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ABSTRACT: The increase of micropollutant concentration in
both surface and groundwater is an emerging concern for the
environment and human health. Most of such small organic
molecules (medicines, hormones, and plasticizers) enter the
environment via our wastewater, because they are not
sufficiently removed by the current techniques applied in
wastewater treatment plants. A possible solution to remove
micropollutants is the usage of polyelectrolyte multilayer
(PEM) based membranes. PEM membranes have received a
growing interest in the past decade due to their high chemical
and physical stability and their high permeability and selectivity.
A popular polyelectrolyte pair to make dense PEM membranes
with high salt retentions is the combination of poly(allylamine
hydrochloride) (PAH) and poly(sodium 4-styrenesulfonate) (PSS). Unfortunately, smaller micropollutants (such as bisphenol
A, sulfamethoxazole, naproxen, and bezafibrate) still show significant permeation through this membrane. In this study, for the
first time, a single final layer of Nafion is applied on the PEM to increase the density of the PEM membrane. It is shown that
when terminating with Nafion, the swelling of the multilayer decreases by 50%. These pronounced changes in layer structure are
reflected by changes in membrane performance, such as a lower molecular weight cutoff (MWCO) and an increasing hydraulic
membrane resistance. Furthermore, we show that the Nafion content of the multilayer can be increased by constructing a
Nafion/PAH multilayer on top of the existing PSS/PAH multilayer, thereby lowering the MWCO. Although hydraulic
resistance increases, these PSS/PAH/Nafion-based multilayers show excellent performance in rejecting difficult-to-remove
micropollutants that have low molecular weight (200−650 Da) and different charges. Overall, a cocktail of eight small
micropollutants can be removed up to 97% by these membranes, allowing strongly enhanced water purification.
KEYWORDS: polyelectrolyte multilayers, nanofiltration, Nafion, swelling, micropollutants

■ INTRODUCTION
Growing concentrations of micropollutants in our surface and
our drinking water sources lead to increased worries about
their long- and short-term effects on human health and the
environment.1 Waste water from hospitals, industry, and
domestic households contains a large variation of small
(100−1000 Da) and difficult-to-remove micropollutants
(MPs). Unfortunately, traditional wastewater treatment based
on flotation, clarification, and (an)aerobic treatment only
removes a small amount of these micropollutants from waste
streams.2 The purified water, still containing MPs, is
discharged in rivers and other drinking water resources.3,4

To prevent any micropollutants from ending up in our
drinking water, membrane filtration of ground and surface
water can be a solution to provide clean and safe drinking
water. Alternatively, membranes could be used in wastewater
treatment to prevent micropollutants from being released into
the environment at all. For both possible treatment options, it
is clear that better membranes need to be developed in order
to remove micropollutants in an effective and efficient way.

In membrane science, various types of filtration exist,
namely, microfiltration, ultrafiltration (UF), nanofiltration
(NF), and reverse osmosis (RO). Where microfiltration and
ultrafiltration are based on pore-flow membranes, reverse
osmosis membranes have a dense separation layer and
therefore, the solution-diffusion principle applies.5 NF
membranes have properties in between RO and UF, but
typically share the dense polymeric top layer of RO. NF has
been found to separate on principles of Donnan, dielectric, and
size exclusion.6,7 Nowadays, most NF membranes are thin film
composite membranes consisting of a porous support, coated
with a dense polyamide separation layer prepared by means of
interfacial polymerization (IP).8 While these membranes are
very successfully applied for, e.g., hardness removal, their
preparation technique has limitations. For example, it is very
difficult to utilize IP coating for the inside of a hollow fiber
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membrane, while this geometry would hold many benefits in
wastewater treatment, such as a high packing density and lower
fouling potential. Moreover, IP-based coatings are chemically
weak and prone to degrade when treated with chemical
cleaning agents.9

An upcoming technique to prepare NF membranes is layer-
by-layer (LbL) assembly of oppositely charged polyelectro-
lytes. This highly effective method makes use of alternating
deposition of two oppositely charged polyelectrolytes on a
support membrane, independent of the support membrane
geometry. This allows efficient fabrication of hollow fiber NF
membranes, with the separating layer on the inside of the
hollow fiber membrane. Furthermore, the LbL technique
allows easy fine-tuning of the resulting membrane properties,
by control over the used polyelectrolytes10 and the coating
conditions, such as salt concentration11 and pH.12 Fabrication
of PEM-based hollow fiber membranes can be performed using
simple immersive techniques such as dip coating11 or dynamic
coating13 of polyelectrolytes on the surface by flushing the
membrane with appropriate polyelectrolyte solutions. To coat
a PEM, various charged support surfaces can be used, including
sulfonated poly(ether sulfone)9 and plasma treated poly-
(acrylonitrile).14 It has been shown that a higher charge
density of the support layer creates more stable PEM
membranes.9

