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ABSTRACT: Polymeric membranes are used on very large scales
for drinking water production and kidney dialysis, but they are
nearly always prepared by using large quantities of unsustainable and
toxic aprotic solvents. In this study, a water-based, sustainable, and
simple way of making polymeric membranes is presented without
the need for harmful solvents or extreme pH conditions. Membranes
were prepared from water-insoluble polyelectrolyte complexes
(PECs) via aqueous phase separation (APS). Strong polyelectrolytes
(PEs), poly(sodium 4-styrenesulfonate) (PSS), and poly-
(diallyldimethylammonium chloride) (PDADMAC) were mixed in
the presence of excess of salt, thereby preventing complexation.
Immersing a thin film of this mixture into a low-salinity bath induces
complexation and consequently the precipitation of a solid PEC-based membrane. This approach leads to asymmetric nanofiltration
membranes, with thin dense top layers and porous, macrovoid-free support layers. While the PSS molecular weight and the total
polymer concentrations of the casting mixture did not significantly affect the membrane structure, they did affect the film formation
process, the resulting mechanical stability of the films, and the membrane separation properties. The salt concentration of the
coagulation bath has a large effect on membrane structure and allows for control over the thickness of the separation layer. The
nanofiltration membranes prepared by APS have a low molecular weight cutoff (<300 Da), a high MgSO4 retention (∼80%), and
good stability even at high pressures (10 bar). PE complexation induced APS is a simple and sustainable way to prepare membranes
where membrane structure and performance can be tuned with molecular weight, polymer concentration, and ionic strength.

KEYWORDS: polyelectrolyte complexes, aqueous phase separation, nanofiltration, solvent-free, green fabrication

■ INTRODUCTION

Nonsolvent induced phase separation (NIPS) became the
dominant technique to produce polymeric membranes shortly
after its discovery in the 1960s. In this technique, a
homogeneous polymer solution is cast and then immersed in
a coagulation bath that contains nonsolvent which has a low
affinity for the polymer. The nonsolvent, typically water,
should be completely miscible with the solvent so that the
nonsolvent will replace the solvent when the cast film is
immersed in the coagulation bath. Immersion in the non-
solvent bath leads to the controlled precipitation of the
polymer film into a porous membrane. The membrane
structure and thus its performance depend on both the
polymer/solvent/nonsolvent interactions (thermodynamics)
and the mass transport through the system (kinetics). For
example, fast and immediate precipitation of a polymer often
leads to asymmetric membranes.1 These asymmetric mem-
branes have thin, dense skin layers on top that provide
selectivity and thicker porous parts that provide mechanical
strength. The natural tendency of NIPS to form asymmetric
structures is an important reason NIPS was a major
breakthrough.2

NIPS is a simple and versatile technique; however, the
solvents used for this process are nearly always dipolar aprotic
solvents, and these are mostly reprotoxic and harmful to the
environment.3 The most commonly used solvent is N-methyl-
2-pyrrolidone (NMP), a solvent that has recently come under
increased scrutiny, with the European Union introducing new
regulations to restrict its usage from 2020.4 Figoli and co-
workers reviewed publications using numerous nontoxic
solvent replacements for NIPS and thermally induced phase
separation (TIPS) processes.5 In their detailed review, several
solvents were evaluated as promising candidates to replace
these harmful solvents; however, most of the alternatives come
with their own downsides. Specifically, some of the alternatives
are unable to dissolve the desired polymers at high
concentrations;6 others are expensive (e.g., ionic liquids), are
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produced by using limited natural resources (e.g., solvents
containing phosphorus), or have problematic hazardous
properties (e.g., ionic liquids and dimethyl sulfoxide).5 Finally,
the solvents should ideally be recyclable and should thus be
easy to separate from the nonsolvent water after membrane
formation.
While greener organic solvents are promising, an even more

sustainable approach would be to use water as both the solvent
and the nonsolvent. To achieve this, a polymer is required that
is soluble and insoluble in aqueous media depending on
conditions such as pH, salinity, and temperature. For example,
poly(vinyl alcohol)7 and hydroxypropylcellulose8 membranes
have been prepared in aqueous media via TIPS, followed by
chemical cross-linking for stability. The membranes were
evaluated in terms of phase behavior, mechanical properties,
swelling, and pure water permeabilities but were not studied
for their separation behavior. A major downside of TIPS is that
typically only symmetric membranes can be formed; for
asymmetric membranes a concentration gradient throughout
the casting film (from top to bottom) is required as is the case
for traditional NIPS.9 Inspired by the traditional NIPS process,
de Vos showed that aqueous phase separation can be achieved
using weak polyelectrolytes whose solubility is pH-depend-
ent.10 Using this approach, Willott et al. prepared porous
poly(4-vinylpyridine) asymmetric and symmetric membranes
by variations of casting solution and coagulation bath
composition.11

