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A B S T R A C T

Nanofiltration membranes have limited ion-ion selectivity in water treatment applications, especially when
separating ions with similar size and charge. To achieve greater size-based selectivity in nanofiltration, more
control of pore structure is required during membrane fabrication. We demonstrate how to tailor membrane pore
size and thickness using polyelectrolyte layer-by-layer assembly by alternately applying two strong polyelec-
trolytes, PDADMAC and PSS, to a polysulfone substrate while systematically controlling the polyelectrolyte and
salt concentrations in the deposition solution. Results suggest that increasing polyelectrolyte concentration or
salt concentration in the deposition solution increases polyelectrolyte multilayer thickness, but the effects on
pore size may be categorized into two distinct regimes. In the first growth regime, increasing polyelectrolyte
concentration in the deposition solution led to larger polymer deposition rates and smaller pore sizes. In the
second growth regime, increasing polyelectrolyte concentration produced larger pore sizes. We attribute the
second regime to less adsorbed polyelectrolyte on the membrane and/or less coiled polymer chains as a result of
changing polyelectrolyte-salt interactions. Overall, results show that pore size modification is achievable using
layer-by-layer assembly by tuning polyelectrolyte-salt interactions and can be used to study and improve size-
based selectivity in membrane separation processes.

1. Introduction

Nanofiltration (NF) is a low-pressure membrane process that sepa-
rates solutes from solvents [1–3]. Compared to reverse osmosis mem-
branes, which remove almost all contaminants from solution, NF
membranes have a less dense polymer structure that partially reject
solutes, primarily by steric (size) and Donnan (charge) exclusion [4–8].
Species with larger hydrated radii than the pore are retained by the
membrane [9], while the membrane charge plays a role in ion rejection
by electrostatically repelling co-ions and attracting counterions [10].
Therefore, these intrinsic rejection mechanisms limit the ability for NF
membranes to separate species of similar size and charge. To improve
steric-based selectivity in NF, more precise control of membrane pore
structure may be required to cater to size and shape of specific solutes.

Interfacial polymerization (IP) is the most common scalable tech-
nique for fabricating ultra-thin selective membrane layers [11,12]. In
IP, the polymerization reaction occurs at the interface of two reactive
monomers in immiscible liquids [13,14], traditionally between a dia-
mine in an aqueous solution and a trimesoyl chloride in an organic
solvent [15]. IP can be conducted with a range of monomers to fabri-
cate membranes with high rejection but low resistance to water

transport, aiding to its widespread application [16]. However, tradi-
tional IP provides limited control of membrane pore structure (e.g.,
thickness and pore size), which is critical for understanding solute
transport and ultimately improving selectivity in membrane separations
[17].

Another technique for fabricating membrane selective layers is
polyelectrolyte layer-by-layer (LbL) assembly. LbL assembly is a
bottom-up cyclical process where polycations and polyanions in solu-
tion are sequentially applied to a substrate; then, each stage is followed
by rinsing to remove weakly associated polymers [18,19]. Polyelec-
trolyte multilayer (PEM) assembly is driven by electrostatic interactions
between oppositely charged polyelectrolytes as well as entropy gain
from polyelectrolytes releasing counterions and hydrating molecules
[20,21]. A range of parameters in LbL assembly affect the PEM com-
position and structure, especially those of the deposition solution such
as ionic strength [22–24], polyelectrolyte properties [25,26], poly-
electrolyte concentration [22], pH [27–29], and temperature [30,31].
Thus, LbL assembly is a versatile method that enables the selection of
appropriate deposition conditions to create a desired membrane struc-
ture [32]. Compared to IP, the LbL method is a unique platform for
examining mechanisms of ion transport because of the ability to
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systematically tailor the morphology of the membrane active layer
[33].

Of the fabrication parameters in LbL assembly, the background ionic
strength of the deposition solution has shown to play a particularly
important role in determining PEM properties and performance [34].
Salt counterions screen charges along each polyelectrolyte chain,
thereby decreasing self-repulsion between charged groups on the same
chain and causing coiled polyelectrolyte conformations [35,36]. Fur-
ther, salt counterions decrease electrostatic repulsion between poly-
electrolytes of like charges, which allows polyelectrolytes to approach
each other more closely and a greater amount of polyelectrolyte to
adsorb on the membrane [23,35–37]. The background ionic strength of
the deposition solution also dictates whether polyelectrolyte charges on
the membrane surface mostly interact with oppositely charged poly-
electrolytes or salt counterions. At low ionic strength, polyelectrolyte
charges are primarily neutralized by oppositely charged polyelec-
trolytes (i.e., intrinsic compensation). Conversely, at high ionic
strength, polyelectrolyte charges become primarily neutralized by salt
counterions (i.e., extrinsic compensation) [22,38]. Extrinsic compen-
sation leads to weaker attraction between polyelectrolytes and results
in thicker PEMs [37–40].

