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Within just two decades, polyelectrolyte multilayer (PEM) membranes have moved from invention to their world
wide application. One key advantage of these membranes is their versatility, allowing easy optimization through
various tuning parameters. But it is exactly this versatility that has made it difficult to fairly compare PEM
membranes. Previously, only Krasemann and Tieke (2000) have compared a large set polyelectrolyte pairs for
their membrane performance, concluding that the polyelectrolyte charge density was a key tuning parameter.
However, in these early days of PEM membrane research, characterization was rather limited. In this work, we
have performed a thorough experimental review, studying 9 common polyelectrolyte pairs for their layer
properties on model surfaces and their separation properties as pressure driven membranes. All systems were
prepared under identical conditions to allow for a fair comparison, and membranes were characterized for their
water permeability, molecular weight cut off, and ion retention. We find that the porous support is closed by a
PEM when its thickness is in the order of the membrane support pore size, which was expected but not
demonstrated before. Of all the PEM parameters, the degree of swelling stands out as a parameter that plays a key
role and can be easily experimentally determined. Interestingly, we find that swelling increases with poly-
electrolyte charge density, which is opposite to what Krasemann and Tieke proposed. We attribute this to the
higher hydrophilicity of polyelectrolytes with a higher charge density. In turn, we find correlations between
swelling and the water permeability as well as size exclusion, dielectric exclusion and Donnan exclusion. Still, the
connection between polyelectrolyte properties and membrane properties is more complex and cannot be solely
understood by swelling. Further understanding of this complexity will provide the tools to develop even better
polyelectrolyte multilayer membranes.

1. Introduction molecules [10]. Still even in these early days, the Layer-by-Layer (LbL)

concept was considered for applications, for example as capsules for

Polyelectrolyte multilayer (PEM) based separation membranes can
certainly be seen as a recent scientific success story, strongly connecting
the fields of colloid and interface science and membrane science. What
started a little >30 years ago, with the first paper on PEMs by Decher
and co-workers [1], has by now evolved into a membrane technology
that provides many millions of litres of clean drinking water per day and
that number is rapidly growing [2].

Looking back now, we can distinguish roughly 3 periods. After the
first paper of Decher and co-workers in 1991, the focus was initially on
the fundamental aspects of the PEM formation [3-5], but also on the
preparation of multilayers with many different components, including
not just various polycation and polyanion pairs [6], but also charged
nano particles [7], nucleotides [8], dendrimers [9] and protein
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drug delivery as made popular by the group of Mohwald [11], or as
sensor [12] or anti-fouling coating [13]. Even the use of PEMs for gas
separation membranes was already proposed and tried out, although not
with great success [14].

The focus on PEMs for membranes in water treatment started in 2000
with the work of especially Krasemann and Tieke [15], quickly followed
by work from the group of Bruening [16]. Both groups clearly showed
the promise of using PEM based membranes for the retention of ions
from water. In the years following this breakthrough, a lot of progress
was made. PEMs were used to provide many different functionalities to
membranes, including membranes for protein retention/adsorption
[17], (bio)catalytic membranes [18] and for separations ranging from
ultrafiltration [19] and nanofiltration [20] to reverse osmosis [21].
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Especially the group of Bruening pioneered the use of PEM coatings to
achieve ionic selectivity in electrically driven membrane processes
[22,23].

Then in more recent years, the field started to converge towards
hollow fiber nanofiltration membranes, showing very clear advantages
in comparison with the commercial spiral wound membranes based on
interfacial polymerization [2,24,25]. With PEMs it is easy to prepare a
hollow fiber membrane, either through dynamic coating [26] or dip-
coating [27], whereas with interfacial polymerization this is very diffi-
cult [28]. Moreover, the chemical stability of especially PDADMAC/PSS
provides these membranes with an unprecedented resistance against the
essential chemical cleaning steps that need to be regularly applied in
membrane processes [29-31]. Together this allows the direct use of
nanofiltration even in very highly polluted streams such as municipal
wastewater, where previously always a pre-treatment by for example a
UF membrane was needed to utilize an NF membrane [2,24,32]. These
advantages led to commercialization of the approach by companies like
Pentair X-flow and NX Filtration, who now sell these membranes on a
worldwide scale [2].