One commonly used polyelectrolyte pair to manufacture NF
membranes is the combination of poly(styrenesulfonate)
(PSS) and poly(diallyl dimethylammonium chloride) (PDAD-
MAC).15 This system has many advantages such as good
permeability, high multivalent ion retention, and a very high
physical and chemical stability. However, major drawbacks of
PSS/PDADMAC-based PEM membranes are the relatively
high molecular weight cutoff (MWCO) and thus low
rejections of micropollutants.11,15 To obtain better retention
performance toward MPs, membranes need to be designed
with much more effective size-based exclusion, and thus a
lower MWCO. A polyelectrolyte couple that has a denser
structure, a high retention toward solutes, and still a high
chemical and physical stability is the combination of PSS and
poly(allylamine hydrochloric acid) (PAH). This polyelectro-
lyte couple leads to PEMs with a bulk excess of positive charge,
resulting in a high retention toward ions.16,17 Furthermore,
PSS/PAH-based membranes have a small effective pore size
(estimated to be 0.34−0.5 nm, depending on the pH of PAH
during coating), which results in a high retention toward
uncharged solutes.18,19 Still, we believe that it is required to
densify this layer even further, to attain the required selectivity
to remove small and uncharged MPs, such as bisphenol A,
sufficiently.

Nafion is a well-known material used for the fabrication of
high-performance ion exchange membranes (IEMs) for
electrodialysis/electrolysis and fuel cell applications.20,21 In-
deed, Nafion-based membranes are among the densest ion
exchange membranes in production, caused by the hydro-
phobic nature of the fluorinated polymer, leading to very high
ionic selectivities. Even so, the selectivity between monovalent
and divalent ions can still be increased by simply coating the
surface of IEMs22 and more specifically Nafion-based IEMs23

with PEM-based coatings. In this study, however, we propose
to reverse this approach by utilizing Nafion to achieve denser
and more selective PEM-based membranes. It has been shown,
on model surfaces, that in combination with PDADMAC or
PAH a PEM can be constructed with Nafion acting as the
polyanion.24−27 Constructed PEMs with Nafion have been
shown to be very hydrophobic even when a “normal” PEM is
terminated by just a single layer of Nafion, a so-called Janus
film.28

In this work, we demonstrate for the first time that a Nafion
coating can be applied as a post-treatment to create low-
hydrated PEM membranes with an increased micropollutant
retention. We study how Nafion impacts the swelling and
hydrophilicity of a PSS/PAH multilayer and the effects on
membrane performance, as shown schematically in Figure 1.
To characterize the multilayer, ellipsometry is used to study
the swelling of the multilayer before and after terminating with
Nafion. In addition, contact angle measurements are
performed to study the hydrophilicity. Membrane performance
is studied by measuring the hydraulic resistance after each
coating step of PSS, PAH, and Nafion. Finally, we will show
that through terminating with Nafion, the multilayer has a
lower MWCO and a higher retention for micropollutants but
will keep the same salt retention behavior.

■ EXPERIMENTAL SECTION
Materials. Poly(allylamine hydrochloric acid) (PAH, MW =

150,000 g·mol−1, 40 wt % in water) was purchased from Nittobo
Medical, Japan, while poly(sodium 4-styrenesulfonate) (PSS, MW =
200,000 g·mol−1, 30 wt % in water), and Nafion (1100 E.W.
(equivalent weight) perfluorinated resin solution, 5 wt % in lower
aliphatic alcohols and 15−20% water) were purchased from Sigma-
Aldrich. Sodium chloride was obtained from Akzo Nobel, The
Netherlands, and sulfamethoxazole from Fluka. All other chemicals
were obtained from Sigma-Aldrich. All chemicals were used without
further purification.

Tight hollow fiber ultrafiltration membranes were obtained from
NX Filtration B.V. (Enschede, The Netherlands). The membranes are
asymmetric with the smallest pore size at the inner surface. The fibers
have a positive surface charge, an inner diameter of 0.68 mm, a
standard permeability of 200 L·m−2·h−1·bar−1, and a molecular weight

Figure 1. Schematic overview of the studied systems. Here, a PSS/PAH multilayer is constructed from the polyanion PSS and the polycation PAH.
Nafion, a very hydrophobic polyelectrolyte, is added as a final layer to reduce the swelling of the multilayer. For a denser multilayer, more selective
separation properties are expected.
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cutoff (MWCO) of 25 kDa. Silicon wafers were purchased from
WaferNet Inc. (San Jose, CA, USA).