For NF membranes, the active layer thickness and pore size de-
termine membrane selectivity for uncharged solutes as well as water
permeability [41,42]. As such, improving steric-based selectivity re-
quires an ability to tailor both membrane thickness and pore size during
fabrication. For the LbL fabrication process, the effect of a single de-
position parameter (e.g., ionic strength or polyelectrolyte concentra-
tion) on the resulting PEM structure has been extensively studied, but
the coupled effect of such parameters has not been well defined. More
specifically, the role of the interplay between polyelectrolyte and salt in
controlling membrane pore size and thickness is not well characterized.

In this study, we investigate how the deposition conditions in LbL
assembly affect pore structure of nanofiltration membranes. We alter-
nately applied two strong oppositely charged polyelectrolytes—poly
(diallyldimethylammoniumchloride) (PDADMAC) and polyanionic poly
(sodium 4-styrenesulfonate) (PSS)—on polysulfone substrates to fabri-
cate nanofiltration membranes. We first evaluated how altering the
background ionic strength (NaCl) and polyelectrolyte (PDADMAC and
PSS) concentration in the deposition solution affect membrane solute
rejection and water flux. Then we demonstrate how the polyelectrolyte
and salt concentrations in the deposition solution influence PEM pore
size and thickness, while discussing the intermolecular interactions
underlying the resulting structure. Our findings highlight the ability to
tailor pore structure using LbL assembly, which may be used to study
solute transport and improve steric-based selectivity in membrane se-
paration processes.

2. Materials and methods

2.1. Materials and chemicals

Polysulfone (PSf) ultrafiltration (UF) membranes (Sepro
Membranes, Oceanside, CA, USA) with a 20 kDa molecular weight
cut-off were utilized as the substrate for LbL assembly. Polycationic
poly (diallyldimethylammoniumchloride) (PDADMAC; MW
150,000–200,000 g mol-1; 20% wt. in water), polyanionic poly (sodium
4-styrenesulfonate) (PSS; MW 70,000 g mol-1), erythritol (MW 122 g
mol-1), xylose (MW 150 g mol-1), and glucose (MW 180 g mol-1) were
purchased from Sigma Aldrich (St. Louis, MO, USA). J.T. Baker
Chemicals (Phillipsburg, NJ, USA) supplied sodium chloride (NaCl),
isopropanol, and glycerol. Hydrochloric acid (HCl) was purchased from
AmericanBio (Natick, Massachusetts, USA) and sodium hydroxide
(NaOH) from Avantor (Center Valley, Pennsylvania, USA).
UniversityWafer, Inc. (South Boston, MA, USA) provided silicon wafers
(Mechanical Grade 1996). Deionized water (MilliPore, Billerica, MA,
USA) was used for solution preparation, rinsing the membrane surface

during LbL modification, and compacting the membranes.

2.2. Fabrication of nanofiltration membranes using LbL assembly

For LbL assembly, we pretreated a PSf UF membrane substrate in a
25% isopropanol solution for 30min in a rotating shaker, followed by
rinsing with deionized water for three 30-min cycles. The pristine PSf
membrane was cut and placed in a specially designed frame with the
active side facing up to allow its contact with the polyelectrolyte so-
lutions. To modify the surface of the pristine membrane, we prepared
aqueous polyelectrolyte solutions of PDADMAC and PSS with varying
NaCl and polyelectrolyte concentrations (calculated based on monomer
molar mass), which are specified in Section 3. PDADMAC and PSS are
commonly used for LbL modification because they are strong poly-
electrolytes and maintain their charge across operational pH values
[7,11,41,43,44].

Unless noted otherwise, we first applied 10mL of an aqueous ca-
tionic PDADMAC solution to the PSf substrate for 10min. We then
rinsed the membrane twice for 5min using 10mL NaCl solution (with
equivalent ionic strength as the PDADMAC solution) to remove un-
adsorbed polyelectrolyte from the surface. Next, we applied 10mL of
anionic PSS solution to the cationic PDADMAC layer for 10min, with
two subsequent rinsing steps using 10mL NaCl (with equivalent ionic
strength as the PSS solution). The PDADMAC-PSS conjugation formed
the first bilayer and we repeated this deposition cycle to form addi-
tional bilayers. All membranes terminated with the polyanion, PSS. We
applied in total two bilayers to PSf substrates to evaluate membrane
performance and estimate average pore size. For membrane thickness
measurement, we used four bilayers on silicon wafers as described in
Section 2.4. After assembly, we stored the modified PSf membranes in a
glycerol/water (85% wt./15% wt.) solution for 4 h and then dried them
overnight at room temperature [34]. Before use, membranes were
rinsed thoroughly with DI water to remove the glycerol.

