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ABSTRACT: Alternate deposition of oppositely charged polyelectrolytes is an excellent
approach to control the chemistry of interfaces. Membrane technology is one field that
benefits from the simplicity and tunability of polyelectrolyte multilayers (PEMs). Herein,
ultrafiltration support membranes are coated with PEMs to fabricate nanofiltration
membranes. Three PEMs, of different polymeric structures, namely, those of poly(4-styrene
sulfonate) (PSS)/poly(allylamine hydrochloric acid) (PAH), PSS/poly(ethyleneimine)
(PEI, branched), and PSS/poly(4-aminostyrene) (PAS), are prepared and studied from a
fundamental perspective in terms of multilayer composition and cross-linking and also from
an applied perspective through PEM membrane performance. The low molecular weight cutoff (MWCO) of the PSS/PAH
membranes signifies their dense structure (small mesh size), while ion retentions indicate that the dielectric exclusion mechanism is
dominant. The PSS/PEI membranes are even denser and have higher selectivities. In contrast, the PSS/PAS membranes are more
open, which is likely due to the lower charge density of PAS compared to PEI and PAH. After chemical cross-linking, all of the PEM
membranes are denser and therefore more selective and less permeable to water. Micropollutant retention increases for cross-linked
PSS/PAH membranes, whereas little to no improvement is seen for cross-linked PSS/PAS and PSS/PEI membranes. Overall, this
study shows that completely different membrane properties can be obtained by changing the type of polycation, thus demonstrating
the high versatility of PEM-based membranes. In addition, for all PEM membranes, cross-linking acts as an additional tuning
parameter that leads to denser and typically more selective layers.
KEYWORDS: polyelectrolyte, multilayer, membranes, cross-linking, micropollutants

■ INTRODUCTION

Building polyelectrolyte multilayers (PEMs) is a simple and
versatile approach to modify the chemistry of surfaces and thus
control various interfacial phenomena. Consequently, over the
last two decades, significant interest has been focused on the
preparation of PEMs and in understanding their behavior. The
list of parameters that can be used to tune PEMs is vast and
includes salt concentration,1 pH,2,3 polyelectrolyte (PE) type,4

the number of layers,5 cross-linking,6 and PE molecular
weight.7 In addition, various PEM fabrication methods exist
including dip-coating (the most common), spray-coating, spin-
coating, dynamic-coating, and electrodeposition.8 Over the
years, PEMs have found interest in fields such as membrane
technology,9 catalysis,10 semiconductors,11 drug delivery,12 and
optical devices13 since layer thickness, affinity, and refractive
indices can be controlled. Concerning the field of membranes,
the layer-by-layer (LbL) dip-coating approach14 to preparing
PEMs has become widely used to coat a selective layer on the
inner surface of hollow fiber support membranes.15 In addition,
PEs have been used to create microfiltration membranes with
antiviral properties,16 to modify electrodialysis membranes to
increase selectivity,17,18 and to prepare nanofiltration (NF)
membranes15 that are already used for commercial applica-
tions.19

Many PE combinations have been studied to fabricate PEM
membranes. Coating poly(diallyldiammonium chloride)
(PDADMAC) and poly(4-styrene sulfonate) (PSS) multilayers
on ultrafiltration (UF) support membranes creates successful
NF membranes with long-term physical and chemical stability
(e.g., toward hypochlorite, a typical membrane-cleaning
chemical).20 In addition, PEM membranes based on
PDADMAC and PSS show high monovalent ion selectivity
toward sodium-magnesium,21 chloride−sulfate,22 fluoride,23,24

and phosphate.25 Poly(vinylamine) in combination with
poly(vinyl sulfonate) was used to obtain PEM membranes
with reverse-osmosis properties.26,27 Interestingly, for PSS/
PDADMAC PEMs, an excess of PDADMAC within the bulk
of the multilayer28 is found, and this directly influences
membrane performance by making the bulk of the multilayer
positively charged.29 Another well-studied PE pair is the
combination of poly(allylamine hydrochloric acid) (PAH)
with PSS. For this PE pair, a recent study reports the long-term
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stability of this PEM, even at an extremely low pH (pH of 1).30

Furthermore, the polycation, PAH in this case, is also found to
be in excess within the bulk of the multilayer.1,31 Charge
excesses in the PDADMAC/PSS and PAH/PSS systems are
more commonly found and tend to have an excess of the
polycation in the bulk of the multilayer.28,31 Such a PE excess
depends on the given PE pair and can be beneficial to
separation performance. However, this PE excess can also lead
to swelling of the multilayer, which increases its effective pore
size (i.e., makes the layer less dense/more open). It is therefore
of interest to study the performance of PEM membranes that
exhibit different degrees of excess PE and thus different
swelling behaviors.
The primary amine groups along PAH chains can be cross-

linked to increase salt retentions32,33 and stability.34 Cross-
linking of PEMs has been achieved using glutaraldehyde (GA)
and using GA in combination with ultraviolet light (UV).32 All
studies using the PAH/PSS combination observed densifica-
tion of the multilayers and increases in membrane selectivity
toward ions after cross-linking; however, this came at the cost
of lower permeability. In this study, PEMs are coated on the
inside of hollow fiber support membranes. Coating on the
inside prevents techniques like UV light from being used for
cross-linking, and for this reason, GA is used for cross-linking.
While there does already exist separate literature on the

buildup of different PEMs as well as the performance of
different PEM-coated membranes, what is lacking is a
comprehensive study that directly links multilayer buildup
with PEM membrane performance for a variety of probe
molecules. This is what we present in this work. Herein, a
critical evaluation of the effect of multilayer composition and
cross-linking on membrane performance depending on the
type of PEM is presented. The polyanion PSS is combined
with three different weakly charged polycations of varying
polymeric structures, namely, the linear and aliphatic PAH, the
branched poly(ethyleneimine) (PEI), and the aromatic poly(4-
aminostyrene) (PAS). The three weak polycations used all
contain primary amine functional groups and thus can be
readily cross-linked with GA. In addition, the PSS/PAH
multilayers are built using three different salt concentrations: 5,
50, and 500 mM. All PEMs are characterized in terms of their
fundamental buildup using reflectometry (PE adsorption) and
ζ-potential (surface charge) measurements. Subsequently, to
obtain a deeper understanding on the relationship between
PEM membrane performance and the fundamental PEM
buildup, including parameters like bulk and surface charge as
well as density, the PEM membranes are evaluated in terms of
their ability to retain various ions and organic molecules.
Finally, all PEM membranes are studied for the application of
micropollutant retention.