Dip Coating. Silicon wafers were first immersed, for 15 min, in a
solution of 0.1 g·L−1 PAH and 0.5 M NaCl at a pH of 1.8.
Subsequently, they were rinsed three times for 5 min in separate baths
containing 0.5 M NaCl. After the rinsing steps, the wafers were
immersed in a solution of 0.1 g·L−1 PSS and 0.5 M NaCl. After the
second dip-coating step, the silicon wafers were rinsed in the same
manner as the first dip-coating step. This cycle completes one [PAH/
PSS] bilayer and is repeated with the same solutions until the desired
number of [PAH/PSS] bilayers is reached. For hollow fiber
membranes the dip-coating procedure is similar, with all coating
and rinsing solutions always containing the same concentration of
NaCl (50, 100, 500, or 1000 mM). However, for the hollow fiber
membranes, the first step is to immerse them in the PSS solution
instead of the PAH solution. Hollow fibers are completely immersed
in an upright position in the coating and rinsing solutions to make
sure that all air escapes from the inside of the fibers, such that the
coating as well as the rinsing solutions are in contact with the entire
inner surface of the fibers.

Nafion was coated on top of a [PSS/PAH]n multilayer (PAH[PSS/
PAH]7 for silicon wafers) by dipping the hollow fiber membranes or
silicon wafers in a solution of 80/20 (wt %) ethanol/water containing
0.1 g·L−1 of Nafion. The wafers and hollow fibers were first rinsed by
a solution of 80/20 (wt %) ethanol/water and subsequently by
demineralized water before storage in demineralized water.

When building a [Nafion/PAH] multilayer, the demineralized
water rinsing step is substituted by two rinsing steps containing the
same ionic strength as the PAH coating solution. After rinsing, the
fibers are immersed in a solution of 0.1 g·L−1 PAH, at a pH of 1.8, and
at the appropriate ionic strength. After PAH coating, the fibers were
rinsed twice with the same ionic strength as the coating solution and
one time in demineralized water; no pH adjustment to these rinsing
solutions was performed. This cycle completes one [Nafion/PAH]
bilayer; the cycle is repeated until the desired number of bilayers is
obtained.

After dip coating is completed, the hollow fiber membranes are
immersed in an aqueous solution containing 15 wt % glycerol for at
least 4 h. Subsequently, the hollow fiber membranes are dried
overnight and potted into single hollow fiber modules with an
approximate active fiber length of 17 cm.

Ellipsometry. A rotating compensator ellipsometer (Mk-2000 V,
J. A. Woollam Co., Inc.) was used for the spectroscopic ellipsometry
measurements. The ellipsometer operates in a wavelength range of
370−1000 nm. First, wet thicknesses were measured for the as
prepared wafers that were stored for at least 24 h in demineralized
water. Wet thicknesses were measured by a 5 mL heated liquid cell
filled with Milli-Q water at a 75° angle of incidence under ambient
temperature. The coated wafers were equilibrated for 30 min in the
liquid cell before measuring. After measuring the wet thickness, the
wafers were dried using a nitrogen gas flow. Dry thicknesses were
measured under three different angles of incidence (65°, 70°, and
75°) and at three different spots on the silicon wafers. All dry
thickness measurements were done under ambient conditions.

�
�

= +n A
B

( ) 2 (1)

Data fitting was performed using the CompleteEase software. A
Cauchy model, shown in eq 1, was used to fit the data obtained from
the coated silicon wafers. The refractive index of silica and its
wavelength dependence are well-known and defined. For the
polyelectrolyte multilayers, the Cauchy parameters were fitted
independently from the thickness for layers thicker than 30 nm.
The swelling ratio for the multilayers was calculated using the dry and
wet thickness, as shown by eq 2. Average values and standard
deviations of the thicknesses and swelling ratios were calculated and
reported.

=
Š

×
d d

d
SR 100%

wet dry

dry (2)

Contact Angle. Contact angles were measured statically on a
Dataphysics OCA15 plus instrument and calculated by using the
SCA20 software. To determine the contact angle, a coated silicon
wafer was placed on a flat surface. Subsequently, a 5 � L water droplet
(Milli-Q, 18.2 M� ) was placed on the surface of the coated silicon
wafer. To obtain the contact angle, a picture was taken 5 s after the
water droplet touched the surface. All measurements were performed
at least three times, and the average values and standard deviations
were calculated and reported.

Membrane Resistance. The hydraulic resistance of the
membranes toward water is determined by measuring the
permeability of the polyelectrolyte multilayer membranes. At least
three single hollow fiber modules were made for every membrane type
and tested using a cross-flow setup operated by a rotary vane pump
(BN71B4 pump motor, Bonfiglioli, Italy; IMTI 1.5 M inverter,
Electroil, Italy; PA411 pump head, Fluid-o-Tech, Italy). Permeability
was measured at 7.9 bar of applied pressure under cross-flow
conditions, and the resistance of the membranes was calculated using
eq 3 below. In this equation, � P is the transmembrane pressure (Pa),
� the dynamic viscosity (Pa·s), and J is the membrane flux (m·s−1).