Polyelectrolytes (PEs) are polymers that have charged
repeating units accompanied by small counterions, and
because of the charged nature of the repeating units they
dissociate in a polar media (e.g., water). When two oppositely
charged PEs are mixed, they interact and can form
polyelectrolyte complexes (PECs) which are typically water-
insoluble. An important point to understand, especially for this
work, is that the driving force for complexation is the entropic
gain via release of small counterions.12 PEs are classified as
weak or strong depending on the pH response of the charges.
If the monomers can dissociate or be neutralized depending on
the pH of the medium, then the PE is classified as weak. On
the other hand, for strong PEs the repeating units remain
charged over entire pH range (i.e., pH 1−14). In this case,
charges cannot be neutralized, but they can be screened by
high salinity (i.e., excess counterions). The phase behavior of
PECs as a function of salt concentration reveals that PECs exist
in a homogeneous solution phase at high salinity while they are
solid precipitates at low salinity.13,14 These two points suggests
that a phase separation method utilizing polyelectrolyte
complexation can be used to prepare membranes. Significantly,
PE complexation can be performed entirely in aqueous media,
thus eliminating the need for toxic solvents.
Coating layers of PECs sequentially, namely polyelectrolyte

multilayers (PEMs) on porous support membranes, has been
demonstrated to give the membranes with excellent perform-
ance such as selectivity,15−19 stability,20 resistance to
fouling,21,22 and hydrophilicity.16,21,23,24 Of all systems studied,
the combination of poly(sodium 4-styrenesulfonate) (PSS)
and poly(diallyldimethylammonium chloride) (PDADMAC)
was found to be especially promising due to the high resistance
against chemical cleaning, showing a 100 times higher chemical
stability against oxidants20 and better selectivity toward
fluoride,25 sulfate,26 and phosphate27 ions compared to
commercial membranes. The pH stability of this PE pair is
also outstanding; PSS−PDADMAC multilayer films exhibited

similar wetting properties between pH 4 and 11.28 More
significantly, membranes coated with PSS−PDADMACsh-
owed stable MgSO4 retention even at high acid concentrations
such as 3 M HCl.29 Thus, polyelectrolyte multilayer based
nanofiltration membranes, especially of PSS and PDADMAC,
hold great promise. Unfortunately, the preparation of PEM
membranes is time-consuming and laborious. Moreover, the
support membranes are still produced with NIPS, which
requires the harmful solvents.
For decades, using PEMs was the main way to facilitate

polyelectrolyte complexes as functional materials since bulk
PECs were widely considered to be unprocessable due to being
infusible and very brittle in the dry state.30 In 2009, the
concept of saloplastics was introduced, leading to the
production of a new set of PEC based materials.31 The term
saloplastic refers to polyelectrolyte complexes that can be
processed after treatment with saline water. Schlenoff and co-
workers demonstrated a great variety of possibile ways to
prepare these materials.31−35 Porous saloplastic materials are
obtained by centrifugation31,36 and electrospinning37 of
coacervate phases or by desalting a homogeneous PE solution
in between semipermeable membranes.38 In addition, doped
PECs can be extruded to obtain dense materials in various
shapes (tape, tube, rod, and fiber)32,33 or spin-coated,34,39

cast,40,41 or pressed in between templates42,43 to obtain
transparent films. Moreover, some of the saloplastics show
self-healing behavior which can operate under room temper-
ature and tuned by type of salt.35,44 The majority of saloplastics
reported in the literature are composed of PSS−PDAD-
MAC,31−34,37−39,42,43,45 emphasizing its properties such as
chemical and thermal stability, biocompatility, and no
requirement for cross-linking agent.
In addition to saloplastics mentioned above, PE complex-

ation has been used by Sadman et al. to prepare porous
membranes.46 In their work, PECs were obtained by mixing
two strong PE solutions. After PECs were extruded and treated
with salt water annealing, they were partially dissolved at
varying salt solutions to obtain coacervates and then cast into
thin films. The resultant membranes had high pure water
permeability (75−400 L m−2 h−1 bar−1) and high rejection
toward polystyrene beads (100 nm and larger), indicating that
these membranes were in the ultrafiltration (UF) range. This
study showed that making membranes on the basis of
polyelectrolyte complexation is possible; however, there were
a couple of drawbacks related to the membrane production
procedure. Besides the multiple-step membrane preparation
process, casting coacervates in different salinities instead of
homogeneous solutions results in change in polymer
concentration and the hydration of the coacervates. This
leads to limited control over the membrane structure and
performance. Indeed, only UF membranes were prepared. Our
research group recently demonstrated that it is also possible to
prepare membranes by casting homogeneous PE mixtures
instead of coacervates.47 A switch between two extreme pH
regimes was used to control the complexation of a strong
polyanion and a weak polycation. Polymer molecular weight,
polymer concentration, and coagulation bath salinity were the
factors that gave a great control over the membrane structure
and resulted in membranes ranging from microfiltration (MF)
type to nanofiltration (NF) type.
In this work, we discuss the formation and performance of

the PEC based nanofiltration membranes prepared by aqueous
phase separation (APS). We use PSS and PDADMAC as the