2.3. Nanofiltration system and solute rejection measurements

We determined solute rejection by the polyelectrolyte membranes in
a custom, laboratory-scale crossflow system with membranes in plate-
and-frame cells, with each flat sheet membrane coupon having an ef-
fective surface area of 20.02 cm2. Water recirculated between the feed
tank to the membrane cells at a crossflow velocity of 0.21m s−1 and at
a constant temperature of 25 ± 0.5 °C. Prior to filtration, we com-
pacted membranes in the crossflow system overnight at an applied
pressure of 10.3–13.8 bar (150–200 psi). After compaction, the applied
pressure was reduced to 8.3 bar (120 psi) (unless otherwise noted), pure
water flux was measured gravimetrically, and a concentrated stock
solution was added to achieve a feed concentration of 50mg L-1 total
organic carbon (TOC) (glucose), 2 mM NaCl, or 1mM Na2SO4. After
waiting 30min for stabilization, we collected feed and permeate sam-
ples to measure glucose concentration using a TOC analyzer (TOCV-
CSH, Shimadzu Corp., Japan) or NaCl and Na2SO4 concentrations using
an electrical conductivity meter (Oakton Instruments, Vernon Hills, IL).
Rejection (R) was calculated for each prepared membrane using

= ×R
C
C

1 100%p

f (1)

where cp and cf are the solute or salt concentrations in the permeate and
feed, respectively.

2.4. Membrane characterization

We estimated NF membrane average pore sizes based on the hy-
drodynamic pore transport model, which assumes the membrane to be
a bundle of cylindrical capillary tubes of the same radii. The model uses
rejection data of neutral, inert organic tracers to calculate average
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estimated pore sizes, as we described elsewhere [45]. We selected three
neutral organic solutes with different molecular weight—erythritol
(MW 122 g mol-1), xylose (MW 150 g mol-1), and glucose (MW 180 g
mol-1)—to characterize the fabricated NF membranes. Using the
crossflow system and experimental conditions described previously, we
added a concentrated stock solution to the feed tank to achieve 50mg L-
1 TOC. Samples were collected from the feed and permeate solutions at
operating pressures of 4.1, 6.2, 8.3, and 10.3 bar (60, 90, 120, and 150
psi). We measured solute feed and permeate concentrations (as TOC) to
calculate solute rejection (Eq. (1)) and used the data in the hydro-
dynamic pore transport model to estimate the average pore size. Re-
ported average pore sizes and standard deviations are based on rejec-
tion of erythritol, xylose, and glucose. Statistical differences between
samples were determined by two-sided t-tests assuming unequal var-
iances and reported as p-values. Further details about the pore transport
model are available in the Supplementary material (SM).

To evaluate the effect of the deposition conditions on PEM thick-
ness, we performed LbL fabrication on atomically smooth silicon wafers
in a specially designed frame. Using a similar process as in Section 2.2,
we alternately applied 1mL of PDADMAC and PSS solution to the
substrate for 10min, along with two subsequent 5min rinsing steps of
1mL NaCl solution. To remain above the detection limit of atomic force
microscopy (AFM), we fabricated 4 bilayers of PDADMAC-PSS on each
substrate with varying concentrations of NaCl and polyelectrolyte
(specified in Section 3). Samples were then rinsed with DI water, air-
dried overnight, and scratched with a metal precision glide needle
(18G×1 in., Becton Dickson & Co., Franklin Lakes, NJ) without da-
maging the silicon wafer. We measured dry-state thickness using a
Bruker Dimension FastScan AFM (Santa Barbara, California) equipped
with a Bruker FastScan-B cantilever (5 nm tip radius) in ScanAsyst
mode. We adjusted the cantilever tip to the edge of the scratch and
captured a 10 μm×10 μm AFM image at a scan rate of 3 Hz. We used
the Section function in Nanoscope Analysis v1.9 (Bruker) to determine
membrane cross-sectional thickness by comparing scratched and non-
scratched surfaces. We reported thickness values from averaging mea-
surements from two independent samples for each LbL condition (three
measurements per sample). Statistical differences between samples
were determined by two-sided t tests assuming unequal variances and
reported as p-values.