Apart from the advantages above, one of the key advantages of LbL
based membranes is thought to be their very high versatility [33,34]. As
mentioned widely varying separation properties, ranging from UF to RO
can be achieved by careful tuning of the coating conditions (such as the
ionic strength [35], ion type [36], pH [37], polyelectrolyte (PE) Mw
[38]), the chosen polyelectrolytes [15,39], the choice of support mem-
brane [40] and the use of post treatment such as annealing [41] or
crosslinking [42]. Utilizing these parameters, PEM based membranes
can really be optimized towards a given feed and given separation case
to separate based on unique combinations of size, Donnan and/or
dielectric based exclusion [33,34].

But strangely enough, that versatility can also be considered a
challenge. With so many scientists preparing PEM based membranes
under different conditions and on different membrane supports, as well
as measuring their performance under different process conditions, it
becomes very difficult to fairly compare different PEM based mem-
branes. Especially the effect of the exact type of polyelectrolyte is an
aspect where no clear fundamental understanding has been reached.
Remarkably, the most complete work on this topic, comparing different
PEM systems, is the original work of Krasemann and Tieke [15], where
they compared 8 different PEM systems, and measured the resulting
permeability of different salt ions. In this highly influential manuscript
they introduced the concept of polyelectrolyte charge density to explain
the trends that they observed. For monomers with a higher charge
density, here defined as couple of cationic and anionic monomer per
number of carbon atoms, a denser membrane would be expected due to a
higher degree of ionic crosslinks per unit of volume. And indeed, the
authors found a clear decreasing trend, with a higher charge density
leading to a lower salt permeance (see Fig. 1). This work is the only
publication so far that provides a comparison of a larger number of
polyelectrolyte pairs. While other studies sometimes also looked at
different PEM systems, their scope was always much smaller, typically
limited to the comparison of just 2-3 PEM combinations [39,43-45].

But with the many new insights that we have gained in the past two
decades, we also need to acknowledge that the study of Krasemann and
Tieke had limitations. For example, every system was coated for exactly
60 bilayers, but for different PEM systems layer growth can vary wildly.
Indeed, the difference between a linear growing systems such as PAH/
PSS and an exponentially growing system like PAH/PAA can easily
reach a difference in thickness (after 5-7 bilayers) of a factor 5-10 [38].
Such significant differences in thickness will affect permeation rates.
Moreover, salt permeance is by itself not such a relevant parameter for
membrane separations, if the water permeability is not known. For
example, a membrane that blocks all salt, but also all water is still not a
useful membrane. Finally, ion transport is strongly governed by ionic
interactions, and gives limited prediction for the effective pore size (or
molecular weight cut off, MWCO), which is a key parameter to describe
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Fig. 1. A key figure from the work of Krasemann and Tieke (2000) [15],
showing the salt permeance as function of the charge density for 8 different
PEM systems. All PEM coatings were 60 bilayers in thickness, while the salt
permeance was measured under diffusion.

the mechanism of size exclusion in a membrane separation [46].

In this work, we build on the work of Tieke and Krasemann to fairly
compare 9 different polyelectrolyte systems. These systems were
selected as they represent the 9 most studied PEM systems for membrane
application. For all systems, the PEM coatings were studied on model
surfaces, for their thickness and degree of hydration, and as membrane
coatings for their pure water permeance, MWCO and for the rejection of
various ions (NaCl, MgCl,, NaySO4 and MgS0y). To fairly compare the
membrane thickness, we measured the performance for membranes
comprised of different numbers of bilayers to accurately determine the
minimum number of layers that effectively closes the support pores and
thus dominates the membrane transport.