■ MATERIALS AND METHODS
Materials. Poly(allylamine hydrochloric acid) (PAH, MW =

150 000 g·mol−1, 40 wt % in water) was purchased from Nittobo
Medical, Japan; poly(4-aminostyrene) (PAS, MW > 150 000 g·mol−1)
was from Polysciences Europe Gmbh; and branched poly-
(ethyleneimine) (PEI, primary, secondary, and tertiary amine ratio:
1:1.2:0.76, MW = 75 000 g·mol−1) and poly(sodium 4-styrene
sulfonate) (PSS, MW = 200 000 g·mol−1, 30 wt % in water) were
purchased from Sigma-Aldrich. Glutaraldehyde (25 wt % in water)
was purchased from Alfa Aesar. Sodium chloride was obtained from
Akzo Nobel, magnesium chloride was from Boom B.V., and
magnesium sulfate and sodium sulfate were from Sigma-Aldrich.
Sulfamethoxazole was purchased from Fluka, and atenolol, atrazine,

bezafibrate, bisphenol A, bromothymol blue, naproxen, and
phenolphthalein were obtained from Sigma-Aldrich. All chemicals
were used without any further purification.

Tight ultrafiltration hollow fiber membranes are used as supports
and were provided by NX Filtration B.V. (Enschede, The Nether-
lands). The fibers have a positive charge, a standard permeability of
200 L·m−2·h−1·bar−1, a standard molecular weight cutoff of 25 kDa
(indicative of the pore size), and an inner diameter of 0.68 mm. The
membranes are asymmetrical with the smallest pore size on the inside
of the hollow fiber. Silicon wafers were obtained from WaferNet Inc.
(San Jose).

Reflectometry. Polyelectrolyte multilayer (PEM) growth was
quantitatively measured using optical fixed-angle reflectometry, which
allows an in situ and quantitative measurement of the adsorbed
amount of polyelectrolytes on top of a silicon wafer. Polyelectrolyte
solutions are alternately applied in a flow cell containing a silicon
wafer with an optical spacer of 82 nm-thick silicon oxide layer.35

Adsorption is measured at the stagnation point where the hydro-
dynamics at this point are well-defined and the mass transfer is
diffusion-limited. From the adsorbed amounts as obtained from
reflectometry, a dry layer thickness can be estimated on the basis of
the PEM density.35 PEMs are prepared by first flowing through a
solution containing PAH, PEI, or PAS (the polycation) with the
desired salt concentration until a stable adsorption plateau is reached.
The time to reach stable adsorption is not stable, but it was in all cases
at least 2 min and at maximum 10 min. Subsequently, the wafer is
rinsed with a solution of the same ionic strength but without any
polyelectrolyte. After rinsing, a solution containing PSS (polyanion)
with the same salt concentration is passed through the cell. After the
polyanion coating step, the wafer is rinsed in the same manner as after
the polycation coating step. This cycle finishes one bilayer and is
repeated until 11 bilayers (22 layers) are constructed on the silicon
wafer. All polyelectrolyte solutions contain 0.1 g·L−1 of the given
polyelectrolyte. For the PSS/PAH multilayers, salt concentrations of
5, 50, and 500 mM NaCl were used. For the PSS/PEI and PSS/PAS
multilayers, 50 mM NaCl was used. The salt concentration of all
polyelectrolyte and rinsing solutions was kept the same during
multilayer growth/buildup. The polycation solutions were adjusted to
have a pH of 2, while the pH values of the PSS and rinsing solutions
were 5.5 and 5.5, respectively.

Optical fixed-angle reflectometry uses monochromatic light of a
He−Ne laser (632.8 nm) that is linearly polarized and reflected from
the silicon wafer at the Brewster angle (71°). The polarized light is
subsequently split into its parallel and perpendicular components, and
both component intensities are measured in the detector. The signal
(S) is defined as the fraction of the parallel over the perpendicular
components. The difference between the signal (ΔS) and the signal at
the initial state (S0) over the initial state signal is proportional to the
adsorbed amount on the silicon wafer, as shown in eq 1.

Q
S

Si i
0

Γ = · Δ
(1)

In eq 1, Γ is the adsorbed mass (mg·m−2) and Q is the sensitivity
factor (mg·m−2). The sensitivity factor or the Q-factor depends on the
refractive indices (n) of the used materials, thicknesses (d) of the
PEM and silicon oxide layer, angle of incidence of the laser light, and
the refractive index increment (dn/dc) for the PEs. The refractive
index increments (dn/dc) were determined using a Schmidt +
Haensch ATR-lambda refractometer at wavelengths of 590 and 700
nm at five different PE concentrations (see Figure S1). For each PE,
the background salt and pH were the same as the coating solutions;
PAH (pH = 2 and 5, 50, or 500 mM NaCl), PEI (pH = 2 and 50 mM
NaCl), PAS (pH = 2 and 50 mM NaCl), and PSS (pH = 5.5 and 5,
50, or 500 mM NaCl). The refractive index increments and the
various sensitivity/Q-factors (by an optical model using a silicon wafer
with an 82 nm silicon oxide layer) are given in Table 1 for each
polyelectrolyte.

The excess amount of monomers (∑monomer, mmol·m−2)1 is
defined as the total monomeric amount of adsorbed polycation (ΓPC)
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minus the total monomeric amount of adsorbed PSS (ΓPSS) at a given
layer number of polycation (i) and polyanion (j) according to eq 2

monomer
i j

PC PSS∑ ∑ ∑= Γ − Γ
(2)

Here, the assumption is that there is no removal of any of the
previously adsorbed polyelectrolytes. To obtain an excess monomer
ratio, eq 3 is used

excess monomer ratio i jPC PSS

total
=

∑ Γ − ∑ Γ

Γ (3)

where the excess monomer (from eq 2) is divided by the total
monomeric adsorption (Γtotal) at a given layer number (i + j).
Polyelectrolyte Multilayer Fabrication. Tight hollow fiber

ultrafiltration membranes were coated in a bundle containing 20 fibers
using a dip-coat robot made from LEGO Mindstorms in cylinders
containing the desired solutions. The positively charged support
membranes were first immersed in a solution containing 0.1 g·L−1

polyanion and the appropriate ionic strength for 15 min.
Subsequently, the membranes were rinsed in three separate cylinders
containing the same ionic strength as the coating solutions for 5 min
per rinsing step. Finally, the membranes were immersed in a solution
containing 0.1 g·L−1 polycation and the desired ionic strength. This
cycle completes one bilayer and is repeated until ten bilayers are
coated; each PEM is terminated by the polycation. Equal
concentrations are used because the formation of PEMs is known
to be hardly influenced by the polyelectrolyte concentration.36