ACS Applied Polymer Materials pubs.acs.org/acsapm Article

https://dx.doi.org/10.1021/acsapm.0c00255
ACS Appl. Polym. Mater. 2020, 2, 2612−2621

2613

pubs.acs.org/acsapm?ref=pdf
https://dx.doi.org/10.1021/acsapm.0c00255?ref=pdf


strong polyanion and strong polycation, respectively. Herein, a
simple change in salt concentration is used to control
complexation instead of switching between extreme pH values
as was used in our earlier work.47 Therefore, by use of a salt
switch, the membrane formation conditions are milder and the
requirement for using a weak and strong PE pair is removed. In
this study, a homogeneous mixture of the two strong PEs is
prepared at a high salinity where the entropic driving force for
complexation is eliminated. Therefore, the PE chains are in a
dissolved and coiled form and surrounded by an excess of
counterions (Figure 1). The homogeneous polyelectrolyte

mixture is cast on a substrate and immersed in a low-salinity
water bath. This dramatic decrease in sal concentration
facilitates polyelectrolyte complexation based on counterion
release. The oppositely charged PE chains interact with each
other and form a water-insoluble polyelectrolyte complex. The
precipitated polymer is considered to have an amorphous,
entangled structure,30 and the charges are mostly compensated
by an oppositely charged monomer rather than small
counterions (see Figure 1). In preparing the PSS−PDADMAC
membranes by complexation induced APS, we intend to
combine the excellent separation performance of PSS−
PDADMAC PEM-based nanofiltration membranes with a
simple and sustainable production process. We investigate the
effects of polymer concentration, molecular weight, and
coagulation bath salinity on membrane structure and perform-
ance. We show that nanofiltration membranes are obtained, of
which the structure and performance can be tuned with the
salinity of the coagulation bath. The performance of the
membranes is studied by pure water permeability, salt
retention, and molecular weight cutoff measurements, at
pressures up to 10 bar.

■ EXPERIMENTAL SECTION
Materials. Poly(sodium 4-styrenesulfonate) (PSS, Mw ∼ 70, 200,

and 1000 kDa in aqueous solution), poly(diallyldimethylammonium
chloride) (PDADMAC, Mw 200−350 kDa, 20 wt % in water),
magnesium sulfate (MgSO4), and 2-propanol (IPA) were purchased
from Sigma-Aldrich. Poly(ethylene glycol) (PEG) of different

molecular weights (200, 400, 600, 1000, 1500, and 2000 Da) were
purchased from Merck. Sodium chloride (NaCl, pharmaceutical
grade, SanalP) was kindly supplied by Akzo Nobel.

Membrane Formation. Solution Preparation. The as-received
PSS and PDADMAC solutions were used to prepare casting solutions
containing 10, 12.5, and 15.4 wt % total polymer. First, water (if
needed) and NaCl were added to PSS and PDADMAC solutions,
separately. After the solutions became homogeneous, they were mixed
such that the monomer ratio is stoichiometric. Here, a stoichiometric
monomer ratio means that the ratio of PSS monomers to PDADMAC
monomers is equal to 1. For the mixtures with 17.5 and 20 wt %
polymer, stock solutions of PSS and PDADMAC were dried
(separately) in an oven at 80 °C overnight. Then, the desired
solutions were prepared by mixing the dried polymer, NaCl, and
water. PSS and PDADMAC solutions were mixed and stirred over 16
h to form a stoichiometric, amber-colored, homogeneous mixture.
The mixture was left overnight, without stirring, to remove air
bubbles. Properties of PE casting mixtures used in this study are listed
in Table 1.

Casting. Homogenous mixtures were cast at a thickness 0.3 mm
with a casting knife on a transparent plastic sheet (termed acetate
sheet by the provider, JEJE Produkt) and immediately immersed in a
coagulation bath. The coagulation bath consisted of either Milli-Q
water (resistivity at 25 °C is 18.2 MΩ·cm), called 0 M, or 0.5, 1.0, 1.5,
and 2.0 M NaCl. After 10 min in the desired coagulation bath, the
membranes were transferred to washing baths containing deminer-
alized water, and the washing bath was refreshed four times in total to
remove any remaining salt. PSS−PDADMAC complexes do not swell
in many organic solvents like isopropanol.48 Therefore, after the
washing steps, the membranes were immersed in 30 vol %, then 60
vol %, then 90 vol %, and last pure IPA baths so that membranes
could be removed from the substrate without causing any deformation
of the membrane. Membranes were stored in IPA prior to any
filtration test.

Membrane Characterization. Structure. Membrane samples
were taken from IPA and air-dried; then they were broken after
immersion in liquid nitrogen. The samples were sputter-coated with a
5 nm chromium layer (Quorum Q150T ES). Then the cross section
and surface morphologies of the membranes were investigated by
scanning electron microscopy (SEM, JSM6010LA) integrated with an
energy dispersive X-ray spectrometer (EDS).