Surface zeta potential was determined for the PSf UF membrane
substrate to explain its affinity for PDADMAC. We calculated zeta po-
tential using streaming potential measurements performed by an
electro-kinetic analyzer (EKA, Brookhaven Instruments, Holtsville, NY,
USA), as described elsewhere [46]. Zeta potential was determined at a
background electrolyte (KCl) concentration of 1 mM and temperature of
25°C. The solution pH was adjusted using HCl and NaOH.

3. Results and discussion

3.1. Effect of polyelectrolyte and salt concentration on membrane
performance

The goal of this study was to understand how changing deposition
conditions in LbL assembly, specifically polyelectrolyte and salt con-
centration, may be used to tailor membrane pore structure. We fabri-
cated PEM NF membranes by applying polyelectrolytes to pristine PSf
UF membrane substrates with negative zeta potential (Fig. S1). Dif-
ferent membranes were prepared by systematically altering polyelec-
trolyte concentration and background ionic strength of the deposition
solution. Our early experiments investigated the effect of changing
polyelectrolyte and salt concentration in the LbL deposition solution on
membrane water flux and glucose rejection (Fig. 1). Considering that
glucose is uncharged, steric exclusion controlled glucose rejection by
the NF membranes. Therefore, performance metrics such as water flux
and glucose rejection are indicative of membrane characteristics such
as membrane pore size and thickness.

At an NaCl concentration of 0.5M, increasing polyelectrolyte con-
centration from 0.032 to 0.8mM in the deposition solution produced
NF membranes with decreasing water flux and increasing glucose re-
jection (Fig. 1A). This observation suggests that as greater polyelec-
trolyte concentration was applied to the membrane surface, there was
greater resistance to water and solute transport due to the properties of
the PEM (such as increased thickness or decreased pore size). However,
when using polyelectrolyte concentrations higher than 0.8 mM during
LbL assembly, the membrane water flux increased and glucose rejection
decreased. This finding suggests that increasing polyelectrolyte con-
centration above a certain point increased membrane permeability to
water and glucose, which can occur by decreasing membrane thickness
or increasing pore size. We found similar rejection trends for in-
dependently fabricated membranes filtering feed solutions of 50mg L-1

TOC (glucose) and 2mM Na2SO4 at 5.5 bar (80 psi) (Fig. S2).
We also investigated the effect of the background ionic strength on

membrane performance by fabricating membranes with varying salt
concentrations of the LbL deposition solution while keeping the poly-
electrolyte concentration constant (Fig. 1B). Initially, increasing back-
ground ionic strength of the deposition solution from 0.16M to 1.25M
led to membranes with higher glucose rejection and lower water flux.
These measurements can be explained by previous research on LbL
assembly suggesting that as background ionic strength increases,
polymer chains become more coiled and a greater amount of poly-
electrolyte adsorbs to the membrane [23]. Increasing salt concentration
also leads to extrinsic compensation of polyelectrolytes on the mem-
brane surface, or weaker complexes between oppositely charged poly-
electrolytes, that may produce thicker PEMs and can increase resistance
to solute and water transport [38–40]. As we further increased the
background ionic strength from 1.25M to 2.5M, the membrane rejec-
tion decreased as water flux increased. We found similar trends for
water flux and glucose rejection for membranes independently fabri-
cated at 10mM polyelectrolyte concentration with varying background
ionic strength in the deposition solution (Fig. S4). These findings in-
dicate that saturating the system with salt can increase membrane
permeability through possible pathways such as decreasing thickness or
increasing pore size.

Using water flux and glucose rejection data as indicators of PEM
structure, we observed two distinct PEM growth regimes that are de-
pendent on polyelectrolyte and salt concentrations in the deposition
solution. As more salt was added to the deposition solution, membrane
glucose rejection increased to a maximum in the first regime and then
decreased in the second regime (Fig. 1B). Notably, we also observed
two distinct regimes when increasing the polyelectrolyte concentration
of the deposition solution (Fig. 1A). In subsequent sections, we eluci-
date these regimes by investigating the coupled effect of polyelectrolyte
and salt on membrane pore structure.