Furthermore, 10 bilayers were chosen to ensure that in all cases the
prepared membrane where in the layer-dominated regime, where the
applied PEM is fully responsible for the observed separation behavior.
Three different salt concentrations of 5, 50, and 500 mM NaCl

were used to fabricate three different [PSS/PAH]10 PEMs (the
notation used here corresponds to a final PEM made up of 10 bilayers
of PSS and PAH). For fabrication of the [PSS/PEI]10 and [PSS/
PAS]10 PEMs, a salt concentration of 50 mM NaCl was used. The pH
values for the polyanion (PSS) and the polycation (PAH, PEI, and
PAS) solutions were 5.5 and 2, respectively. The pH of the rinsing
solutions was adjusted to 5.5.
Cross-linking was performed in an aqueous solution of deminer-

alized water containing 0.1 wt % glutaraldehyde at a pH of 5.5 in a
volumetric cylinder. Cross-linking a primary amine with GA is called a
Schiff-base reaction, during which an imine bond is formed.6 After
preparing the hollow fiber PEM membranes, they were immersed in
the cross-linking solution in the same manner as the dip-coating steps
for 16 h. After cross-linking, the PEM membranes were rinsed in
demineralized water for at least 2 h. Before drying, the membranes
were immersed for at least 4 h in an aqueous solution containing 15
wt % glycerol to prevent pore collapse of the UF support membranes.
After being dried, the hollow fibers were potted into modules with an
approximate active fiber length of around 17 cm. For each PEM
membrane, five separate single fiber modules were prepared and
studied.
ζ-Potential. For the ζ-potential measurements, prepared PEM

hollow fiber membranes were fixed with glue in polyethylene tubes in
such a way that the membranes were unable to permeate from the
lumen to the shell side (inside to out) but there can remain crossflow

through the lumen side (inside) of the hollow fiber membrane. For
the measurements, three different modules were fabricated and
measured. ζ-Potential was measured by an electrokinetic analyzer
(SurPass, Anton Paar, Graz Austria) by flowing a 5 mM KCl solution
under a given pressure difference through the hollow fiber module.
The flow through the module at a defined pressure difference (dp, Pa)
creates a streaming current (dI, A) from which the ζ-potential (ζ, V)
can be calculated using eq 4

I
p

R
d
d 0

Bζ η
ε ε

κ= ·
·

· ·
(4)

where η is the solution viscosity in Pa·s, ε is the dielectric constant of
the electrolyte (-), ε0 is the dielectric constant of vacuum (-), the
specific conductivity of the solution is defined as κB (S·m−1), and R
(Ω) is the measured Ohmic resistance of the hollow fiber module.

Membrane Performance Measurements. The performance of
the PEM hollow fiber membranes was determined by measuring
permeability, salt retention, molecular weight cutoff, and micro-
pollutant retention. All measurements applying a hydraulic pressure
were performed on a crossflow setup. This setup has a rotary vane
pump (BN71B4 pump motor, Bonfiglioli, Italy; IMTI 1.5 M inverter,
Electroil, Italy; PA411 pump head, Fluid-o-Tech, Italy).

Permeability. Membrane permeability toward water was meas-
ured with Milli-Q (18.2 MΩ) water at an applied transmembrane
pressure of 6.2 bars using the setup described above. The time was
measured using a stopwatch, and at least 10 mL was collected before
measuring the permeate weight. Using the time, permeate weight, and
the applied transmembrane pressure, the permeability can be
calculated as in eq 5

m

A t P
permeability p

w i tmpρ
=

· · · (5)

where mp is the mass of the collected permeate in g, ρw is the density
of water in g·L−1, Ai is the inner membrane surface area in m−2, t is the
time in hours, and Ptmp is the transmembrane pressure in bar.

Salt Retention. Retentions of NaCl, Na2SO4, MgCl2, and MgSO4
were determined separately at a concentration of 5 mM in
demineralized water. These measurements were performed on the
same setup as described above, under a crossflow condition at an
applied pressure of 6.2 bars and at a crossflow velocity of 1 m·s−1.
This crossflow velocity corresponds to a Reynolds number of 675,
well within the laminar flow regime. The retention R was determined
by measuring the conductivity of both the permeate and feed using
the relationship presented in eq 6

R
C

C
100%

feed
= Δ ×

(6)

where ΔC and Cfeed correspond to the difference between the feed
and permeate concentration and the feed concentration, respectively.

Molecular Weight Cutoff. Using a feed mixture of ethylene
glycol (EG), diethylene glycol (DEG), and several molecular weights
of poly(ethylene glycol) (PEG) moleculesEG62, DEG106,
PEG200, PEG400, PEG600, PEG1000, PEG1500, and PEG2000
at a concentration of 1 g·L−1 each, the molecular weight cutoff of the
membranes was determined. The measurement was performed in
crossflow and operated at 2 bar and a crossflow velocity of 1 m·s−1 per
module containing one hollow fiber. Both permeate and feed samples
were taken and analyzed via gel permeation chromatography with a
size exclusion column (SEC) (Agilent 1200/1260 Infinity GPC/SEC
series, Polymer Standards Service data center and column compart-
ment). Solutions were flown over two Polymer Standards Service
Suprema 8 × 300 mm2 columns in series: 1000 Å, 10 μm followed by
30 Å, 10 μm at 1 mL·min−1, and concentrations were measured via
refractive index measurements. In this study, a PEM has defects or
pinholes when the sieving curve never reaches zero for the used
mixture of PEG molecules.

Micropollutant Retention. The retention of micropollutants was
measured using a cocktail containing atenolol, atrazine, bezafibrate,
bisphenol A, bromothymol blue, naproxen, phenolphthalein, and

Table 1. Refractive Index Increment Values and the
Accompanying Q-Factor Used for Calculating the
Adsorption of Polyelectrolytes in This Study by Means of
Reflectometry

polyelectrolyte
refractive index increment

dn/dc (mL·g−1)
sensitivity (Q) factor

(mg·m−2)

PSS (−) 0.252 18.9
PAH (+) 0.227 20.9
PEI (+) 0.319 14.9
PAS (+) 0.295 16.1
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sulfamethoxazole. Of each micropollutant, 3 mg·L−1 was dissolved
and the pH of the solution was adjusted to 5.8. Using a crossflow
setup, retention was measured at a pressure of 6.2 bar and 1 m·s−1

crossflow velocity per module. Prior to measuring permeate samples,
the filtration was allowed to stabilize for at least 16 h to remove the
influence of adsorption on the reported retention values.37 A
calibration range was prepared from the feed, and from each module
around 2 mL of permeate was collected. Analysis of all samples was
performed by high-pressure liquid chromatography (HPLC, Dionex
Ultimate 3000, Eluent: water, acetonitrile, and 0.1% phosphoric acid)
over a Thermo Scientific Acclaim RSLC 120 C18 column (2.2 μm,
2.1 × 100 mm2). Here, the column oven temperature was 40 °C and
the flow rate of the mobile phase was 0.8 mL·min−1. The used eluent
starts with 5% water and linearly increases until it contains 90% water,
acetonitrile, and 0.1% phosphoric acid. The micropollutant concen-
trations were determined via UV−vis detection at 225 nm and
bromothymol blue at 430 nm. Subsequently, micropollutant retention
was calculated using eq 6.