Besides observing and comparing cross-section morphologies of the
membranes, we also measured the average skin layer thicknesses. To
do that, cross-section images at ×5000 magnification were analyzed
with ImageJ software. The distance between the top edge of the cross
section and the closest visible pore to the edge is defined as the skin
layer thickness. Multiple positions were measured, and the average
value is reported as the skin layer thickness of the membrane. A
representative skin layer thickness measurement is given in Figure S1
of the Supporting Information.

Performance. Membrane samples were taken from IPA and rinsed
with demineralized water to exchange IPA; then the membranes were
tested in terms of their filtration performance. First, pure water
permeability measurements were conducted. For that the membranes
were placed in dead-end filtration cells in which pure water was

Figure 1. Schematic illustration of membrane preparation procedure
for salt triggered complexation induced aqueous phase separation.
Homogenous mixture of two oppositely charged PEs are mixed at
high salinity, casted on a substrate, and immersed in a low-salinity
bath.

Table 1. Properties of the Homogenous PE Mixtures Used
for Membrane Preparation

PSS molecular
weight (kDa)

PDADMAC molecular
weight (kDa)

total polymer
concentration (wt %)

70 200−350 15.5
200 200−350 15.4
1000 200−350 15.5
200 200−350 10.0
200 200−350 12.5
200 200−350 17.5
200 200−350 20.0
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pressurized toward the filtration system by nitrogen gas. The
permeate was collected, and its weight was measured as a function
of time, giving the pure water flux (J). The membrane active area for
the cells operated at 4 bar was 3.0 cm2, while for the cells operated at
10 bar this was 15.3 cm2. The permeability P was calculated by taking
the slope of flux over transmembrane pressure (TMP) as follows:

=− − −
− −

P
J

(L m h bar )
(L m h )

TMP (bar)
2 1 1

2 1

where J is the water flux and TMP is transmembrane pressure. After
the pure water permeability measurements, the membranes were
subjected to retention tests. For these tests, the same dead-end setup
was used, and instead of pure water, a solution containing the
carefully selected probe molecule (MgSO4 and PEG) was fed while
stirring the feed solution within the dead-end cell. Retention of the
membrane was calculated via the relationship

i
k
jjjjj

y
{
zzzzz= −

+
×

C
C C

retention (%) 1
( )/2

100P

F R

where CP, CF, and CR are the concentrations of the solute in the
permeate, feed, and retentate, respectively. The feed is the solution
that was in the cell prior to the rejection test, while the retentate is the
solution that was left in the cell after the test (see Figure S2).
Pure water permeability and retention measurements were

performed at the same transmembrane pressure for the same
membrane piece (either 4 or 10 bar). Retention tests were performed
for either a 5 mM MgSO4 solution or a mixture of PEG molecules to
investigate the molecular weight cutoff (MWCO) of the membranes.
For both cases, ∼20 mL of solution was fed to the filtration cell. The
permeate was collected such that recovery ratio (permeate/feed, g/g)
does not exceed 1/3 for MgSO4 retention tests and 1/20 for MWCO
tests to keep concentration polarization to a minimum. For MgSO4
retention, concentrations of feed, permeate, and retentate samples
were calculated by analyzing the conductivities of the samples. For
MWCO measurements, a mixture of PEGs with molecular weights of
200, 400, 600, 1000, 1500, and 2000 Da was prepared so that each
PEG was at a concentration of 1 g/L. Samples were analyzed by gel
permeation chromatography with a size exclusion column (Agilent
1200/1260 Infinity GPC/SEC series, Polymer Standards Service
column compartment and data center (UDC 810 Interface)). The
sample solution flow rate was 1 mL/min, and the eluent was 50 mg/L
NaN3 in Milli-Q water. Samples went through two Polymer Standards
Service Suprema 8 × 300 mm2 columns in series: 1000 Å, 10 μm
followed by 30 Å, 10 μm. Concentration vs molecular weight curves
were obtained for feed, permeate, and retentate samples and
converted into retention vs molecular weight graphs (i.e., a sieving
curve). MWCO is defined as the molecular weight of the solute that
the membrane retains by 90%, i.e., where the sieving curve reaches the
90% level.49 In this work, for some of these membranes, the sieving
curve did not reach exactly 90% retention, although it reaches a
plateau. This is an indication of defect(s) on the membrane, and
therefore the maximum retention level that the curve reached was
considered as the 100% rejection level. The MWCO value was
estimated relative to the level considered for total rejection (see
Figure S3).

■ RESULTS AND DISCUSSION
In this work, porous polymeric films were prepared from
polyelectrolyte complexes with the aqueous phase separation
technique (see Figure 1). Diffusion of salt out of the film upon
exposure to a low-salinity bath was used to trigger PE
complexation. In this section, we first explain the selection of a
suitable polyelectrolyte mixture; more specifically, we discuss
the effect of PSS molecular weight and polymer concentration
of the mixtures. Thereafter, we discuss the effect of coagulation
bath salinity on the structure and the performance of the
resulting membranes.