2. Materials and methods
2.1. Materials

Poly(vinylsulfuric acid potassium salt) (PVS, M, = 175,000 g~mol’1)
was purchased from Fisher Scientific™. Poly(sodium 4-styrenesulfo-
nate) (PSS, M,, = 200,000 g-mol’l, 30 wt% in H,0), Poly(acrylic
acid) (PAA, M,, = 250,000 g~m01_1, 35 wt% in H30), Poly(diallyl
dimethylammonium chloride) (PDADMAC, M,, = 200,000-350,000
g-molfl, 20 wt% in Hp0), Chitosan (CHI, medium molecular weight, 85
% deacetylated) and Poly(ethylenimine) (PEI, M,, = 25,000 gmol‘l,
branched) were obtained from Sigma Aldrich. Poly(allylamine hydro-
chloric acid) (PAH, M,, = 150,000 gvmol’l, 40 wt% in H,0) was ob-
tained from Nittobo medical CO., LTD, Japan. Poly(vinylamine) (PVA,
M,, = approximately 400, 000 g~mol’1, 16-18 % in H20) was kindly
provided by BASF. MgCl, hexahydrate (purity 99 %) was purchased
from Sigma Aldrich, NaCl (purity 99.9 wt%) was kindly provided by
Nouryon industrial chemicals. NapSO4 decahydrate was obtained from
Merck. Ethylene glycol and polyethylene glycol (PEG) of various My,
(200, 400, 600 and 1000 Da) were purchased from Merck. Diethylene
glycol was purchased from Sigma Aldrich. H,O5 (30 w/w% solution in
H30) was obtained from Merck. HSO4 (96 % in Hy0) was purchased
from Acros organics B.V.B.A Sodium hydroxide (pellets, purity 98 %)
and hydrochloric acid (ACS reagent, 37 %) were purchased from Sigma
Aldrich. Glycerol solution (86-89 %) was purchased from Sigma
Aldrich. Modified poly(ether sulfone) HF UF membranes were kindly
provided by NX Filtration B.V., Enschede, the Netherlands. The provided
membranes have an inner diameter of 0.7 mm and approximate 90 %
MWCO of 10 kDa. All Chemicals were used without any further
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purification.
2.2. Methods

Choice of polyelectrolytes - An indication of how much has been
published on each polyelectrolyte pair was generated by writing down
the number of hits for each polyelectrolyte pair in the Scopus database.
For this, we searched in the Article title, Abstract, Keywords for the
keywords: ‘polycation AND polyanion AND multilayer AND membrane’ on
14-12-2023.

Membrane fabrication - HF PEM membranes were fabricated by
means of dip coating. Modified poly(ether sulfone) HF UF membranes,
with a negative surface charge, were used as substrates for PEM depo-
sition. Dip coating was performed in cycles consisting of coating and
washing steps. Coating steps were performed using aqueous PE solutions
prepared with 50 mM NaCl and 0.1 g/L, either anionic or cationic, PE set
to a pH of 5.5. Rinsing steps were performed with an aqueous 50 mM
NaCl solution. To complete a full cycle, support membranes were
immersed into a poly-cation solution for 15 min for a so-called coating
step. After the coating step the support membranes are subsequently
immersed into 3 separate rinsing solutions for 5 min each to remove
loosely bound PEs. Sequentially, the support membranes are submersed
into a poly-anion solution for 15 min. This cycle can be repeated until
the desired amount of bilayers is reached upon which the membranes
are rinsed twice for 5 min each using the before mentioned rinsing so-
lutions. The desired amount of bilayers is determined by means of
growth curves (Fig. S3).

After dipcoating, the HF PEM membranes are immersed into a 15 wt
% glycerol solution for 4 h to prevent pores collapsing upon drying
overnight. After drying, hollow fibers were glued into plastic tubing (6
mm outer diameter) with the use of a 2-component polyurethane glue.
Permeate was collected via a hole at the midpoint of the plastic tubing
(Fig. S1).

Ellipsometry - Dry and wet multilayer thickness was determined by
means of ellipsometry (rotating compensator ellipsometer Mk-2000 V
and Mk-2000 X, J.A. Woollam Co., Inc.). Experiments were performed
on model surfaces following the method described by Junker et al. [46],
except that neutral pH conditions (pH = 7) were applied in the current
work. All prepared and measured multilayers were ending on a nega-
tively charged polyelectrolyte layer and consisted of 10 bilayers (note:
this only holds for ellipsometry measurements). Using eq. 1 the swelling
ratio (SR) was calculated.

dwer - ddry

dry

SR = * 100% 1)

Reflectometry - By means of fixed angle reflectometry the amount of
adsorbed polymer was monitored in-situ. A silicon wafer with a layer of
silicon oxide (82 nm) was placed into a stagnation pint flow cell. Sub-
sequently, the silicon wafer was alternately exposed to polycation and
polyanion (0.1 g/L in 50 mM aqueous NaCl solution at pH 5.5). A lin-
early polarized monochromatic light beam (He—Ne laser; 632.8 nm) is
reflected of the surface under the Brewster angle resulting in P- and S-
polarized components. Due to the changing amount of adsorbed poly-
electrolyte the intensities of both components change, eq. 2 allows us to
calculate the adsorbed amount of polyelectrolyte. The used setup and
method are elaborately described by Dijt et al. [47]