■ RESULTS AND DISCUSSION
In this section, the results will be presented and discussed in
two distinct parts. First, the fundamental buildup of the
polyelectrolyte multilayers (PEMs) and the ζ-potential of the
final multilayers will be discussed. Next, the PEM-coated
hollow fiber membranes and their nanofiltration properties are
studied in three subsections: the effect of multilayer
composition on membrane performance, the effect of cross-
linking on membrane performance, and the application of the
PEM membranes for micropollutant removal.
Multilayer Characterization. Optical fixed-angle reflec-

tometry is a tool to quantitatively study the buildup of PEMs.15

In this study, the effect of polycation type on the preparation of
PSS-based multilayers is studied. The three polycations used
are PAH, branched PEI, and PAS (chemical structures and
monomer molecular weights are shown in Figure 1). From

these PEMs, PSS/PAH is well knownusing branched PEI for
PEM membranes has been performed on pressure-driven38

and ion-exchange membranes39whereas PAS is a polycation
that is known to build multilayers40 but new to the PEM
membrane literature. The PSS/PAH multilayers were prepared
at three different NaCl concentrations of 5, 50, and 500 mM,
whereas the buildup of the PSS/PEI and PSS/PAS multilayers
is studied at 50 mM NaCl. All polycation solutions were
adjusted to pH of 2 since it is shown that high selectivities are

obtained.41 Furthermore, the polycation chains are stretched at
a low pH, creating the possibility to form dense layers.42 First
focusing on the PSS/PAH systems shown in Figure 2A, it is

seen that the adsorbed molar amount of the polyelectrolytes
increases when higher salt concentrations are used, which is in
line with typical PEM behavior at higher ionic strengths.15 At
low salt concentrations, the entropic gain from counterion
release is large, leading to the charge of the polyelectrolytes
within the multilayer being mainly intrinsically compensated
by the opposite polyelectrolyte.43 When the salt concentration
increases, the entropic gain of the counterion release decreases,
increasing the degree of extrinsic charge compensation.36,43,44

The intrinsic and extrinsic charge compensation is seen back in
the reflectometry results, where at 5 mM, the buildup of the

Figure 1. Chemical structures, full names, abbreviation, charge, and
molecular weight of the polyelectrolyte monomers used. Monomers
are shown in their charged form.

Figure 2. (A) Molar adsorption as a function of layer number for
PSS/PAH PEMs (5, 50, and 500 mM), PSS/PEI PEM (50 mM), and
PSS/PAS PEM (50 mM). (B) Excess monomer determined by
calculating the amount of excess monomers accumulating per
adsorption step. (C) Excess monomers of the PEMs divided by the
total molar adsorption. For both (B) and (C), a positive value
corresponds to an excess amount of polycations within the multilayer.
Error bars are standard errors of measurement on three separate
samples.
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PSS/PAH multilayer is linear. For 50 and 500 mM, initially, in
the first few layers, the PSS/PAH systems grow nonlinearly.
After these initial layers, the buildup is linear and larger at
higher salt concentrations, similar to what has been reported in
other studies due to the more extrinsic charge compensation.1

When the polycation is changed to PEI, it is observed that the
molar adsorption is lower than that of PSS/PAH multilayers
built at the same salt concentration. With PAS as a polycation,
the adsorption is even lower and closer to the PSS/PAH
multilayer constructed at 5 mM NaCl. The adsorption of both
PEI and PAS is lower and is most likely due to the differences
in the polyelectrolyte structure compared to PAH. Here, PEI
has a branched structure and PAS has a bulky aromatic
structure and possible aromatic ring stacking, meaning that
both of these polycations will have a decreased mobility and
therefore can penetrate less into the multilayer, resulting in a
lower adsorption for PEI and PAS.
In Figure 2B, the amount of excess monomer in the

multilayer as a function of the number of layers is given
(according to eq 2). Here, a positive value corresponds to an
excess of polycation within the multilayer. In Figure 2B, it is
observed that for the PSS-/PAH-based multilayers, the amount
of excess polycation increases when higher salt concentrations
are used during multilayer preparation. This is simply because
of the increased adsorption at higher salt concentrations. An
improved measure is therefore the excess monomer ratio
(Figure 2C), which gives the monomer excess normalized by
the layer adsorbed amount as calculated by eq 3. This
normalized monomer excess is constant for all three ionic
strengths, meaning that the excess amount of PAH with
respect to PSS is independent of the salt concentration used
during layer preparation.
For the PSS/PEI and PSS/PAS multilayers built at 50 mM

NaCl, a different trend is seen where now the amount of excess
polycation accumulating within the multilayer is significantly
lower than the PSS/PAH multilayers. When looking at the
excess monomer ratio of Figure 2C, it is observed that for the
PSS/PAH multilayers, the monomer excess levels off at around
30−40% of excess PAH (with respect to PSS), in line with
other studies.1,31 For the PSS/PEI multilayers, in the first few
layers, PEI is 10−40% in excess with respect to PSS; this
gradually decreases to 5−11% as the number of layers
increases. The PSS/PAS multilayer is similar to the PSS/PEI
multilayers, with the amount of excess polycation with respect
to PSS stabilizing at higher layer numbers, at a charge ratio for
PAS of 10−16%. Again, this lower polycation excess for the
PEI and PAS multilayers compared to the PAH multilayer can
be related to the differences in the polycation steric bulk:
branched and aromatic side groups vs linear and small side
groups. It is important to note that the three polycations used
are all weakly charged. Their ionizable nature means that they
do not need to be completely charged during multilayer
formation (i.e., during adsorption), and this can lead to
polycation excesses since the strong polyanion PSS is always
fully charged. In the literature, it is common for PSS/PAH1,31

multilayers to have an excess of PAH, whereas for PSS/PEI
and PSS/PAS multilayers, there is no literature on monomer/
charge excess to the best of our knowledge. For PSS/PAH
multilayers, the excess of PAH is attributed to the high charge
density of PAH, as the PAH monomer is quite small. In this
case, the Bjerrum length is larger than the average distance of
the PAH charges, and as a consequence, Manning
condensation occurs, which immobilizes counterions on the