=
�
�

R
P
J (3)

Molecular Weight Cutoff. Molecular weight cutoff was
determined with a feed mixture of several poly(ethylene glycol)
(PEG) molecules of different molecular weights; PEG200, PEG400,
PEG600, PEG1000, and PEG1500 at a concentration of 1 g·L−1 each.
The cross-flow setup was operated at 1.7 bar and a flow of 10 L·h−1

per module. Feed and permeate samples were 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 compartment). Solutions were flown
at 1 mL·min−1 over two Polymer Standards Service Suprema 8 × 300
mm columns in series: 1000 Å, 10 � m followed by 30 Å, 10 � m.
Concentrations were measured via refractive index measurements.

Salt Retention. Salt retention was measured in cross-flow mode
using 5 mM of NaCl, Na2SO4, MgCl2, or MgSO4. The measurements
were performed in the laminar flow regime at a cross-flow velocity of
1 m·s−1 (equal to a Reynolds number of 675) using a transmembrane
pressure of 1.7 bar. To determine retention, the conductivity of both
the permeate and feed was measured using a WTV 3210 conductivity
meter. Using eq 4, the retention can be calculated on the basis of the
difference in conductivity of the feed and permeate.

=
�

×R
C

C
100%

feed (4)

Micropollutant Retention. To measure micropollutant reten-
tions, a cocktail was prepared containing 3 mg·L−1 of each of the
micropollutants (atenolol, atrazine, bezafibrate, bisphenol A,
bromothymol blue, naproxen, phenolphthalein, and sulfamethoxa-
zole) and adjusted to a pH of 5.8. The measurements were performed
at equal flux; therefore, the cross-flow setup was operated at 1.2, 2.0,
and 7,9 bar and at a cross-flow velocity of 1 m·s−1 per module. The
separation process was allowed to stabilize for at least 24 h per
measurement while leading permeate back into the feed, to prevent
that adsorption leads to a higher apparent retention. Subsequently,
around 2 mL of permeate was collected from each module and a
calibration range was prepared from the feed. All samples were
analyzed by HPLC (high-pressure liquid chromatography, Dionex
Ultimate 3000; eluents, water, acetonitrile, and 0.1% phosphoric acid)
over a Thermo Scientific Acclaim RSLC 120 C18 column (2.2 � m,
2.1 × 100 mm). Micropollutant concentrations were determined via
UV/vis detection at 225 nm and bromothymol blue at 430 nm.
Subsequently, retention was calculated in the same way as salt
retention, using eq 4.
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■ RESULTS AND DISCUSSION
The results and discussion section is split into three distinct
parts. In the first section, we focus on the characterization of
PSS/PAH and PSS/PAH/Nafion multilayers prepared on
model surfaces (silicon wafers with a 1.8 nm top layer of silica).
We utilize static contact angle and ellipsometry measurements
to obtain a measure for the hydrophilicity, thickness, and
swelling of the multilayer. Here, it is shown that the swelling
and hydrophilic properties of the multilayer change when
terminated with Nafion. In the second part, the same
multilayer is built on porous hollow fiber support membranes
and characterized by membrane permeability measurements in
order to understand the effect of Nafion on the hydraulic
resistance of the PEM membrane. In the third part, the
modified membranes are assessed on their performance by salt
retention, MWCO, and micropollutant retention measure-
ments. By correlating the results of the model surface
characterization with membrane performance, a much better
understanding is achieved on how Nafion affects the properties
and performance of PEM membranes.

Polyelectrolyte Multilayer Characterization: Model
Surface. The effect of the terminating layer on a PSS/PAH
multilayer was studied by contact angle measurements. From
literature it is known that the contact angle of a PSS/PAH
multilayer is around 30° to 60°29 and depends on the
terminating layer. When PSS and PAH are alternately coated
on a silicon wafer, a zigzag pattern is observed in the contact
angle. It is known that the contact angle of a PAH terminated
multilayer is 10° to 25° higher than when the multilayer is
terminated with PSS. In this study, a PSS/PAH multilayer with
4.5 and 5.0 bilayers and 7.5 and 8.0 bilayers terminated either
on PAH or PSS, respectively, give the expected contact angle
of around 30° to 60°, as shown in Table 1. Nafion deposited as

the final layer instead of PSS increases the contact angle of the
total multilayer to around 95°. This obtained contact angle is
in agreement with literature values of Nafion thin films; these
films have a contact angle of 95° to 106°.30,31 In addition,
Ghoussoub and Schlenoff28 fabricated Nafion terminated PSS/
PDADMAC multilayers to make Janus nanofilms which have a
hydrophobic and a hydrophilic side. The contact angles
measured in their work of around 95° are in agreement with
contact angles obtained in this study. The results discussed
here, clearly demonstrate that just a single layer of Nafion can
significantly affect the PEM properties.