I'=Qe 5 2)

In eq. 2, (I') is the amount of adsorbed polymer in mg/m?2. By taking
the ratio between intensities of both P and S components we derive Sy.
AS represents the change in intensity ratio upon adsorption of poly-
electrolyte to the model surface. Q is the sensitivity factor, also known as
Q-factor, and is derived using an optical model. This model makes use of
the refractive indexes (n), refractive index increment (dn/dc) of both
polyelectrolytes, silicon oxide layer thickness, adsorbed layer thickness
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(d) as well as the angle of incidence (¢ = 71°). The Q-factor for each
polyelectrolyte was calculated using the following values: ngjjjca = 1.46,
N~gilicon = (3.85, 0.02), nyso = 1.33. dn/dc values were determined for
all the used PEs by means of refractometry using a Schmidt+Haensch
ATR-L spectral refractometer at wavelengths of 590 and 700 nm. The
obtained dn/dc values and resulting Q-factors are displayed in Table S1.

Membrane performance - The performance of the prepared mem-
branes was determined in terms of pure water permeability, charged
solute retention and uncharged solute retention. All experiments were
conducted in a crossflow configuration (Fig. S2) at a constant trans-
membrane pressure of 2 bar, a cross-flow velocity of 1 ms™ while
controlling feed temperature at 20 + 0.5 °C.

Pure water permeability experiments were performed using Milli-Q
water. Permeate was collected over time and weighed. Using eq. 3 the
pure water permeability (Lm~2h~'bar~!) was calculated.

M,
p,eAete AP

w

Permeability = 3)

The collected permeate mass is defined as m, in g, py equals the
density of water (1000 gL’1 at 20 °C), A is the active membrane area in
m?, tis the duration of the experiment in h and AP is the transmembrane
pressure in bar.

To determine the overall charge of the PEM membranes charged
solute retention experiments were performed. For this purpose the
following salts were used; NaCl, MgCl,, NasSO4 and MgSOj4. Single salt
solutions were prepared using Milli-Q water with salt concentrations of
5 mM. By making use of monovalent and divalent salts more insight is
obtained with regard to overall membrane charge and retention
mechanisms.

Salt retention = ( 1 7& > 0 100% 4)
%

The charged solute retention (%) is calculated using eq. 4 by making
use of conductivity. Here c; is the average conductivity of the feed so-
lution between the start and end of the experiment. c; is the conductivity
of the collected permeate sample at the end of the experiment. Con-
ductivity values were obtained using a WTW ProfiLine portable con-
ductivity meter.

To compare the different PEM membrane systems, intrinsic proper-
ties (i.e. pure water permeability A (mPa~! s™!) and salt permeability B
(ms™ V) that are independent of process parameters, such as flux, were
determined. The intrinsic membrane properties are calculated based on
theoretical transport models commonly applied for pressure driven
filtration using dense membranes (i.e. RO and NF), namely the Solution-
Diffusion model combined with the Film model (to account for con-
centration polarisation effects) [48]. More details on the calculation of
the A and B parameters can be found in the Supplementary Information
(S11).

Uncharged solute retention experiments in the form of molecular
weight cut off (MWCO) measurements were performed. The 90 %
MWCO allows us to compare the relative differences in pore size be-
tween the different PEM membranes. As uncharged solutes a mixture of
ethylene glycol, diethylene glycol and various sizes (200-1000 Da) of
polyethylene glycol (PEG) were used. The concentration used for each
PEG was 1 gL\, Feed samples were taken at the start and end of every
experiment to determine the average signal intensity. Permeate samples
were taken at the end of every experiment. All samples were analyzed
using gel permeation chromatography (GPC, Agilent 1200,/1260 Infinity
GPC/SEC series). The GPC was set up with two columns in series ob-
tained from Polymer Standards Service GmbH. The columns; Suprema 8
x 300 mm - 1000°A, 10 pm followed by 30°A, 10 pm were operated at a
flow of 1 mL-min-1. The GPC is fitted with a refractive index detector.
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3. Results and discussion

Over the years, many different polyelectrolytes have been used for
the fabrication of polyelectrolyte multilayers. In this experimental re-
view, 9 polyelectrolyte pairs were selected for comparison. They were
selected based on the number of published papers on these pairs, the
commercial availability of the polyelectrolytes, and a preference for a
wide range of different properties to obtain a representative dataset. Six
of the eight polyelectrolytes used by Tieke and Krasemann were
included in this selection. The structures of the polyelectrolytes used in
this manuscript are displayed in Fig. 2. The selected polyelectrolytes
contain a wide range of functional groups and properties, which are
provided in more detail in Supporting information Table S2.