charges of PAH and therefore an excess of PAH can
accumulate within the layer.1 This excess amount of polycation
can lead to more extrinsic charge compensation and thus more
swelling than for an intrinsically charge-compensated multi-
layer.45 The results presented in Figure 2 show that an excess
amount of polycation is also present in PSS/PEI and PSS/PAS
multilayers. However, this excess is much lower than in PSS/
PAH multilayers and could be due to a better match between
the polycation and polyanion since PAS and PSS have similar
chemical structures and the branched structure of PEI makes it
more flexible to compensate charges.
Table 2 presents the measured ζ-potential of the uncoated

and PEM-coated hollow fiber membranes; the PEMs have 10

bilayers, and all PEMs are terminated with the polycation. The
ζ-potential measurements reveal the charge of the final surface
and show that the uncoated support membrane has a positive
surface charge. All of the [PSS/PAH]10 multilayer membranes
have a positive surface charge, while both the [PSS/PEI]10 and
[PSS/PAS]10 multilayers have a negative surface charge, even
though the polycation is the terminating layer. The measured
negative surface charge for the PEI and PAS membranes is
somewhat surprising; however, the polycations are weak PEs
and as discussed above they do not need be fully charged
during buildup or within the resultant multilayer, whereas PSS
is a strong PE and is therefore always fully charged. This means
that although an excess of polycation is measured within the
multilayers (Figure 2C), it is still possible for them to have a
negatively charged surface. Moreover, the excess of PEI and
PAS (5−16%) is much lower than that of PAH (30−40%).
Cross-linking shows little to no influence on the measured ζ-
potential, and overall, it can be concluded that cross-linking
does not significantly influence the surface charge of the PEMs.
In summary for this section, the adsorption behavior and ζ-

potential of PSS/PAH, PSS/PEI, and PSS/PAS multilayers
were studied. For all of the PSS/PAH multilayers, an excess
monomer ratio of PAH of 30−40%, whereas for the PSS/PEI
and the PSS/PAS multilayers a much lower excess monomer
ratio of polycation was found: 5−11 and 10−16%, respectively.
The ζ-potential of the multilayers showed that the PSS/PAH
membranes have a positive surface charge; however, the PSS/
PEI and PSS/PAS multilayers have a negative surface charge
even though the multilayers are terminated by the polycation.
In the next section, membrane performance is measured using
ions and various organic molecules, and from this, more
information about the bulk-layer properties of the PEMs as
well as the effect of cross-linking will be attained.

Nanofiltration Results. In this section, the nanofiltration
performances of the different PEM systems are presented and

Table 2. ζ-Potential of the Support Membrane and the PEM
Membranes Non-Cross-Linked and Cross-Linkeda

ζ-potential (mV) non-
cross-linked

ζ-potential (mV)
cross-linked

support membrane 29 ± 9 NA
5 mM[PSS/PAH]10 11 ± 2 1 ± 2
50 mM[PSS/PAH]10 18 ± 6 10 ± 2
500 mM[PSS/PAH]10 16 ± 3 17 ± 2
50 mM[PSS/PEI]10 −26 ± 9 −27 ± 2
50 mM[PSS/PAS]10 −14 ± 4 −13 ± 1

aError bars are standard deviations of measurements on three
different membrane modules.
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discussed. As before, five different PEM membranes have been
studied: [PSS/PAH]10 multilayers prepared at 5, 50, and 500
mM NaCl, as well as a [PSS/PEI]10 and a [PSS/PAS]10
multilayer both prepared at 50 mM NaCl. The section is
split up into three parts: the effect of polycation and multilayer
composition on membrane performance; the effect of cross-
linking on multilayer composition and membrane perform-
ance; and the application of the fabricated PEM membranes
for micropollutant removal.
Effect of Polycation. To obtain more knowledge about the

packing density, amount of chains per volume, of the different
PEM membranes, permeability and molecular weight cutoff
(MWCO) experiments were performed with the results shown
in Figure 3. Permeability gives information about how easily

water passes through the PEM, e.g., high permeability means
low resistance for water to permeate through the layer.
Subsequently, when the PEM is denser, permeability will be
lower due to densely packed PE chains; therefore, the effective
pore size will be small due to a high interchain network density
leading to a small mesh size. However, a simple increase in
thickness also leads to lower permeability although the density
of the PEM will stay the same. Here, MWCO experiments give
additional knowledge about the density of the multilayer. In
this experiment, neutral PEG molecules of various sizes are
retained by the PEM membranes, which is again an indication
of the packing density of the PE chains within the multilayer,
one that does not depend on layer thickness. In Figure 3A, the
permeability (left axis) and MWCO (right axis) of [PSS/
PAH]10 PEM membranes are plotted as a function of the salt
concentration used during preparation. When a [PSS/PAH]10
PEM is fabricated at 5 mM, the PEM membrane has a water
permeability of 22 L·m−2·h−1·bar−1 and the permeability
decreases to 9 and 6 L·m−2·h−1·bar−1 when the ionic strength
used during preparation is increased to 50 and 500 mM,
respectively. The permeability decreases at higher salt
concentrations due to the higher adsorbed amount of the
polyelectrolytes and thus thicker layers are formed, as shown
by the reflectometry results in Figure 2A. These results are
similar to studies performed on PSS/PDADMAC PEM
membranes where the permeability is also highly dependent
on the salt concentration used during preparation.15 In the
same figure, the MWCO is plotted and it is observed that at 5
mM the MWCO is very high, which indicates that this layer

has pinhole defects because the pores of the support are not
fully covered. The MWCO for the PEMs prepared at 50 and
500 mM is much lower and similar to each other. At these
higher salt concentrations, the multilayers are thicker, and
therefore, the pores are fully covered and a defect-free
multilayer is formed with a low MWCO.15

In Figure 3B, the water permeability (left axis) and MWCO
(right axis) are plotted for the [PSS/PAS]10, [PSS/PAH]10,
and [PSS/PEI]10 PEM membranes that were prepared at the
same salt concentration of 50 mM NaCl. It is known that
increasing the charge density (number of ion pairs per number
of carbon atoms) of a PEM results in higher retentions toward
ions.46 In this study, PSS/PAH, PSS/PEI, and PSS/PAS have,
respectively, an ion pair per number of carbon atoms of 1/11,
1/10, and 1/16. Here, PSS/PAH and PSS/PEI are close
together and have high charge densities, whereas PSS/PAS has
a low number of ion pairs per number of carbon atoms and
therefore a low charge density. When the various PEMs are
tested, it is observed that by switching the chemistry using
another polycation, large differences in permeability and
MWCO are found. When comparing [PSS/PAH]10 to [PSS/
PEI]10, the permeability decreases from 9 to 4 L·m−2·h−1·bar−1