3.2. Characterization of the first growth regime for PEMs

To better understand the first growth regime—why an increase in
polyelectrolyte concentration leads to higher glucose rejection and
lower water flux—we fabricated a set of membranes with 0.5 mM
polyelectrolyte concentration and 0.5M background ionic strength
(Fig. 2). We used 0.5 mM PDADMAC and PSS to remain within the first
growth regime and varied the volume of deposition solution applied to
the membrane or the deposition time. We then measured glucose re-
jection and water flux for each membrane and normalized those mea-
surements to facilitate comparison between membranes of different
intrinsic permeabilities and selectivities.

As the LbL deposition time increased beyond five minutes, nor-
malized glucose rejection increased and normalized water flux de-
creased (Fig. 2A). This performance behavior indicates that the mem-
brane average pore size decreased or the thickness increased with
greater deposition time, which is supported by another study that found
PEM thickness to increase with deposition time [22]. However,
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increasing the volume of deposition solution while keeping polyelec-
trolyte concentration constant (increasing polyelectrolyte mass) did not
increase the rate of polyelectrolyte transfer to the membrane surface
(Fig. 2B). This evidence suggests that the membrane performance ob-
served in the first growth regime, where an increase of polyelectrolyte
concentration led to higher rejection and lower water flux, is a function
of the rate of polymer transport to the membrane surface and not the
mass of polyelectrolyte available. That is, higher polyelectrolyte con-
centrations lead to larger polymer deposition rates and result in more
polyelectrolyte adsorption to the membrane surface.

3.3. Characterization of the second growth regime for PEMs

The second growth regime observed—where an increase in poly-
electrolyte concentration led to lower glucose rejection and higher
water flux—suggests that not only polyelectrolyte deposition affects
membrane performance, but also an interplay between polyelectrolyte
and salt. Membrane performance can give an indication of how poly-
electrolyte-salt interaction affects membrane structure, but it cannot
differentiate between changes in PEM pore size and thickness.
Therefore, to explain the second growth regime, we characterized PEMs
by evaluating their average pore size and thickness.

To measure thickness, we fabricated different PEM films on atom-
ically smooth silicon wafers by systematically altering polyelectrolyte
concentration and background ionic strength of the deposition solution.
We scratched the PEM film using a precision glide needle and imaged
PEM films using AFM (Figs. S5–S7). Then we scanned each side of the
edge of the scratch to measure differences in thickness across PEM and
silicon wafer surfaces (Fig. 3A). Large peaks in thicknesses near the
scratch edge are likely accumulations of displaced polyelectrolyte

induced by the scratch (Fig. 3B). Considering films were fabricated on
silicon wafers in a dry state, AFM data are not reflective of PEM
thicknesses on polymeric membranes but rather provide insight into
how film thickness changes as a function of polyelectrolyte or salt
concentration. As polyelectrolyte concentration in the deposition solu-
tion increased to 20mM, the PEM thickness significantly increased
(p < 0.01) (Fig. 3C). However, the films with the largest PEM thick-
ness (20mM PDADMAC-PSS) did not achieve the highest solute rejec-
tion and lowest water permeability (Fig. 1A). This finding indicates that
the polyelectrolyte-salt interaction affected PEM pore size differently
than thickness.

Based on rejection measurements of neutral organic solutes (ery-
thritol, xylose, and glucose), we applied the hydrodynamic pore
transport model (see SM) to estimate average pore sizes of membranes
that were fabricated on PSf UF support layers with varying polyelec-
trolyte or salt concentrations in the deposition solution [45]. Results
suggest that as the polyelectrolyte concentration increased in the LbL
deposition solution from 0.032mM to 0.80mM, the average pore radius
decreased to a minimum (p=0.20) (Fig. 3C). As the polyelectrolyte
concentration further increased to 20mM, pore sizes began to increase
(p=0.06), indicating that regulating polyelectrolyte or salt con-
centration in the deposition solution can affect the interaction between
the two species to change membrane average pore size as well as
thickness. Notably, the 0.80mM PDADMAC-PSS membrane had the
smallest pore size, which corresponds with the membrane that had the
maximum glucose rejection in Fig. 1A. For chloride on the other hand,
rejection increased with increasing polyelectrolyte concentration up to
20mM (Fig. S2). This behavior may be due to charge effects, which
were not considered in this study, or because chloride (hydrated size of
0.66 nm) is smaller than glucose (0.86 nm) and sulfate (0.77 nm) and,

Fig. 1. Water flux and glucose rejection of LbL NF
membranes fabricated with two bilayers of
PDADMAC-PSS on PSf UF membrane supports at (A)
0.5M background ionic strength (IS) with varying
polyelectrolyte concentration (PE) and (B) 20mM
polyelectrolyte concentration with varying back-
ground ionic strength. Experimental conditions:
glucose feed concentration of 50mg L-1 as total or-
ganic carbon (TOC), applied pressure of 8.3 bar (120
psi), UF substrate glucose rejection of (A) 2.4% and
(B) 0.3%, cross-flow velocity of 0.21m s−1, and
temperature of 25 °C. Water flux was measured in the
presence of glucose; pure water flux data is available
in the SM (Fig. S3). Rejection of glucose was mea-
sured using a TOC analyzer. Polyelectrolyte con-
centration (mM) was calculated based on monomer
molar mass.