For the polyanions, the charge is introduced via either a sulfonate
group or a carboxylic acid group. PSS and PVS both contain a sulfonate
group. Whereas PSS contains a relatively bulky aromatic group, PVS is
much smaller. For PAA charge is introduced by a carboxylic acid group.

For the polycations, the charge is introduced by via the nitrogen
atom. Here, the distinction can be made between primary, secondary,
tertiary, and quaternary nitrogen atoms. PVA and PAH contain only
primary nitrogen groups and look structurally similar, except for a one
carbon atom difference. CHI, a polysaccharide, is the only natural
compound and contains primary nitrogen groups as well. PEI stands out
as it has a combination of primary, secondary, and tertiary nitrogen
groups and is the only branched compound. PDADMAC contains a
quaternary nitrogen group.

An indication of the number of published papers on each poly-
electrolyte pair is given in Table 1. It should be noted that not all hits
represent actual papers on the discussed polyelectrolyte pair, and some
papers may not be included with the used search terms. However, it does
give a rough indication of which PE pairs are used more and less
frequently. This also shows that the PE pairs discussed in this paper
cover a range from well-established pairs (PAH/PSS, PAH/PAA,
PDADMAC/PSS) to pairs that are relatively unknown for the preparation
of LbL membranes (CHI/PSS, PVA/PVS, PVA/PSS, PAH/PVS). This
means that the amount of available information per pair varies wildly. A
short summary of the properties and applications of these poly-
electrolyte pairs in LbL. membranes is given as well.

To give a clear overview of the very large amount of data underlying
this manuscript, the results and discussion section was carefully splitin 5
parts: 1. Layer growth and swelling on model surfaces, 2. layer growth
on support membranes, 3. water permeability, 4. retention of neutral
molecules and 5. retention of ions. In the work we will reflect on the
main hypothesis of Krasemann and Tieke [15], where the charge density
of the used polyelectrolytes was proposed as critical to the resulting
separation properties, with higher charge densities leading to denser
and thus more selective coatings. However, we will also propose alter-
native explanations focusing on the hydration or swelling of the PEM as
an essential property that can affect both the transport of charged and
neutral species, in line with results from Miller and Bruening [45]. If not
indicated differently data is obtained with negatively ending

PSS PAA PVS PVA
PEI
\ \ n n
o NH,
o o SO. ¢ <
10 HN {
n
SO, H
. N _ Combination of 1°, 2° and 3
i N Ratio = 1:1.2:0.76
PAH PDADMAC CHI
OH NH
N n ™ i
4 < o
NH o %o o
N NH

Fig. 2. Structural formulas of the polyelectrolytes used in this study. Poly-
electrolytes are displayed in charged form.
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Table 1
. Polyelectrolyte pairs used in this study, the number of hits for these pairs in the
Scopus database and associated membrane properties.

Polyelectrolyte Scopus
pair hits

Most important properties and applications of
multilayer membranes

CHI/PSS 10 CHI/PSS is an interesting system as it incorporates
the use of the bio-based amino polysaccharide
chitosan. The polymer layer was found to be
thermally stable up to 210 °C [49]. This system has
mainly been used in niche membrane applications,
including the separation of proteins [19] and
amino acids [50] and treatment of industrial
effluent [51], though the separation efficiency for
these streams was found to be highly pH
dependent and was mostly attributed to adsorption
rather than rejection.

PAH/PSS is a widely studied system that is stable
under acidic conditions [31], and the separation
properties are relatively stable when the feed
solution pH is modified [46]. Because of its
relatively high density [52] but at the same time
relatively high water permeability [53], it has been
used both as a (crosslinked) top section and as a
bottom section in asymmetric PEM membranes
[54-56].