and the MWCO decreases from 267 to 239 g·mol−1. This is a
56% change in permeability, which is noticeably lower than any
of the PSS/PAH PEM membranes used in this study. This is
surprising as the PEI/PSS layer is expected to be thinner
(Figure 2A) than the PAH/PSS layer. Together with the
observed lower MWCO, this indicates that the PEM is
significantly denser when the polycation is changed from PAH
to PEI. However, the PSS/PEI multilayer is much denser than
expected since the polyelectrolyte charge densities of both
PSS/PAH and PSS/PEI are similar. The increased density of
the PSS/PEI multilayer can be explained by the much lower
excess of polycation present, which helps create a more
stoichiometric multilayer. A more stoichiometric multilayer
will result in less swelling of the layer (as the charge is lower)
and better ion pairing47 and therefore will result in a higher
packing density of PE chains. On the contrary, when PAS is
used as a polycation, the polyelectrolyte charge density is lower
than for PSS/PAH and PSS/PEI and this results in a high
permeability for the [PSS/PAS]10 membrane of 22 L·m−2·h−1·
bar−1, an increase of 144% with respect to the PSS/PAH
multilayer membrane built at the same salt concentration. The
MWCO of the PEM membranes matches this change in water
permeability. Here, the MWCO increases from 267 g·mol−1 for
the PSS/PAH membrane to 713 g·mol−1 for the PSS/PAS
membrane, indicating a more open PEM when PAS is used as
the polycation. Importantly though, the MWCO measured for
the PSS/PAS membranes is still well within the nanofiltration
regime and the higher MWCO is in line with the higher water
permeability observed. Moreover, even though the PSS/PAS
multilayer constructed with 50 mM salt has a similar PE
adsorption behavior as a 5 mM PSS/PAH multilayer (see
Figure 2), for the PAS case, a defect-free multilayer can be
prepared unlike for the 5 mM PSS/PAH case.
When looking at the retention values toward NaCl that are

presented in Figure 4A, for the [PSS/PAH]10 PEM
membranes, the retention increases with increasing salt
concentration used during buildup. This is a result of
increasing positive charge within the multilayer when the salt
concentration increases. However, like shown in Figure 2C, the
amount of excess PAH in a PSS/PAH multilayer with regard to
PSS is fixed and independent of the salt concentration. For this

Figure 3. (A) Permeability (left) and MWCO (right) of [PSS/
PAS]10, [PSS/PAH]10, and [PSS/PEI]10 PEM membranes prepared at
a fixed salt concentration of 50 mM NaCl. (B) Permeability (left) and
MWCO (right) of [PSS/PAH]10 prepared at salt concentrations of 5,
50, and 500 mM NaCl. MWCO is measured at a crossflow velocity of
1 m·s−1, a pressure of 2 bar, and a temperature of 20 °C. Error bars
are standard errors from measurement of five separate membrane
modules.
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reason, the increasing positive charge, and therefore NaCl
retention, is most likely due to an increasing amount of
extrinsic charge within the multilayer due to the high salt
concentration used during buildup. The [PSS/PEI]10 PEM
membrane has the lowest water permeability and MWCO of
all PEMs (Figure 3A), and it is also the membrane with the
highest retention toward NaCl, when compared to the other
PEMs build at the same salt concentration (Figure 4B). This is
again in line with the dense packing of the PE chains, which
translates into high dielectric exclusion and therefore high ion
retentions. Conversely, the [PSS/PAS]10 PEM membrane with
the most open structure has naturally the highest water
permeability and also the lowest NaCl retention due to a low
packing and charge density of PE chains. These results show
that both the packing density of polyelectrolyte chains (low or
high permeability), the charge density, and excess amount of
monomers of the multilayer greatly influence the retention
toward salt ions.
Measuring MgSO4 retention gives useful information since

two divalent ions have to be retained by the membrane instead
of monovalent Na+ and Cl− ions. In most cases, retentions for
MgSO4 are higher than for NaCl. In Figure 4A, it is observed
that MgSO4 retentions are high for each PSS/PAH PEM
membrane, except for the defect containing the [PSS/PAH]10
multilayer constructed at 5 mM NaCl. Moreover, a small
decrease in MgSO4 retention is observed when the multilayer
is prepared at 500 mM instead of 50 mM. As explained in the
previous paragraph, this could be due to the increased amount
of extrinsic charge within the bulk of the multilayer due to the
higher salt concentration used during buildup. For this reason,

a higher positive charge within the bulk of the multilayer can
create a higher sulfate affinity, meaning that less MgSO4 will be
retained. In Figure 4B, the MgSO4 retentions of PSS/PAS and
PSS/PEI membranes are compared to PSS/PAH prepared at
the same salt concentration of 50 mM. Here, it is shown that
PSS/PAS membranes have a good MgSO4 retention and the
PSS/PEI membranes have a very high retention of MgSO4.
The high retention of PSS/PEI PEM membranes is most likely
due to a combined effect of surface/bulk charge, dielectric, and
size exclusion because of the densely packed multilayer.
Focusing on the MgCl2 retentions presented in Figure 4A, it

is clear that the retention of MgCl2 is high (>95%) for the
[PSS/PAH]10 multilayers constructed at 50 and 500 mM, in
line with the reflectometry and ζ-potential results that reveal a
positive bulk and surface charge. The low MgCl2 retention for
the PSS/PAH membrane constructed at 5 mM is due to
pinhole defects. However, in comparison, the [PSS/PEI]10
multilayer membranes shown in Figure 4B have a lower
retention for MgCl2 than the PSS/PAH membranes (50 and
500 mM), indicating a less positively charged surface and bulk.
A similar behavior is observed for the more open [PSS/PAS]10
membranes, where the MgCl2 retention is even lower. For both
the PSS/PEI and PSS/PAS membranes, this is completely in
line with the ζ-potential results, which show a negative
membrane surface potential. For Na2SO4 retention, in general
for the PSS/PAH membranes, a lower retention is measured
than for MgCl2. For the [PSS/PAH]10 multilayer membranes,
the retention toward Na2SO4 is lower for the PEM membrane
constructed at 500 mM salt compared to the PEM membrane
constructed at 50 mM. This behavior is most probably due to
the greater amount of extrinsic charge present within the
multilayer and therefore an effective higher positive charge. For
both the PSS/PEI and PSS/PAS membranes, the very high
retentions toward Na2SO4 are in line with the negative surface
charge of the membranes (see ζ-potential results).
All information from the previous sections is qualitatively

summarized in Table 3, where it is shown by water
permeability, MWCO, and retention of various ions that the
PSS/PAH PEM membranes are overall positively charged in
the bulk and surface, are dense, and have a high dielectric
exclusion toward ions since overall high retentions toward all
ions are obtained. The PSS/PAS membranes, on the other
hand, are negatively charged, have an open structure, and ion
retentions are low and Donnan-exclusion-based, since sulfate
retentions are high and magnesium retentions very low.21 The
PSS/PEI membranes are negatively charged, the densest of the
PEM membranes studied in this work with the lowest
permeability and MWCO and high ion retentions, especially
for the divalent negative ions. The much lower retention for
MgCl2 indicates Donnan exclusion as a separation mechanism,
while dielectric exclusion is likely to contribute. Overall, the

Figure 4. (A) Retention of various ions (NaCl, MgSO4, Na2SO4, and
MgCl2) with [PSS/PAH]10 PEM membranes prepared at 5, 50, and
500 mM NaCl. Retention is measured at a crossflow velocity of 1 m·
s−1, a pressure of 6.2 bar, and a temperature of 20 °C. (B) Retention
of the same ions with [PSS/PAS]10, [PSS/PAH]10, and [PSS/PEI]10
PEM membranes prepared at a fixed salt concentration of 50 mM
NaCl. Error bars are standard errors from measurements on five
separate membrane modules.