Fig. 2. Normalized pure water flux and glucose re-
jection of LbL NF membranes fabricated with two
bilayers of 0.5 mM PDADMAC-PSS polyelectrolyte
(PE) concentration and 0.5M background ionic
strength (IS) on PSf UF membrane supports.
Normalized pure water flux and glucose rejection
were calculated as a function of: (A) immersion time
of membranes in polyelectrolyte deposition solution
during fabrication (volume=10mL) and (B) volume
of polyelectrolyte solution applied to UF support
layer during fabrication (time=10min), where the
lowest volume of deposition solution used (5mL)
was adequate to cover the membrane surface during
fabrication. Normalized glucose rejection was cal-
culated by dividing glucose rejection for each mem-

brane by the glucose rejection for the membranes fabricated with (A) 20min deposition time or (B) 5mL deposition solution. Normalized pure water flux was
calculated by dividing membrane water flux for each membrane by the water flux for the membranes fabricated with (A) 5min deposition time or (B) 20mL
deposition solution. Experimental conditions: glucose feed concentration of 50mg L-1 as total organic carbon (TOC), applied pressure of 8.3 bar (120 psi), UF
substrate glucose rejection of 0.7%, cross-flow velocity of 0.21m s−1, and temperature of 25 °C. Rejection of glucose was measured using a TOC analyzer.
Polyelectrolyte concentration (mM) was calculated based on monomer molar mass.
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therefore, can more easily fit into membrane pores [47,48].
We also characterized membranes that were fabricated with in-

creasing salt concentrations in the deposition solution, while keeping
the polyelectrolyte concentration constant (Fig. 3D). PEM films were
fabricated on PSf UF substrates for pore size estimation and silicon
wafers for thickness measurements. We observed similar trends for pore
size and thickness as in Fig. 3C, albeit with greater thicknesses due to
more extrinsic charge compensation in the PEM. That is, due to the
increasing ionic strength, polyelectrolytes became more neutralized by
hydrated salt counterions instead of oppositely-charged polyelec-
trolytes, which caused thicker deposited layers. As background ionic
strength of the deposition solution increased from 0.16M to 0.63M, the
average estimated pore size of the PEMs decreased to a minimum
(p=0.04), but at salt concentrations higher than 0.63M, the average
estimated pore size began to increase (p=0.13) (Fig. 3D). The trend in
pore sizes with increasing background ionic strength is broadly in
agreement with water flux and solute rejection measurements pre-
sented earlier (Fig. 1B). PEM thicknesses significantly increased across
the range of tested background ionic strengths (p < 0.01) (Fig. 3D and
Fig. S8), similar to Fig. 3C.

Overall, results indicate that controlling polyelectrolyte or salt
concentration of the deposition solution affects interactions between
the two species to change PEM thickness, pore size, and, as a result,
performance. In the following subsection, we further explore the role of
polyelectrolyte-salt interactions in controlling membrane pore size and
thickness and describe the potential mechanisms in effect.

3.4. Mechanisms of interaction between polyelectrolyte and salt

To further evaluate how the polyelectrolyte-salt interaction controls
membrane structure, we fabricated and characterized membranes at
higher ionic strength of 2.5M NaCl in the deposition solution while
varying polyelectrolyte concentration (Fig. 4) and compared them to
membranes fabricated at 0.5M NaCl (Figs. 1A and 3C). As before, PEM

films were fabricated on PSf UF substrates for pore size estimations and
silicon wafers for thickness measurements. The salt concentration was
fivefold higher in the deposition solution (2.5M NaCl), but water flux,
solute rejection, pore size, and thickness trends were largely consistent
with results for PEMs fabricated with 0.5M NaCl. For both salt con-
centrations, the PEM thickness significantly increased as the polyelec-
trolyte concentration in the deposition solution increased to 20mM
(p < 0.01) (Fig. 4B and Fig. S9).