With PEI/PSS, multilayers with a low MWCO can
be created [43]. The pair was even used as a gutter
layer combined with interfacial polymerization,
and this allowed for making hollow fiber RO
membranes [28]. A range of different deposition
methods has been explored successfully for this
pair, including, dip-coating [43], spin-coating [57]
and, in combination with carbon nanotubes, inkjet
printing [58].

To the best of our knowledge, only one paper has
been published focusing on the use of PVA/PSS in
layer-by-layer membranes [59]. Even here, PVA/
PSS was merely used as a control membrane for
calixarene/PSS membranes. This leaves the use of
this system in multilayer membranes severely
unexplored.

PDADMAC/PSS is a well-documented system,
known for its excellent stability against the
cleaning agent hypochlorite [29], and extreme pH
conditions [31]. This can be attributed to both
polyelectrolytes bearing permanent charges.
Overcompensation of PDADMAC is common in
this pair [60].

The use of PVA/PVS has mostly been limited to a
series of works by Toutianoush et al. in the early
2000's. [61-64] Principally, the use of these
membranes for the pervaporation separation of
ethanol/water mixtures was explored. Compared
to other polyelectrolyte pairs which were studied,
this pair performed well, which was attributed to
the low charge density of this pair.

PEI/PAA has mainly been used for pervaporation
membranes [65] and oxygen barriers [66].
Applications in nanofiltration have been
mentioned [67,68], but are much scarcer. Further
modification of these layers has been explored,
such as the use of glutaraldehyde to crosslink the
layers. [67,68]

PAH/PAA has extensively been used in
nanofiltration applications [37,46,54,69]. The use
of two weak polyelectrolytes has been known to
make the system highly sensitive to pH, both
during the coating [37] process as well as during
filtration [46]. However, the instability at high pH
can also be used as an advantage, for example in
sacrificial layers [69].

Only a very small body of research has focused on
PAH/PVS use for membranes. One paper showed
that this system can be used with spin-assisted
coating [70], and another demonstrated that low
salt permeation rates could be obtained with this
system [15].

PAH/PSS 88

PEI/PSS 36

PVA/PSS 5

PDADMAC/PSS 50

PVA/PVS 7

PEI/PAA 35

PAH/PAA 53

PAH/PVS 3
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membranes, while the results for positively terminated PEMs are found
in the supporting information.

3.1. Growth and swelling of polyelectrolyte multilayer membranes on
model surfaces

When studying polyelectrolyte multilayers, it is common to start by
studying their growth on model surfaces. Not only does this give rele-
vant insights into the amount of deposited material (and thus the
thickness), but it also elucidates the growth mechanism. Here linear
growth denotes a low mobility of both polyelectrolytes in the PEM,
while exponential growth indicates mobility of at least on the adsorbing
polyelectrolytes during coating [71]. Moreover, on model surfaces it is
possible to determine the swelling of PEM layers by use of ellipsometry,
by separately measuring the dry and wet layer thickness.

In Fig. 3a, we show the adsorption (mg/m?) of polyelectrolyte as a
function of the layer number and as measured by optical flow cell
reflectometry. What is immediately apparent is that for the 9 chosen
PEM systems clear differences in adsorbed amount can be observed.
Indeed, after 16 layers the PAH/PAA system has an adsorbed amount
7-8 times larger than the slow growing PVA/PVS system. For PAH/PAA
and PAH/PVS a clear exponential growth is observed, which for PAH/
PAA is also expected from literature [37,69]. The 5 systems that contain
PSS as the polyanion show very similar growth curves that seem linear
but start deviating towards an exponential growth at higher bilayers
numbers (Fig. S12), with PEI/PAA showing very similar behavior. The
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reflectometry curves are very much in line with the outcomes of
ellipsometry based thickness measurements, as shown in the supporting
information (Fig. S4).

In Fig. 3b we study the swelling ratio (eq. 1), and have plotted this for
the 9 systems as a function of the average charge density of the used
polyelectrolytes. As mentioned before, Krasemann and Tieke proposed
that higher charge densities would be expected to lead to denser mem-
branes, due to a higher density of ionic crosslinks. But the exact defi-
nition of membrane density is more complex than one would think. We
feel that the most logical definition for the density of a PEM layer would
be its degree of swelling. A more swollen PEM layer would allow larger
distances between polymer chains and thus easier transport, while a
PEM with a lower degree of swelling would be expected to function as a
more selective membrane with a lower water permeability. For the
systems with the lowest charge density, the polyanion is always PSS and
looking at these systems, we see some evidence for a lower degree of
swelling at a higher charge density, similar to other work Reurink et al.
[43] However, when taking into account the other systems we see that
the trend is completely broken with higher charge densities leading to an
increase in swelling.