Table 3. Summary of the PEM Properties Based on Their Nanofiltration Performances for [PSS/PAS]10, [PSS/PAH]10, and
[PSS/PEI]10 PEM Membranes Prepared at 50 mM of NaCl

PSS/PAS PSS/PAH PSS/PEI

low charge density 1/16 ion pair per carbon atoms high charge density 1/11 ion pair per carbon atoms high charge density 1/10 ion pair per carbon atoms
low packing density of PE chains high packing density of PE chains high packing density of PE chains
negative surface charge positive surface charge negative surface charge
low excess of polycation/low swelling potential high excess of polycation/high swelling potential low excess of polycation/low swelling potential
high permeability medium permeability low permeability
low overall ion retention Donnan exclusion high overall ion retention dielectric exclusion high overall ion retention Donnan + dielectric exclusion
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trend is seen that when the charge density of a PEM increases,
the packing density of the PEM becomes higher.
Effect of Cross-Linking. In Figure 5, the MWCO is plotted

as a function of the membrane permeability; here, it can be

clearly seen that when the permeability goes down, the
MWCO decreases following the permeability-selectivity trade-
off.48 During cross-linking, the chemistry for all PEMs is the
same: the primary amines react with GA, forming an imine
bond.6 Subsequently, for all of the PEM membranes studied,
the effect of cross-linking is similar, i.e., after cross-linking, all
of the membranes have a lower water permeability and lower
MWCO.
In Figure 6, all of the ion retentions for the non-cross-linked

and cross-linked PEM membranes are plotted as a function of
their water permeabilities. For all of the [PSS/PAH]10
membranes, (black symbols) cross-linking results in lower
retentions toward NaCl. This is surprising as the MWCO
results shown in Figure 5 suggest that the PEMs become
denser after cross-linking. A possible explanation for the
decrease in NaCl retention is that the charge balance within
the bulk of the multilayer changes due to the reaction of
glutaraldehyde with PAH.6,49 The effect of cross-linking on
NaCl retention is the most significant for PSS/PAH multi-
layers constructed at 500 mM. When looking at the [PSS/
PEI]10 membranes (blue symbols), an increase in NaCl
retention from 85 to 89% is observed after cross-linking.
Similarly, the [PSS/PAS]10 membranes (red symbols) also
show an increasing retention toward NaCl after cross-linking.
Here, the increases in NaCl retentions are in line with the
MWCO results of Figure 5, and these data both support the
conclusion that the PEMs become denser (increased chain
packing density).
In Figure 6B, it is shown that after cross-linking, the

retention toward MgSO4 is not affected for any of the PEM
membranes (only the water permeability is influenced). Here,
either a densification and/or altering of the surface charge after
cross-linking means that the MgSO4 retention remains high.
For MgCl2 and Na2SO4, shown in Figure 6C,D respectively,
for all PSS/PAH membranes, cross-linking leads to lower
retentions toward MgCl2 and increased retentions toward
Na2SO4. This indicates that the overall charge of the multilayer

becomes less positive.49 This is logical because GA reacts with
the primary amine groups of PAH forming an imine; therefore,
the total amount of charge is effectively decreased after
reaction with GA. For both the PSS/PEI and PSS/PAS
membranes, the opposite is observed where upon cross-linking
the MgCl2 retention goes up while maintaining the same
Na2SO4 retention. For PEI-based membranes, only the primary
amines react; therefore, only one-third of the amines present
can react with GA. It could be due to an increase in packing
density that the charge density increases since the secondary
and tertiary amines are pulled more closely together. This is in
line with a previous study on PEI-based membranes where
after cross-linking with terephthalaldehyde, the charge of the
membranes becomes less negative.16 For PSS/PAS, an increase
in density can lead to a higher charge density within the
multilayer, ensuring an overall higher ion retention.
Overall, the effect of cross-linking on membrane structure

and performance is the same for all PEMs (denser structure,
lower overall charge, and lower MWCO), but the degree
depends on the multilayer composition, i.e., the polycation
used. Here, PSS/PAH undergoes the largest changes upon
cross-linking, clearly showing a change in charge balance
within the multilayer where the PEM becomes less positively
charged within the bulk. However, PSS/PEI and PSS/PAS
show an overall increase in ion retention upon cross-linking
due to an increasing packing density of the PE chains.

Figure 5. MWCO as a function of the permeability for [PSS/PAH]10,
[PSS/PAS]10, and [PSS/PEI]10 PEM membranes. Solid symbols are
non-cross-linked PEMs, and open symbols are cross-linked PEMs.
Note: CL stands for cross-linked. Black symbols are [PSS/PAH]10
PEMs prepared at 5 mM (squares), 50 mM (diamonds), and 500 mM
NaCl (circles). Red triangle symbols are [PSS/PAS]10 PEMs, and
blue rectangles are [PSS/PEI]10 PEMs. MWCO is measured at a
crossflow velocity of 1 m·s−1, a pressure of 2.0 bar, and a temperature
of 20 °C. Error bars are standard errors from measurements on five
separate membrane modules. Figure 6. Retention of 5 mM NaCl (A), MgSO4 (B), MgCl2 (C), and