The same silicon wafers were studied by ellipsometry to
determine the thickness both in dry and wet conditions. The
dry thicknesses of the individual multilayers are 20 ± 1, 23 ±
0.5, and 23 ± 1 nm for the 4.5 and 5.0 bilayer thick multilayer
and 30 ± 0.6, 32 ± 0.4, and 33 ± 0.3 nm for the 7.5 and 8.0

bilayer thick multilayers, terminated on PAH, PSS, and Nafion,
respectively. From both the dry and wet thicknesses, the
swelling ratio can be calculated according to eq 2; this result is
plotted in Figure 2. Here, it can be observed that the swelling

of the 5.0 bilayer thick multilayer is always higher than the 8.0
bilayer thick multilayer with the same final layer. This
observation is in agreement with literature where it is shown
that a PSS/PAH multilayer is more hydrated at smaller layer
numbers and that the swelling reaches a stable value of around
20% at higher layer numbers.29 Furthermore, it can be seen
that the swelling degree changes significantly when the PSS/
PAH multilayer is terminated by a single layer of Nafion, with
swelling degrees decreasing by half to 10% to 15%. A Nafion
terminated multilayer is thus much less hydrated than a normal
PSS/PAH multilayer. For PEM-based membranes, it is well-
established that the hydration of the layer is seen as a good
indication of its separation performance, with a denser layer
leading to higher hydraulic resistances for water permeation,
but also to higher retention.11,32

Polyelectrolyte Multilayer Characterization: Hollow
Fiber Membrane. In this part, the PSS/PAH multilayers
were coated on porous hollow fiber supports by alternately
dipping the supports in the corresponding polyelectrolyte
solutions in the same manner as the silicon wafers. After a
polyelectrolyte coating step, the hollow fiber membranes were
rinsed in rinsing solutions with the same ionic strength as the
polyelectrolyte dipping solutions. This procedure leads to
similar coatings both on asymmetric hollow fibers supports and
on the silicon wafers.11 When a PEM is coated on the support
by means of dip coating, the inner as well as the outer support
surface will be coated. However, a separation layer is formed
only on the inside, because of the smaller pores that can be
completely closed by the PEM. It is important to obtain 100%
pore closure in order to have a defect-free separation layer.
When two different polyelectrolytes are adsorbed alternately
on the surface, a zigzag pattern in the permeability as a
function of the number of layers is typically observed.11 This
zigzag pattern stems from the so-called odd−even effect and
results from the difference in multilayer swelling depending on
the final layer.33 In the PEM membrane literature, the odd−
even effect is used to distinguish the pore- and layer-dominated

Table 1. Contact angles of [PAH/PSS]4PAH and [PAH/
PSS]7PAH multilayers terminated by PAH, PSS, or Na� on.
Both PAH and PSS were coated at 500 mM of NaCl and the
former at a pH of 1.8. Na� on was coated in a mixture of 80/
20 wt.% of ethanol/water. Error bars: standard deviation; n
≥ 3

contact angle
(deg)

contact angle
(deg)

[PAH/PSS]4PAH 43 ± 1 [PAH/PSS]7PAH 54 ± 2
[PAH/PSS]5 38 ± 1 [PAH/PSS]8 36 ± 1
[PAH/PSS]4Nafion 94 ± 3 [PAH/PSS]8Nafion 92 ± 2

Figure 2. Swelling degree of a [PAH/PSS]4PAH and [PAH/
PSS]7PAH multilayer terminated by PAH, PSS, or Nafion. After
measurement of the dry and wet thicknesses of the multilayers, eq 2 is
used to calculate the swelling. Both PAH and PSS were coated at an
ionic strength of 500 mM NaCl, the PAH solution was adjusted to a
pH of 1.8. Nafion was coated in a mixture of 80/20 (wt %) of
ethanol/water. Error bars: standard deviation; n ≥ 3.
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regime.11,15,34 During the initial coating steps, the PEM is
coated on the inside of the pores and narrowing them, but the
pores still define the separation properties until in the layer-
dominated regime, at which the pores are completely closed by
the PEM. In the pore-dominated regime, the polyelectrolyte
with the largest multilayer swelling has the highest hydraulic
resistance against water permeation, as layer swelling directly
leads to narrower pores. On the contrary, in the layer-
dominated regime the polyelectrolyte with the largest swelling
has a lower hydraulic membrane resistance, as water can more
easily permeate the more swollen layer.11 Therefore, changes
in hydraulic resistance can provide important information on
the structure of the PEM membrane.

In Figure 3a,b, the hydraulic membrane resistances of a
[PSS/PAH]n multilayer (black line) and a [PSS/PAH]nNafion
multilayer (red line) fabricated at 100 and 1000 mM NaCl are
plotted against the number of bilayers. For both systems, a
thicker multilayer leads to a higher hydraulic resistance, with
an especially strong increase between 1 and 3 bilayers,
indicative of the pores being closed by the PEM. For the
PSS/PAH-based multilayer no strong zigzag effect is observed,
in line with the small changes in hydration between PSS and
PAH terminated layers (Figure 2). However, termination with
Nafion leads to significantly different hydraulic membrane
resistances, most likely due to the much lower hydration of the
layer. Initially, for a multilayer of 1.5 bilayers thick, the
hydraulic membrane resistance for Nafion terminated PEMs is
lower than for the equally thick PSS terminated layers, in line
with the effects expected for a pore-dominated regime where
less swelling leads to a more open pore. For thicker layers
(from 3.5 bilayers onward) we observe the opposite effect, the
less hydrated Nafion terminated multilayers have a higher
hydraulic membrane resistance than the PSS terminated layers.
This is exactly what is expected in the layer-dominated regime,
at which all water needs to permeate through the PEM and at
which a less swollen PEM leads to a higher hydraulic
resistance. At 2.5 bilayers, the hydraulic resistances for a
Nafion and a PSS terminated multilayer are similar, which
indicates a transition region between the pore- and layer-
dominated regime. Here, the low hydration of Nafion
terminated PEMs provides very useful information on the
structure of the prepared PEM membranes. It is observed that
Nafion terminated multilayers lead directly to higher hydraulic
membrane resistances, which could also be an indication for