Selection of Suitable Polyelectrolyte Mixture. Effect of
Molecular Weight. Films were prepared by immersing a thin
layer of a homogeneous PE mixture into a coagulation bath
containing Milli-Q water. These mixtures had the same
polymer and salt concentrations (15.5 wt % polymer and 18
wt % NaCl), and only the PSS molecular weight was varied
(70, 200, and 1000 kDa) which will be referred as 70 kDa PSS,
200 kDa PSS, and 1000 kDa PSS, respectively.
SEM images of the films are presented in Figure 2. Cross-

section images of the films are shown in the left column, and

the top surface images are shown in the right column. The
cross-section images clearly show that all the films have an
asymmetric structure with thin dense layers at the top and
porous support layers below. Higher magnifications of the
SEM images (Figures S4 and S5) show no visible pores on the
surface (up to that magnification), indicating the density of the
selective layers. Moreover, support layers have interconnected
pore structure, with pores visible through other pores (i.e.,
open-cell spongy structure). Therefore, it is expected that the
selective layers dominate the resistance to permeation, while
the support layers are highly permeable. These SEM images
immediately demonstrate that our approach successfully leads
to the formation of membranes with the highly desired
asymmetric structure. Also striking is that no macrovoids are
observed in the support structure: macrovoids are a common
and generally undesired feature when preparing membranes by
NIPS. The viscosity of the casting solution is typically a major
factor controlling the phase inversion kinetics. Solutions with
different viscosities are expected to phase separate at different
rates and therefore lead to membranes with different cross-
section morphologies. Although, there is a substantial differ-
ence in the viscosities of the mixtures with 70 kDa, 200 kDa,
and 1000 kDa PSS (see Table S1), all three membranes have
essentially the same asymmetric structure. For all three

Figure 2. SEM images of cross-section and top surfaces of the
membranes prepared with mixtures of varying PSS molecular weight.
All cross-section images are at ×1000 magnification while surface
images are at ×5000 magnification.
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asymmetric films, no defects and/or pores were observed from
the surface SEM images at magnifications up to ×10000 (see
Figure S4). Some of the surface SEM images in this paper
show particle-like structures on the membranes (like the ones
prepared with 70 kDa and 1000 kDa PSS). The exact cause of
these structures could not be determined; however, they are
considered to be polymer precipitates since no substantial
difference from the bulk of the film can be observed from the
elemental analysis (see Figure S6). Additionally, no effect of
these impurities was observed on the membrane performance
tests.
No substantial differences between the films can be seen

from the SEM images, but conversely there are distinct
differences in the membrane performance. The pure water
permeability (PWP) values of the membranes were measured
at 4 bar with a dead-end filtration setup. While a stable flux
could not be achieved with the 70 kDa PSS film, the 200 kDa
and 1000 kDa PSS films had stable PWP values of
approximately 1.0 and 0.4 L m−2 h−1 bar−1, respectively.
Longer polymer chains (i.e., higher molecular weight) result in
more chain entanglements, and this in turn provides films with
a greater mechanical strength.50 A stable water flux was not
observed for the 70 kDa PSS film, while the 200 kDa PSS and
1000 kDa PSS films showed good stability, indicating that
higher molecular weights are needed to obtain enough
entanglement for mechanical stability. Figure S7 shows that
the skin layer thicknesses of membranes prepared with the 200
kDa PSS and the 1000 kDa PSS are very close to each other,
while the PWP values are quite different. This indicates that
the membrane skin layer becomes denser with more
entanglements, leading to a lower permeability. Although the
1000 kDa PSS membrane is expected to show a better
rejection, it has a much lower permeability than the 200 kDa
PSS membrane, and the membrane formation procedure is
much more difficult and time-consuming compared to the 200
kDa PSS membrane due to gelation of the 1000 kDa PSS
solution (see Figure S8). Because the 70 kDa PSS film did not
show a stable membrane performance and the 1000 kDa
mixture has such a high viscosity, the 200 kDa PSS mixture was
used for further experiments.
Effect of Overall Polymer Concentration. The polymer

concentration of the casting solution is a widely used
parameter for the NIPS process to control membrane
structure.49 For APS, homogeneous PE mixtures with different
polymer concentrations ranging from 10 to 20 wt % were
prepared (see Table 1). The 10 wt % polyelectrolyte mixture
with 18 wt % salt is slightly turbid compared to the other (see
Figure S9); however, that mixture was cast and formed a
continuous film. Figure 3 shows the cross-section and surface
SEM images of the films prepared with mixtures at these
different polymer concentrations. Films mentioned in this
section will be referred to by the polymer concentration of the
casting mixture.
Except for the 10 wt % film, all these films again have an

asymmetric structure with a thin skin layer and a porous and
sponge-like support layer. The cross section of the 10 wt % film
shows delamination within the entire structure, and the surface
is porous (defects) unlike others. For the 12.5 wt % film there
is a dense skin layer; however, the skin layer is very thin and
has some defects on the surface. Both of these films were
mechanically weak and therefore were not investigated further.
Increasing the polymer concentration is known to reduce
membrane pore size,49 and this has been observed for porous