For pore size estimations, membranes fabricated with polyelec-
trolyte concentrations below 0.80mM had average pore sizes that were
too large to accurately estimate by the method utilized. At this low
polyelectrolyte concentration, we surmise that limited amounts of
polyelectrolyte deposited on the membrane surface and few polyelec-
trolyte-polyelectrolyte complexes were formed given the amount of salt
in comparison to polyelectrolyte. Membrane average pore sizes then
became smaller with increasing polyelectrolyte concentration up to
4.0 mM (p=0.08). Increasing polyelectrolyte concentration above
4.0 mM led to larger pore sizes (p=0.05), so there is similar re-
lationship between polyelectrolyte concentration and pore size for both
2.5M NaCl and 0.5M NaCl experiments. More importantly, solute re-
jection was maximized and water flux and pore size were minimized for
identical polyelectrolyte-salt ratios: 4 mM PDADMAC-PSS/2.5M NaCl
membrane (Fig. 4) and 0.8 mM PDADMAC-PSS/0.5M NaCl membrane
(Figs. 1A and 3C). These data suggest that to maximize solute rejection
and minimize pore size for membranes fabricated with higher salt
concentrations, higher polyelectrolyte concentrations are needed in the
deposition solution. We explain this observation by polyelectrolyte and
salt interacting via charge neutralization mechanisms to affect PEM
properties and performance.

Charge neutralization (or compensation) occurs in the deposition
solution by salt counterions screening opposite charges along poly-
electrolyte chains. This screening phenomenon results in increased
folding of polyelectrolyte chains due to reduced electrostatic repulsion
between charged groups on monomer units [35,36]. For like

Fig. 3. (A) Sample AFM scans (10 μm×10 μm) of
four-bilayer dry-state films fabricated on silicon wa-
fers at PDADMAC-PSS polyelectrolyte (PE) con-
centrations of 0.032, 0.16, 0.80, 4.0, and 20mMwith
varying background ionic strength (IS). A scratch
technique was used to measure thickness as the
vertical displacement between the edge of the non-
scratched and scratched surfaces (i.e., each side of
the cross-cutting scratch) at three different positions.
(B) Sample cross-sectional views of PEM thicknesses
from AFM scans shown in (A). Thickness was mea-
sured as the vertical displacement between the non-
scratched (left side) and scratched (right side) sur-
faces. Peaks in the profile near the scratch edge may
be explained by the scratch displacing polyelec-
trolyte and causing accumulation of polyelectrolyte
at the edge of the scratch. (C) Average estimated
pore size and thickness for dry-state LbL PEMs fab-
ricated at 0.5M background ionic strength with
varying polyelectrolyte concentration. (D) Average
estimated pore size and thickness for dry-state LbL
PEMs fabricated at 20mM polyelectrolyte con-
centration with varying background ionic strength.
Pore size was determined for membranes with two
bilayers of PDADMAC-PSS on PSf UF membrane
supports using rejection of erythritol, xylose, and
glucose at applied pressures of 4.1, 6.2, 8.3, and
10.3 bar (60, 90, 120, and 150 psi). Experimental
conditions: feed concentration of 50mg L-1 as total
organic carbon (TOC) for each sugar, cross-flow ve-

locity of 0.21m s−1, and temperature of 25 °C. Rejection of glucose was measured using a TOC analyzer. Thickness was determined using AFM as described above
and by averaging measurements from two separately prepared samples for each LbL condition (three measurements per sample). Polyelectrolyte concentration (mM)
was calculated based on monomer molar mass.
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polyelectrolytes, charge neutralization decreases electrostatic repulsion
between polymer chains to increase mass adsorption on the membrane
surface [23,35–37]. Salt counterions can also neutralize opposite
charges on previously deposited polyelectrolyte layers to create weaker
attraction between polyelectrolytes and thicker PEMs (i.e., extrinsic
compensation) [37–40]. Importantly, data support that the polyelec-
trolyte concentration in the deposition solution also changes polyelec-
trolyte-salt interactions to control polymer complexation and con-
formation, which then affects PEM pore size and thickness.

The effects of polyelectrolyte-salt interactions on membrane pore
structure are schematically presented (Fig. 5). As evident in Figs. 3 and
4, at some reference polyelectrolyte and salt concentrations in the de-
position solution, pore sizes are minimized (Fig. 5A). Upon increasing
polyelectrolyte concentration for a given deposition time, there is an
increase in rate of polyelectrolyte deposition on the membrane surface,
thus increasing layer thickness (Fig. 5B). Individual polymers are also
statistically less likely to interact with salt counterions at higher poly-
electrolyte concentrations. As a result, charged polyelectrolytes are less
coiled in conformation, adsorb less to the membrane, and form more
intrinsically compensated PEMs. We claim that these mechanisms in
combination, or a subset of them, result in larger pores.