better selectivities. If we compare the data from the multilayers
built at 100 and 1000 mM of salt, the trends are similar.
However, the increase in hydraulic resistance from Nafion
termination seems to be higher at high salt concentrations,
especially for thicker layers. This effect of ionic strength was
subsequently studied in more detail.

In Figure 4, the hydraulic membrane resistance of PSS/PAH
multilayers built at various salt concentrations (50, 100, and

500 mM) is shown for layer thicknesses well in the layer-
dominated regime of 6.5, 7, and 7.5 bilayers thick. It can be
observed at all salt concentrations, when terminating on PAH,
that the hydraulic resistance increases compared with PSS
terminated layers, since the multilayer thickness increases.
Furthermore, the hydraulic resistance of the membrane
increases when the multilayer is coated at higher salt
concentrations. This increase in hydraulic resistance is due to
the increased PEM thickness at higher ionic strength. When
this multilayer is terminated by Nafion (gray bars), the increase
in hydraulic resistance is much higher than at low ionic
strength. This could be due to the increased mobility of
polyelectrolyte chains,35 as Nafion chains could mix with the
PSS/PAH layers below, which could lead to higher adsorption

Figure 3. Hydraulic membrane resistance as a function of the number of bilayers for a PSS/PAH multilayer built at salt concentrations of 100 (A)
and 1000 mM NaCl (B). The black line represents the [PSS/PAH]n multilayer at which PSS terminated multilayers are half-numbers and PAH
terminated multilayers are full numbers. The red line represents a [PSS/PAH]nNafion multilayer that is terminated with one Nafion layer on top of
a PAH layer. Error bars: standard deviation; n ≥ 3.

Figure 4. Multilayer in the layer-dominated regime at various salt
concentrations. In both graphs the hydraulic resistance of the
membrane as a function of the building salt concentration is plotted.
Black bars represent a PSS terminated multilayer, patterned bars a
PAH terminated multilayer, and gray bars a Nafion terminated
multilayer. Error bars: standard deviation; n ≥ 3.
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and a much stronger effect of Nafion as a final layer. At lower
ionic strengths, a smaller effect on hydraulic resistance is
observed, because less Nafion would be adsorbed due to the
lowered mobility.

Membrane Performance. In the previous sections,
polyelectrolyte multilayer (PEM) characterization was dis-
cussed, both on model surfaces and hollow fibers. We clearly
demonstrated that by terminating a PSS/PAH multilayer with
Nafion, the swelling decreases, resulting in an increased
hydraulic membrane resistance. In this section, we study how
these changes in layer structure affect the membrane
separation properties by means of salt retention, MWCO,
and micropollutant retention. We focus here on membranes
prepared at high ionic strength, as in these conditions the
change in hydraulic resistance was the most significant.
Moreover, we compare layers terminated by either PSS or
Nafion. Negatively charged membranes are highly favored for
water treatment,36 and the comparison is more fair because the
membrane surface charge can already significantly affect the
retention of charged species. The retentions of various types of
salts (NaCl, Na2SO4, MgCl2, and MgSO4) are measured to
obtain a good understanding of the multilayer separation
properties toward differently charged ions. Finally, we evaluate
if the membranes could be made even denser by building a
[Nafion/PAH]6Nafion multilayer on top of the normal PSS/
PAH multilayer to increase the Nafion content. Permeabilities
of the measured membranes for the salt retention and
molecular weight cutoff are 6.2 ± 0.4, 4.8 ± 0.7, and 1.7 ±
0.5 L·m−2·h−1·bar−1 for PSS, Nafion, and [Nafion/
PAH]6Nafion terminated [PSS/PAH]8 multilayers, respec-
tively. The salt retentions for NaCl, Na2SO4, MgCl2, and
MgSO4 are plotted in Figure 5 for the mentioned PEM
membranes.

The retention was measured for the listed types of salts to
study the retention properties of the membranes toward
monovalent and divalent cations and anions. What can be
observed in Figure 5 is that the PSS terminated multilayer
shows a typical Donnan exclusion mechanism, with high
retentions toward divalent cations (MgCl2) and low retentions
toward divalent anions (Na2SO4).