PSS−PDADMAC films in the literature.38 Therefore, polymer
concentrations higher than 12.5 wt % are needed for
mechanically stable membranes. SEM images of the 15.4,
17.5, and 20 wt % films are nearly identical. They have thicker
skin layers (Figure S7) when compared to the 12.5 wt % film,
and similar pore structure for the support layers is observed.
Again, to investigate the membrane properties, pure water
permeability tests were conducted at 4 bar with a dead-end
filtration setup. Obtained PWP values are 1.0, 0.1, and 0.2 L
m−2 h−1 bar−1 for 15.4, 17.5, and 20 wt % membranes,
respectively. Skin layer thicknesses and the decrease in the
PWP clearly show that increasing the polymer concentration
densifies the skin layer, leading to a lower water transport.
These three membranes are good candidates to investigate
further, but importantly, the preparation procedure (see the
Experimental Section) and high viscosity of the PE mixtures at
17.5 and 20 wt % polymer (see Table S1) make them nonideal
for membrane production. For this reason the concentration of

Figure 3. SEM images for cross-section and top surfaces of the
membranes prepared with mixtures of varying total polymer
concentration. All cross-section images are at ×2500 magnification
and focused on the upper part of the membrane while surface images
are at ×5000 magnification.
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15.4 wt % polymer mixture was chosen for all further
experiments.
Effect of Coagulation Bath Salinity. So far, the different

polyelectrolyte mixtures were prepared and evaluated in terms
of the membranes that they form. Although increasing the
molecular weight of PSS and increasing the total polymer
concentration do not affect the membrane morphology
significantly, these factors do affect the membrane perform-
ance. The homogeneous polyelectrolyte mixture prepared by
using 200 kDa PSS and having 15.4 wt % polymer was chosen
as the most promising mixture because it is easy to prepare and
then cast, and it leads to reasonable pure water permeabilities.
In the following, this mixture is used and the NaCl
concentration in the coagulation bath is varied from 0 to 2
M to obtain membranes. The salinity of the coagulation bath
will reduce the driving force for the complexation and thus
slow down the diffusion of ions from the casting mixture to the
bath. Therefore, it is expected that different membrane
structures and performances can be obtained by varying the
coagulation bath salinity.
Membrane Structure. Figure 4 shows SEM images of the

films prepared with coagulation baths of different salinity. The
left column gives images focused on the upper part of the cross
section, and the right column gives the top surface images. It
can be observed that all films have an asymmetric structure
with a thin dense skin layer and porous support layer. The
porous support layer is sponge-like in structure for the 0, 0.5,
and 1 M films, with relatively small interconnected pores.
However, for 1.5 and 2.0 M films, the internal pores are much
larger, and this makes the films mechanically less stable. As in
the traditional phase separation process, precipitation kinetics
are expected to be the major factor in determining the
membrane structure. As the NaCl concentration in the
coagulation bath increases, the precipitation takes longer (see
Video S1). Because the driving force for polyelectrolyte
complexation is the entropic gain due to the release of
counterions, the salt ions present in the coagulation bath limit
this release, which leads to a slower complexation process and,
consequently, a slower precipitation of the PEC. It can be seen
in Video S1 that the precipitation rate of the 2.0 M film is
much slower than the others; in fact, to solidify the film fully, it
has to be transferred to a washing bath of demineralized water.
Additionally, salt is known to be a plasticizer for PECs,30,51,52

and PSS−PDADMAC multilayers are known to undergo a so-
called glass transition in salinities higher than 1.5 M NaCl;53,54

because of this, many studies use 2.0 M NaCl to anneal PSS−
PDADMAC multilayers.53,55 Therefore, it is speculated that
the combination of longer precipitation times and more mobile
PE chains resulted in larger pores and/or defects for 1.5 and
2.0 M films. Besides the large defects in the skin layer seen in
the 2.0 M film surface SEM image, large cavities in the cross
section of the 1.5 and 2.0 M films indicate that these films will
not be as mechanically stable. Indeed, during the PWP
measurements on these films, the water flux was not stable and
reproducible. Therefore, we did not continue characterizing
these films further.
Membrane Performance. The morphology of a membrane

is one of the factors that directly affects the membrane
performances; however, especially for dense membranes,
molecular properties such as charge and affinity toward solutes
become very important. In this section we discuss the
performance of the membranes prepared with the PE mixture
with 200 kDa PSS and 15.4 wt % polymer, coagulated in either

0, 0.5, or 1.0 M NaCl baths. For asymmetric membranes, the
dense part (i.e., skin layer) provides the membrane its
selectivity while porous part is very permeable and gives the
mechanical support to the membrane. Therefore, the resistance
of the membrane toward water permeation is dominated by
the skin layer, and its thickness is inversely correlated to the
permeability.2 Upon comparison of the 0, 0.5, and 1.0 M films,
the skin layer is the thickest for the 1.0 M film (see Table 2)
and the thinnest for the 0 M film. Therefore, it is expected that
the 1.0 M membrane will have the lowest permeability (the

Figure 4. SEM images for upper part of cross-section and top surfaces
of the membranes prepared with varying salt concentrations of
coagulation bath. All images are at ×5000 magnification.

