diffusive transport at higher
pressure [1,20]. The temperature dependence of diffusion thereby be-
comes comparatively less important for solute flux, which can be
observed as a decrease in the apparent energy barrier at higher pressure.
We evaluated the effects of pressure on the energy barriers and found
that pressure effects were generally not apparent, with the exception of
fluoride transport through the denser membrane studied (pore radius of
0.62 nm, Fig. 4A). The pressure effect was thus more pronounced as the
need for ion dehydration was higher, in agreement with reported ob-
servations [25,62]. The energy barrier to fluoride transport decreased
significantly with pressure (p < 0.001), while no pressure effects on the
energy barriers to bromide transport were observed at the operating
pressures applied here, suggesting that bromide transport was largely
convection-controlled. Based on these observations, pressure may
potentially be exploited to tune the selectivity of NF membranes towards
ions of similar hydrated size and charge.

3.4. Mechanisms of ion transport through PEM NF membranes

The apparent energy barrier to solute transport in membranes was
originally described by a membrane diffusion model derived from the
transition-state theory [38]. According to this model, the apparent en-
ergy barrier is dependent on both the energy barriers to intra-pore
diffusion and the energy barrier due to solute partitioning into the
membrane. Similarly, the transport of ions through a PEM NF membrane
may be described as a sequence of energy barriers that arise due to ion
partitioning into the membrane pores and diffusion across the mem-
brane thickness (Fig. 5) [38,64]. Although the apparent energy barrier
theoretically depends on both steps, it is governed by the rate-limiting
step during transport, or the step that imposes a higher energy barrier
[38]. We found that membrane thickness did not affect the apparent
energy barriers calculated here, indicating that the apparent energy
barrier is not an accumulative parameter with respect to thickness.
Instead, the apparent energy barrier represents a single local barrier as
described by the membrane diffusion model [38]. Notably, the relatively
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Fig. 3. (A) Arrhenius plots and (B) experimental en-
ergy barriers to bromide transport through PEM NF
membranes with four, seven, and ten bilayers of
PDADMAC/PSS. Membranes were prepared by depo-
sition of 20 mM PE solutions onto a PSf UF substrate.
(A) Bromide flux was determined during filtration of
4 mM NaBr at 22, 28, 34, and 40 °C; 5.2 bar (75 psi);
crossflow velocity of 0.21 m s~!; and pH 5.7. The
bromide flux was normalized to the flux at 22 °C (295
K) and the natural logarithm of the normalized flux
was plotted against the inverse of the absolute tem-
perature, according to the linearized Arrhenius
equation. (B) Energy barriers were calculated from
the slopes of the Arrhenius plots at applied pressures
of 1.7, 5.2, and 6.9 bar (25, 75, and 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, respectively). Error bars
report standard deviations of four independently
fabricated membranes.

Fig. 4. (A) Experimental energy barriers to transport
of anions of different hydration energies (Br~ = 75.3
keal mol’l; F~ =111.1 kcal mol™ 1) through PEM NF
membranes with seven bilayers of PDADMAC/PSS
(Welch two-sample t-tests; p = 0.05, 0.01, and 0.02
for 1.7, 5.2, and 6.9 bar, respectively). Membranes
were prepared by deposition of 0.8 mM PE solutions
onto a PSf UF substrate. (B) Experimental energy
barriers to bromide transport through PEM NF mem-
branes of 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, respectively). PEM NF membranes were prepared
by deposition of seven bilayers of 20 mM (pore radius
= 0.70 nm) and 0.8 mM (pore radius = 0.62 nm)
PDADMAC/PSS onto a PSf UF substrate. The energy
barriers were calculated from flux and rejection data
from filtration of single salt solutions (4 mM NaBr or
4 mM NaF) at 22, 28, 34, and 40 °C; crossflow ve-
locity of 0.21 m s™'; and pH 5.7. The energy barriers

were calculated from the slope of Arrhenius plots,
where the natural logarithm of ion flux through the
membranes was plotted against the inverse of the
absolute temperature. Error bars report standard de-
viations of three independently fabricated
membranes.

ITIPSS & ¥/ PDADMAC M PSf UF Substrate = Anion @& Water molecule

Fig. 5. Schematic description of energy barriers to anion transport through PEM NF membranes. The main energy barrier arises at the membrane-water interface,
where ions undergo dehydration, or deformation of their hydration shells, before they enter the pore. The ions overcome further energy barriers as they move

through the membrane and hop between vacant sites and between charged groups of the membrane.
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small effect of thickness on ion flux, even with the local charge stabili-
zation of the dehydrated ion during diffusion through the membranes,
suggests that transport was mainly controlled by ion partitioning into
the membrane, i.e. ion dehydration at the solution-membrane interface,
and not by diffusion inside the membrane.

While ion rejection and the apparent energy barriers to ion transport
were unaffected by increasing membrane thickness, water permeability
and solute flux decreased to some extent due to a greater resistance to
water transport. Membrane thickness thus somewhat influenced the rate
of transport through the membranes but did not play a role in ion
selectivity. The selectivity of the membranes was solely dictated by the
pore size of the membrane and properties of the ions. Once a solute has
crossed the largest energy barrier at the pore entry, the solute traverses
the membrane without being significantly affected by the pore interior
[38].

4. Conclusion

We investigated the role of intra-pore diffusion in the apparent en-
ergy barriers to ion transport in NF membranes. PEM NF membranes
were prepared using PE LbL assembly, where one membrane property
(either membrane thickness or pore size) was varied while other mem-
brane properties were kept constant. The apparent energy barriers to
bromide and fluoride transport through the membranes were calculated
from an Arrhenius-type equation. We found no distinguishable effect on
the apparent energy barriers to bromide transport when changing
membrane thickness, whereas both ion hydration energy and membrane
pore size significantly affected the apparent energy barriers. The results
indicate that the apparent energy barriers to ion transport were mainly
controlled by ion dehydration at the water-membrane interface (i.e., in
entering or partitioning into the pore) rather than intra-pore diffusion.
This observation was supported by predictions of a membrane diffusion
model previously derived from the transition-state theory, which shows
that solute permeation (translated to the apparent energy barrier here) is
independent of membrane thickness when transport is controlled by
partitioning of the solute into the membrane. The results highlight the
important role of ion dehydration at the water-membrane interface in
controlling ion rejection by NF membranes and simultaneously elimi-
nate membrane thickness as a parameter involved in ion dehydration-
based selectivity.
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