11 This could indicate that

the bulk of the multilayer is positively charged and dominates
ion retention. It is known for PSS/PAH multilayers that PAH
is overcompensating in the multilayer37 and in addition, when
the multilayer is PSS terminated, PAH is highly charged in the
bulk of the multilayer.38,39 Retention toward NaCl slightly
increases from 55% to 65%, when the Nafion content is
increased. Furthermore, retention toward MgCl2 and MgSO4
slightly changes but remain high with values around 98%. On
the other hand, retention toward Na2SO4 is low (around 38%)
for PSS terminated multilayer and decreases slightly when
terminated with Nafion. Although Nafion influences the
hydraulic resistance and hydration of the multilayer greatly,
it is observed that the main separation principle for ions, the
Donnan exclusion mechanism, is clearly not so much affected
by the densification of terminating by Nafion.

A well-established method to determine how well mem-
branes separate on size is to measure by means of MWCO
experiments. With this method, poly(ethylene glycol) mole-
cules with various molecular weights are filtered through the
membrane and their retentions are determined by gel
permeation chromatography (GPC).40,41 In this study, we
use PEG molecules with molecular weights of 200, 400, 600,
1000, and 1500 g·mol−1. The results are shown in Table 2 and

the original sieving curves of the MWCO experiments are
given in Figure S1 in the Supporting Information. From Table
2, it can be seen that a PSS terminated multilayer has a
MWCO of 301 g·mol−1; when the multilayer is Nafion
terminated, the MWCO drops to 287 g·mol−1. Moreover,
when a [Nafion/PAH]6Nafion multilayer is constructed on top
of the original PSS/PAH multilayer, the MWCO drops to a
value of 258 g·mol−1. This indicates that an increasing amount
of Nafion in the PEM creates a denser multilayer.

Subsequently, with the knowledge obtained in the previous
sections about the multilayer characterization and the
membrane performance measurements, we can move on
toward our actual goal of retaining difficult-to-remove
micropollutants. Furthermore, retaining these small micro-
pollutants gives even more insight into the separation
principles of our fabricated PEM membranes. For the
micropollutant retention measurement, a cocktail is used of
various small micropollutants, varying in charge and molecular
weight, as shown in Figure 6. Many of these micropollutants
are chosen on the basis of the most frequently encountered
and urgent accumulating micropollutants in our water cycle.1
In addition, phenolphthalein and bromothymol blue are added
to the cocktail to create a mix that covers a wide range of
molecular weights and charges.

In order to compare each PEM membrane fairly, micro-
pollutant retention is measured at equal permeate flux. In

Figure 5. Salt retention toward NaCl, Na2SO4, MgCl2, and MgSO4
for a [PSS/PAH]8PSS (black bar), [PSS/PAH]8Nafion (gray bar),
and [PSS/PAH]8[Nafion/PAH]6Nafion multilayer (white bar). Error
bars: standard deviation; n ≥ 3.

Table 2. Molecular Weight Cuto� (g·mol−1) of PEM
Membranes with a [PSS/PAH]8PSS, [PSS/PAH]8Na� on,
and [PSS/PAH]8[Na� on/PAH]6Na� on Multilayer As an
Active Layera

MWCO (g·mol−1)

[PSS/PAH]8PSS 301 ± 5
[PSS/PAH]8Nafion 287 ± 8
[PSS/PAH]8[Nafion/PAH]6Nafion 258 ± 15

aMWCO was tested by permeating poly(ethylene glycol) with
molecular weights of; 200, 400, 600, 1000, and 1500 g·mol−1 through
the membrane. Error bars: standard deviation; n ≥ 3.
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addition, to ensure that adsorption is not included in the
measured membrane retention, tests were performed after
filtering the micropollutant solution for at least 24 h.42

Subsequently, the permeate is collected and further analyzed
by HPLC to detect any micropollutants in the permeate; these
results are plotted in Figure 6. Here, it can be observed that all
multilayers show a complete removal of bromothymol blue
(624 g·mol−1); this clearly shows that our membranes are
defect-free. The PSS terminated multilayer shows a high
retention toward the positively charged atenolol, most likely
due to excess PAH present inside the PSS/PAH multilayer as
described earlier. For this reason, positively charged species are
rejected from the bulk of the membrane even though the
multilayer is terminated by the negatively charged PSS.
Overall, the [PSS/PAH]8PSS multilayer performs already
very well in retaining these small micropollutants when
compared to commercial alternatives.43,44 This multilayer
already has an overall retention of 87% and retentions above
90% for atenolol, atrazine, bisphenol A, and phenolphthalein.
However, retention toward bezafibrate, naproxen, and
especially SMX can still be greatly improved by making the
multilayer denser.