If, instead, the background salt concentration in the deposition so-
lution increases (Fig. 5C), counterions screen more charges along each
polyelectrolyte chain. The increase in thickness may be due to more
extrinsic compensation, more polyelectrolyte adsorption on the

membrane surface, and/or more coiled polyelectrolyte conformations.
We attribute the increase in average pore size with higher salt con-
centration to more extrinsic compensation, which causes the PEM to
become thicker and less dense. Additionally, charge interactions be-
tween oppositely charged polyelectrolytes on the membrane surface
may screen salt ions to the extent that it limits polyelectrolyte ad-
sorption, resulting in larger pores [23,37].

4. Conclusion

We demonstrate that controlling polyelectrolyte and salt con-
centrations in polyelectrolyte LbL assembly may be used to tune the
pore structure of PEM NF membranes. Using AFM and the hydro-
dynamic pore transport model, we showed that increasing polyelec-
trolyte concentration or salt concentration in the deposition solution
increased PEM thickness, but the effects on PEM average pore sizes
were different for two distinct growth regimes. In the first growth re-
gime, increasing polyelectrolyte and salt concentrations produced
smaller pore sizes, which we attribute to larger polymer deposition
rates and more adsorption of coiled polymers on the membrane surface,
respectively. In the second growth regime, where additional polyelec-
trolyte or salt was added to the membrane surface, pore sizes increased,
which we attribute to polyelectrolyte-salt charge neutralization inter-
actions. More specifically, when increasing polyelectrolyte concentra-
tion, a decreasing proportion of charged monomers can be neutralized

Fig. 4. (A) Water flux and glucose rejection of two-
bilayer membranes fabricated on PSf UF membrane
support layers at 2.5M background ionic strength
(IS) with varying PDADMAC-PSS polyelectrolyte
(PE) concentration. Experimental conditions: glucose
feed concentration of 50mg L-1 as total organic
carbon (TOC), applied pressure of 8.3 bar (120 psi),
UF substrate glucose rejection of ∼0%, cross-flow
velocity of 0.21m s−1, and temperature of 25 °C.
Water flux was measured in the presence of glucose;
pure water flux data is available in the SM (Fig. S10).
(B) Average estimated pore size and dry-state thick-
ness for LbL PEMs fabricated at 2.5M background
ionic strength across a range of polyelectrolyte con-
centrations. Pore size was determined for mem-

branes with two bilayers of PDADMAC-PSS on PSf UF membrane support layers using rejection of erythritol, xylose, and glucose at applied pressures of 4.1, 6.2, 8.3,
and 10.3 bar (60, 90, 120, and 150 psi). Experimental conditions: feed concentration of 50mg L-1 as total organic carbon (TOC), cross-flow velocity of 0.21m s−1,
and temperature of 25 °C. Rejection of glucose was measured using a TOC analyzer. An asterisk (*) indicates pore sizes were too large to estimate with the method
utilized. AFM was used to measure thickness of four-bilayer PDADMAC-PSS films on silicon wafers. Polyelectrolyte concentration (mM) was calculated based on
monomer molar mass.

Fig. 5. Membrane pore structure is determined by the polyelectrolyte and salt concentrations of the deposition solution due to interactions between the polyelec-
trolyte and salt. (A) As a reference point, at some given polyelectrolyte and salt concentrations in the deposition solution, average estimated pore sizes are minimized.
(B) With additional polyelectrolyte, PEM thickness and average estimated pore size increase. (C) With additional background ionic strength, PEM thickness and
average estimated pore size increase. Sphere symbols represent salt counterions, blue chains are PDADMAC, orange chains are PSS, gray layers are polysulfone
ultrafiltration substrates, and beakers represent the deposition solution. Co-ions as well as counterions in the PEM are not shown to emphasize PEM structure. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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by salt counterions, which results in less coiled polymer chains and less
polyelectrolyte adsorption to the membrane. On the other hand, in-
creasing salt concentration produces more extrinsically compensated
PEMs that have thicker and less dense structures. Overall, our results
highlight that pore size modification is achievable using LbL assembly
for the polyelectrolytes and fabrication conditions in this study.
Although controlling polyelectrolyte-salt interactions in LbL assembly
also alters PEM thickness, an ability to fabricate membranes with tun-
able average pore sizes may enable fundamental transport studies on
steric-based selectivity in membrane separation processes.
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