Table 2. Skin Layer Thickness and Molecular Weight Cutoff
Values of Membranes

membrane skin layer thicknessa (μm) MWCOb (Da)

0 M 0.6 ± 0.2 250 ± 30
0.5 M 1.0 ± 0.2 280 ± 40
1.0 M 1.2 ± 0.4 250 ± 30

aSkin layer thicknesses were measured for at least 10 different points
from one SEM image. bMWCO values are average of three
measurements.
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highest water resistance). The PWP values of membranes
(Figure 5) range from 0.4 to 1.0 L m−2 h−1 bar−1. These values

indicate that the membranes are in the dense nanofiltration
(NF) range, and they are in agreement with what we expected
from SEM images.
To understand the application range of these membranes,

molecular weight cutoff measurements were performed. We
stress that the MWCO values reported here provide
information about the separation properties of the active
separation layer. Still, in many cases we also observed defects
that increased the overall MWCO of the membranes. The high
polydispersity of especially the PDADMAC studied in this
work could play a major role in the occurrence of these defects,
as polydispersity is known to affect phase separation behavior
of the solution in relation to membrane formation.56 Reducing
the occurrence of defects in these PSS−PDADMAC
membranes will be critical in their further development.
Membranes with MWCO values between 200 and 1000 Da

are considered as NF membranes,2 and as shown in Table 2, all
three PEC membranes fall in this range and can be considered
as dense NF membranes. Based on this criteria, these
membranes would be very suitable for the removal or
concentration of small organic molecules, for example in
biorefineries or in the removal of organics from wastewater.2

To further evaluate the performance of these novel NF
membranes, the separation performance of the membranes
toward multivalent ions was studied. For that, 5 mM of MgSO4
is used as feed solution. The plain bars in Figure 5 show the
performance of three different membranes at 4 bar in terms of
pure water permeability (gray bars) and MgSO4 retention
(white bars). Although the PWP values progressively decrease
with increasing skin layer thickness, MgSO4 retentions of the
membranes increase from approximately 62% to 81%.
The MWCO, PWP, and salt retention data show that these

membranes perform in the NF range; however, NF
membranes are preferably operated at pressures higher than
4 bar.49 To understand whether these membranes can operate
under these more challenging conditions, filtration experiments
were also performed at 10 bar for the 0 M membrane. The
patterned bars in Figure 5 show the performance at 10 bar.
First, the PWP at 4 bar is 1.0 ± 0.2 L m−2 h−1 bar−1, while the

one at 10 bar is 1.0 ± 0.1 L m−2 h−1 bar−1. This constant PWP
illustrates that the membrane flux is linearly proportional to the
transmembrane pressure; moreover, the membranes can
withstand 10 bar of pressure without structural compaction
or defect formation. It needs to be noted that for this
membrane 10 bar was found to be the limit of stability; above
this pressure an unstable performance was observed. However,
at 10 bar, the water flux was stable for over a continuous 20 h
and over a total of 50 h during the PWP measurements. Figure
5 shows that the MgSO4 retention at 10 bar is approximately
83%, while at 4 bar the retention is around 63%. This is in line
with the expectation that these membranes function as dense
membranes that separate on the basis of solution diffusion. An
increase in pressure leads to a higher driving force for water
permeation but not for the salt molecules. With increased
water transport and similar salt transport the effective retention
increases.2

The PWP values reported here are consistently low relative
to the ones of PSS−PDADMAC multilayer membranes in the
literature (5−15 L m−2 h−1 bar−1).20,29,57−60 This variation
might be due to differences in selective layer thickness and
density. On the other hand, MgSO4 retentions are reasonably
comparable; in the literature, best results vary from 60% to
more than 90%. Besides experimental differences, the defects
observed in MWCO tests may be the cause of being near the
low end of this range. Although this comparison indicates there
is still room for improvement, it also implies that membrane
formation via the salinity change APS technique is a good
direction to follow for the preparation of sustainable NF
membranes.
The stability of the membranes was not only evaluated as a

function of transmembrane pressure but also as a function of
time. Structural compaction is typically indicated by a decrease
in water flux over time and is generally seen for polymeric
membranes at the beginning of a filtration. However, a stable
membrane is expected to maintain a persistent flux after the
initial compaction period. In Figure 6, the water permeabilities

of 0, 0.5, and 1.0 M membranes are given. The pure water
permeability tests were continued over 55 h for each
membrane. After a compaction period of <5 h (not included
in the graph), the membranes showed a stable permeability. It
needs to be noted that the erratic flux behavior is not an
indication of instability of the flux, but they are deviations
resulting from the experimental setup. These membranes thus

Figure 5. Pure water permeability and MgSO4 retention of the
membranes. The left-hand side of the dashed line (plain bars) shows
the results of the filtrations at 4 bar while the right-hand side of the
line (patterned bars) is at 10 bar. Pure water permeability values are
the average, and error bars are the standard deviation of at least five
measurements. Retention values are from at least three different
measurements.