Terminating the multilayer by a single layer of Nafion results
in an increased retention toward atrazine (97% to 99%),
bisphenol A (94% to 99.5%), sulfamethoxazole (SMX, 52% to
72%), naproxen (69% to 81%), and bezafibrate (88% to 99%)
for a [PSS/PAH]8Nafion in comparison with a [PSS/
PAH]8PSS multilayer at equal permeate flux. Overall, the
retention for the tested micropollutants increases from 87% to
93% by adding just a single layer of Nafion. An increase in
overall retention from 87% to 93% might seem small, but it
means that micropollutant permeation through the membrane
is reduced by a factor 2. Thus, the effective selectivity of the
membrane is doubled as these retentions are obtained at equal
flux. This is in line with the ellipsometry results discussed
earlier where we showed that the multilayer becomes denser.

When a [Nafion/PAH]6Nafion multilayer is built on top of
the [PSS/PAH]8 multilayer, thereby increasing the Nafion
content of the multilayer, micropollutant retentions increase
overall from 93% to 97% in comparison to a [PSS/
PAH]8Nafion multilayer, doubling membrane selectivity
again. When the [Nafion/PAH]6Nafion multilayer is compared
to the [PSS/PAH]8PSS, overall retention increases from 87%
to 97%. This means that 77% less micropollutants permeate

the membrane and that the effective selectivity for water to
MPs is quadrupled as a result of this high Nafion content.
Especially, high increases in retentions are observed for SMX
and naproxen; however, it is noticed that the retention toward
atenolol and phenolphthalein decreases slightly. Overall, it can
be observed that an increasing Nafion content within the
multilayer ensures that small and difficult-to-remove micro-
pollutants are retained to a much higher degree. This is
completely in line with the layer densification observed on
model surfaces (Figure 2) and membranes (Figure 3).

In comparison to commercial NF and reverse osmosis (RO)
membranes, the PSS terminated membranes fabricated in this
study have permeabilities comparable to commercial NF
membranes, whereas the Nafion terminated membranes have
permeabilities in the RO regime. Literature reports retentions
toward bisphenol A in the range of 11% to 99% and SMX
retentions of 70% to 96% depending on which type of RO
membrane is used.43−45 The PSS/PAH/Nafion membranes
produced in this study have retentions higher than 99% toward
bisphenol A and between 72% to 97% toward SMX depending
on the amount of Nafion used in the PEM membranes. These
retention values are consistently higher than the retentions
reported in literature. Moreover, we reach these retentions on
the basis of layer-by-layer assembly, which has considerable
advantages such as easy application on the inner surface of
hollow fiber membranes and easy upscaling, although the
technique is laborious like many other dip-coating techniques.
We have shown that a PSS/PAH membrane formed via this
method has already high micropollutant retentions and that we
can improve these properties by densifying the layer with
Nafion.

■ CONCLUSION
In this study, we show that by simply terminating a PSS/PAH
polyelectrolyte multilayer (PEM) with Nafion, properties of
the PEM membrane can be changed. By using Nafion, a
polymer commonly used for making ion exchange membranes,
the selectivity toward small and difficult-to-remove micro-
pollutants can be greatly enhanced. On silicon wafers, which
act as model surfaces, we show that the swelling of a PSS/PAH
multilayer decreases by 50% when it is terminated by Nafion.
Furthermore, the contact angle of the multilayer changes from
30° to 60° to around 95°. This means that the hydrophobic
character of Nafion determines the properties of the multilayer,

Figure 6. Micropollutant retention at equal flux (5.5 L·m−2·h−1) for PSS (black column), Nafion (gray column), and [Nafion/PAH]6Nafion (white
column) terminated [PSS/PAH]8 PEM membranes. Micropollutants are sorted by charge, positive to negative from left to right. Retention was
measured of a cocktail of micropollutants with a concentration of 3 mg·L−1 per micropollutant at a pH of 5.8. Error bars: standard error; n = 5.
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making it less hydrated and more hydrophobic. This change in
multilayer properties can be directly connected to the
performance of the membrane.

The MWCO goes down from 301 to 258 g·mol−1 when the
Nafion content of the PSS/PAH/Nafion multilayer increases.
Furthermore, the hydraulic resistance of the membrane toward
water is doubled when the multilayer is terminated by a single
layer of Nafion and increases even more when the Nafion
content is increased. This is in line with the observed decrease
in swelling, and in combination with the lowering MWCO, this
directly translates in an overall retention toward small and
difficult-to-remove micropollutants (200−650 Da) that in-
creases from 87% to 97%. This means that the selectivity of the
membrane is quadrupled, while the same salt retentions are
maintained. A sharp increase in retention was observed
especially for bisphenol A, sulfamethoxazole, naproxen, and
bezafibrate when the Nafion content was introduced and
increased. Compared with micropollutant retentions as
reported in literature, the membranes produced in this study
show higher retention values.

This work shows that PEM membranes can be optimized
toward a high micropollutant retention, in which low hydration
of the multilayer plays an important role. This knowledge can
be used to further optimize PEM membranes for micro-
pollutant removal.
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