These initial measurements are thus already in direct disagreement
with the hypothesis of Krasemann and Tieke. Hence, it is important to
understand that discrepancy. For this it is relevant to move to similar
and well understood systems, like the swelling of polyelectrolyte net-
works. The swelling can be described as a force balance between
swelling and contracting forces. The network wants to swell due to its

100
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Charge density (# ion pairs / # carbon atoms in PEC)

Fig. 3. a) The adsorbed amount of polyelectrolyte as a function of layer numbers for 9 different PEM systems as indicated as measured by optical reflectometry. b)
the swelling of the same PEM systems as a function of charge density, the swelling was determined at 10 bilayers using ellipsometry. Here, the legend of 3a is
applicable. ¢) The swelling ratio as a function of the hydrophilicity for all 9 different PEM systems obtained by ellipsometry. The hydrophilicity is calculated by
dividing the number of heteroatoms by the amount of carbon atoms in the monomers (Table S2). Error bars indicate the standard error (n = 4).
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charge, mixing entropy and affinity for the solvent, while there is an
elastic counterforce connected to the entropic penalty for stretching of
the polymer chains [72,73]. A higher crosslink density increases this
entropic penalty, as does a higher chain flexibility. If we translate this to
a PEM system, then there is a clear logic behind the hypothesis of Kra-
semann and Tieke, more charge density means more ionic crosslinks and
thus a lower degree of swelling. However, other noncovalent in-
teractions could influence the crosslink density as well, such as cation-n
and n-m interactions in systems with PSS, and hydrogen bonding be-
tween uncharged carboxylate groups in PAA. Moreover, it is also clear
that polyelectrolytes with a higher charge density will often also be more
hydrophilic in nature. Such an increase in affinity between the poly-
electrolytes and water would thus lead to more swelling, in line with the
increase in swelling at high charge densities. If we plot swelling against
the number of heteroatoms per carbon atom for each system to capture
the hydrophilicity of each system somewhat better, we indeed see the
same trend (Fig. 3c). Finally, one needs to keep in mind that many PEM
systems are not electroneutral. Often one polyelectrolyte is present in
the layer in excess, e.g. PSS/PAH where the monomer to monomer ratio
has been found to be around 1:2, and a clear excess positive charge is
present throughout the layer [43,74]. An excess charge would also lead
to an increase in swelling by repulsion between the charged groups.
Clearly, the degree of swelling, and thus the expected density of the
membrane, is not simply the result of a single parameter. Charge density
and thus the degree of ionic crosslinks will be expected to have an effect,
but other parameters such as polyelectrolyte hydrophilicity and the
highly system specific effects of additional interactions between chem-
ical groups and excess charge will also matter. Although it would be
possible to steer towards a certain swelling degree using several pa-
rameters derived from PEM chemical structures, it would at the same
time be very difficult to use these and predict an exact swelling degree.
As a result, measuring the degree of swelling of a PEM on a model sur-
face is then the easiest and exact option to obtain such information.

3.2. Layer growth and pore closure on a porous support membrane

On porous supports, PEM growth is more complicated than on a
model surface. De Grooth et al. defined a layer dominated regime and a
pore dominated regime, depending on the pore size of the support and
the coated number of layers [35]. Initially, when coating the first layers,
the membrane support pores remain open, and a layer is coated inside of
the pore. With each layer, the pore becomes narrower and narrower,
until the pore is filled and we enter the layer dominated regime. In this
regime, every added layer now only adsorbs on top of the support
membrane. Reurink et al. nuanced this picture a bit by explaining that
there is always an intermediate zone, where the smallest support pores
are already closed, while the biggest pores are still open [75]. In Fig. 4,
we show an example of a standard approach to study the PEM layer
growth on porous supports. Hollow fiber supports were coated by dip-
coating, and after every coated layer a few membranes were tested to
study water permeability and MgSO,4 retention. The quick drop in
permeability between 0 and 2.5 bilayers is clear indication of pore
narrowing. After 2.5 bilayers the decrease in permeability slows down
while the MgSO4 retention still rises quickly, here we expect to have
reached the intermediate regime where more and more pores become
closed off, reducing the amount of defects and allowing the retention to
increase. From 5 bilayers onwards the MgSO4 retention stabilizes,
indicating the onset of the layer dominated regime free of defects. This
onset of the layer dominated regime can be seen as the optimal coating
thickness for a system, as at this number of bilayers the highest selec-
tivity is achieved [76]. Further increasing the layer thickness does not
lead to increased selectivity and only lowers the permeability. To allow a
fair comparison between all the 9 PEM systems, we determined the point
where pores become fully closed (see Fig. S3). In this way, all systems
can be studied at their system specific optimal coating thickness.