Figure 6. Pure water permeability values of 0, 0.5, and 1.0 M
membranes. The test was performed once for all the three membranes
for ∼55 h.
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show excellent stability over time when exposed to pure water.
In some cases, exposure to MgSO4 during the retention tests
led to a drop in flux. We expect that the ions are taken up by
the membrane leading to some plasticization of the membrane
matrix.
Together with the mechanical stability, these PSS−

PDADMAC membranes are expected to be stable in organic
solvents and under extreme pH conditions.29,48 Indeed, 0 M
membranes showed no observable changes when they are
immersed in 1 M NaOH and 1 M HCl for 40 days (see Figure
S10).
In this work, PSS−PDADMAC polyelectrolyte complex

membranes were prepared via a simple aqueous phase
separation approach that does not use any organic solvents
or harsh aqueous conditions like extreme pH values. This APS
system has a natural tendency to form asymmetric, nano-
filtration membranes. The membrane morphology can be
tuned by coagulation bath salinity, and the resultant
membranes are macrovoid-free, which is a highly beneficial
feature for a phase separation approach. Separation perform-
ance and mechanical stability of the membranes indicate that
they are promising candidates for NF applications. Moreover,
after being used, the salts from the coagulation baths can easily
be recycled, making the overall system much more sustainable
compared to conventional phase separation membranes.
Overall, this study shows a unique and sustainable way of
making polymeric nanofiltration membranes with good
separation properties.

■ CONCLUSIONS
In this study, we produced membranes by polyelectrolyte
complexation induced aqueous phase separation (APS).
Complexation is achieved by exposing a thin film of a
homogeneous mixture of polyanion and polycation prepared at
high salinity to a coagulation bath with a low salinity.
Complexation of the two strong polyelectrolytes leads to
phase separation and to the formation of asymmetric
membranes with dense top layers and porous support layers.
The effects of polyanion molecular weight, total polymer
concentration of the mixture, and the coagulation bath salinity
on membrane formation were investigated. It was seen that
increasing both the molecular weight of PSS and the total
polymer concentration led to denser membrane matrices and
also improved the mechanical properties of the films, likely due
to increased chain entanglements. The optimal casting mixture
was found to be the one with 200 kDa PSS and 15.4 wt %
polymer which combined the positives of ease of preparation
with good mechanical properties of the resulting membranes.
In the second part of this work, the coagulation bath salinity

was varied, and resultant membranes were studied in terms of
their morphology, permeability, and retention performances.
SEM cross-section images revealed that increasing the
coagulation bath salinity resulted in membranes with thicker
skin layers and larger pores in the support layers. At high bath
salinities, namely 1.5 and 2.0 M NaCl, the combined effects of
longer precipitation times and more mobile PE chains resulted
in structures that could not be used as stable membranes.
However, at lower salinities (0, 0.5, and 1.0 M NaCl), useful
membrane structures were obtained. These membranes had
water permeabilities ranging from 0.4 to 1.0 L m−2 h−1 bar−1

and MWCO values between 200 and 300 Da. Together with
these low MWCO values, good MgSO4 retentions (>60%)
were found, showing that these membranes indeed function as

nanofiltration membranes. All of these membranes show good
long-term stability at 4 bar of applied pressure, with the
membrane produced at 0 M NaCl having good long-term
stability even at 10 bar. An increase in transmembrane pressure
led to significant increases in ion retention (from approx-
imately 60 to 80%), as expected for dense membranes that
separate species on the basis of solution diffusion mechanism.
We have demonstrated that it is possible to prepare novel

nanofiltration membranes with good mechanical properties
and separation performance in a simple single-step aqueous
phase separation process. Further optimization of the APS
process is expected to lead to higher water fluxes, selectivities,
and better mechanical properties. This work thus demonstrates
that APS is a very relevant and sustainable alternative to the
traditional aprotic solvent based NIPS process. Interesting for
future work is the fact that PSS−PDADMAC complexes are
very stable in organic solvents, especially in nonpolar ones.48

Therefore, in further research these nanofiltration membranes
will be investigated in terms of their organic solvent
nanofiltration performance.
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(diallyldimethylammonium chloride); NIPS, nonsolvent in-
duced phase separation; NMP, n-methyl-2-pyrrolidone; TIPS,
thermally induced phase separation; PE, polyelectrolyte; PEM,
polyelectrolyte multilayer; UF, ultrafiltration; MF, micro-
filtration; NF, nanofiltration; IPA, 2-propanol; PEG, poly-
(ethylene glycol); SEM, scanning electron microscopy; EDS,
energy dispersive X-ray spectrometer; TMP, transmembrane
pressure; MWCO, molecular weight cutoff; GPC, gel
permeation chromatography; PWP, pure water permeability.
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