Na2SO4 (D) as a function of the permeability. Solid symbols are non-
cross-linked PEM membranes, and open symbols are cross-linked
PEM membranes. Note: CL stands for cross-linked. Black symbols are
PSS/PAH membranes at which squares are the membranes built up at
5 mM, diamonds at 50 mM, and circles at 500 mM NaCl. Blue
rectangle symbols are PSS/PEI membranes, and red triangle symbols
are PSS/PAS membranes, both built up at 50 mM NaCl. Retention is
measured at a crossflow velocity of 1 m·s−1, a pressure of 6.2 bar, and
a temperature of 20 °C. Error bars are standard errors from
measurements on five separate membrane modules. Colored regions
are a guide for the eye.
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PEM Membranes for Micropollutant Separation. To
evaluate the performance of all of the PEM membranes used
in this study, difficult-to-remove molecules that are harmful for
humans and the environment (micropollutants) are treated by
the fabricated PEM membranes. In Figure 7A,B, the micro-
pollutant retentions are given for all PEM membranes used in
this study. The mixture used contains various micropollutants
of different molecular weights (200−650 Da), and they are
positively charged, negatively charged, or have no overall
charge at the chosen pH of 5.8. Phenolphthalein and
bromothymol blue, both pH indicators, are added to ensure
an even molecular weight distribution.
Interestingly, the retention of micropollutants gives valuable

information about the exclusion mechanism of the PEMs and
therefore indirectly provides insights into the structure of the
multilayer. In this study, the micropollutant retentions will be
coupled to all previous results to develop a deeper under-
standing of the multilayer structure. First, Figure 7A shows the
micropollutant retention for [PSS/PAH]10 membranes con-
structed at 5, 50, and 500 mM NaCl for the solid-black, gray,
and light-gray bars, respectively. The micropollutant retentions
for the cross-linked membranes are shown by patterned bars
on the right side of the corresponding PEM membrane. For
the non-cross-linked PSS/PAH membranes constructed at 5
mM salt, the overall retention is low and this is especially true
for positively charged (+) and neutral (0) micropollutants. For
the PSS/PAH multilayers constructed at 50 and 500 mM
NaCl, an overall high retention toward micropollutants is
observed. Especially high retentions toward positively charged

atenolol and neutral micropollutants are seen. The retentions
drop for negatively charged micropollutants, except for
bezafibrate because of its relatively high molecular weight.
After cross-linking, the retentions toward neutral and
negatively charged micropollutants increase for these PSS/
PAH membranes (50 and 500 mM), while the retention
toward positively charged micropollutants goes down. These
findings are in line with the earlier results that show that the
membranes become less positively charged and denser after
cross-linking (Figures 5 and 6).
For the PSS/PAS membranes (red bars in Figure 7B), the

retentions toward both positively and negatively charged
species, i.e., atenolol (+), naproxen (−), and bezafibrate (−),
are higher than one would expect from the measured MWCO
of this membrane. However, the neutral micropollutants are
retained less than the negative ones, which is more in line with
the measured MWCO. Moreover, the complete removal of
bromothymol blue indicates a defect-free separation layer. For
the cross-linked PSS/PAS membrane, it is observed that the
retention toward neutral micropollutants increases; however,
no increasing retention is observed toward charged micro-
pollutants. This result is in line with the MWCO results and
the ion retention results because MWCO goes down while ion
retentions change only slightly. The PSS/PEI membranes
(blue bars in Figure 7B) have a high retention toward every
micropollutant, and complete removal for naproxen (−) and
bezafibrate (−) is found, in line with the Donnan exclusion
expected for this multilayer. Upon cross-linking, micro-

Figure 7. Micropollutant retention as a function of various micropollutants sorted from left to right based on their charge (left positive, middle
neutral, and right negative). (A) Retention of the [PSS/PAH]10 multilayer constructed at 5, 50, and 500 mM NaCl (black, gray, and light-gray,
respectively). (B) Retention of [PSS/PEI]10 and [PSS/PAS]10 multilayers in red and blue, respectively. In both graphs, solid bars represent non-
cross-linked multilayer membranes and patterned bars represent cross-linked multilayer membranes. Note: CL stands for cross-linked. Error bars
are standard errors from measurements on five separate membrane modules.
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pollutant retentions for the PSS/PEI membranes do not
change significantly because the PEM is already very dense.
All three multilayer systems used in this studyPSS/PAH,

PSS/PEI, and PSS/PASare based on the same polyanion,
PSS, and the polycations contain cross-linkable primary amine
groups. Comparison between the PEMs with different
polycations is made at a building salt concentration of 50
mM NaCl. The PSS/PEI membrane is found to be the densest
and the least permeable with the highest overall ion and
micropollutant retentions. When the PSS/PEI multilayer is
cross-linked, no change in water permeability and micro-
pollutant retention is observed because the PEM already has a
high density. The PSS/PAH membranes contain a high excess
amount of PAH; therefore, when these multilayers are cross-
linked, a larger change in bulk charge is observed together with
a densification of the multilayer. For the PSS/PAS membranes,
a high densification of the multilayer is seen together with
slightly increasing micropollutant retentions. In summary,
cross-linking can be beneficial for PEM membranes to increase
their performance; however, the effect of cross-linking depends
strongly on the type of multilayer used.

■ CONCLUSIONS

In this study, the influence of polycation type (PAH, PEI, and
PAS) and cross-linking on the structure and performance of
PEM-coated nanofiltration membranes was investigated. PE
adsorption measurements show that a 30−40% excess of PAH
is present within the multilayers regardless of the building salt
concentration (5, 50, and 500 mM NaCl), and this gives the
membranes a positive surface charge. For the PSS/PEI and
PSS/PAS membranes, the excess amount of polycation was
lower (5−11 and 10−16%, respectively). Furthermore, in
contrast to the PSS/PAH multilayers, these PEM membranes
had a negative surface charge even though they were
polycation-terminated. At higher building salt concentrations,
thicker PSS/PAH multilayers were formed, and this resulted in
lower water permeabilities. When the PEMs were prepared at
the same salt concentration (50 mM NaCl), the PSS/PEI
membranes had a 56% lower permeability than the PSS/PAH
membranes, whereas the PSS/PAS has a permeability 144%
higher than the PSS/PAH membranes. In addition, MWCO
experiments show that the PSS/PAH (267 g·mol−1) and the
PSS/PEI (239 g·mol−1) multilayers are dense in structure,
whereas the PSS/PAS multilayers were more open with a
higher MWCO (712 g·mol−1) in line with the higher water
permeability. The retention of various monovalent and divalent
ions (NaCl, MgSO4, MgCl2, and Na2SO4) shows that the PSS/
PEI and PSS/PAH membranes were dense and had a high
retention toward ions. However, the PSS/PAS membranes
were more open than the PEI and PAH membranes and
showed clear Donnan-exclusion-based retentions (high
Na2SO4 and low MgCl2 retentions). Upon cross-linking, the
packing density of the PEMs increased and this effect was the
strongest when the PEMs were more open. Micropollutant
retentions were the highest for the PSS/PEI membranes, which
were the densest of the multilayers. Cross-linking resulted in
higher overall micropollutant retentions for all PEMs except
for the PSS/PEI membranes because they were already very
dense. In conclusion, this work shows the versatility of PEM
membranes since with a simple change in multilayer
composition, hugely different membranes can be constructed.
Moreover, cross-linking of PEM-coated membranes can be

hugely beneficial to increase retention toward both micro-
pollutants and ions.
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