In Fig. 5a, we compare the amount of bilayers required to achieve full
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Fig. 4. A PEM membrane growth curve, where the pure water permeability and
MgSO, retention are plotted against the amount of coated bilayers of PDAD-
MAC/PSS. Error bars represent the standard error of 4 membrane experiments.
These growth curves were made for all of the studied PEM systems and can be
found in the supporting information (Fig. S3).

pore closure for the 9 different systems. For most systems this occurs
between 5 and 9 bilayers, but there are clear outliers such as CHI/PSS
with 4 bilayers and PEI/PAA with 12. Still, as shown in Fig. 3a, the
growth behavior is quite system specific. A more fair way to compare the
systems would be to compare the layer thickness, as estimated from
ellipsometry, for which pore closure occurs. The large majority of sys-
tems has a pore closure for a layer thickness around between 10 and 20
nm, very much in line with the expected pore size of the porous support
(approximately 10 nm). PAH/PAA is a system where a large thickness is
found, something that is likely connected to the higher PE mobility of
the system associated with its exponential growth (Fig. 3a).

With the clear optimal layer number determined for every PEM
system studied in this work, it now becomes possible to fairly compare
the systems for their membrane performance, this is done in the next
three sections. For sake of clarity, all the permeability and retention
measurements in the following sections have been performed with
hollow fiber PEMMs. As indicated above, each system was coated with
its optimal layer number as shown in Fig. 5a (e.g. PDADMAC/PSS - 5
bilayers, CHI/PSS — 4 bilayers, etc.). For the measurements involving
model surfaces (e.g. swelling) 10 bilayers of each PEM system were
coated onto a silicon wafer.

3.3. Water permeability

For any nanofiltration membrane, the (pure) water permeability is a
key performance indicator as it gives information on the expected pro-
duction of clean water. The water permeability would be expected to be
coupled to the swelling of the membrane, with a higher swelling
allowing more water molecules to permeate faster. However, water
permeability is also inversely proportional to the effective thickness of
the separation layer, with a thicker layer leading to more resistance and
a lower water permeability.

In Fig. 6a, we plot the water permeability as a function of the charge
density. Here we seem to find quite a clear trend, with a decrease in
permeability as a function of charge density, although some increase is
seen again at higher charge density (> 0.15). The observations seem in
line with the original hypothesis of Krasemann and Tieke that at higher
charge density a denser membrane is formed, and also with their ob-
servations of water transport in pervaporation [15,77].

But with the more fundamental work that we performed on model
surfaces (Fig. 3) we can test this hypothesis. Already we have showed
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that a higher charge density does not simply lead to a denser membrane
with a lower degree of swelling. Plotting the swelling ratio of the PEM
systems against the water permeability, as shown in Fig. 6b, we would
expect a clear trend. But this is only partly true. For PEM membranes
with PSS as the polyanion, a higher swelling ratio leads as expected to a
higher water permeance. But for PEM systems with PAA or PVS as the
anionic polyelectrolyte, relatively high swelling ratios are found, while
the water permeabilities are very low. This is unexpected, as more
swelling should lead to more permeability, unless there is a difference
between the effective separation layer thickness. In PEM membranes,
the water molecule does not just have to travel through the PEM on top
of the membrane, but also through all the PEM inside of the pores. The
degree or depth to which a PEM fills the membrane pores can be very
different for different PEM systems. We believe that this is also the only
reasonable explanation for the observations made here. Compared to the
systems with PSS as the polyanion, the PEM systems that have PAA and
PVS as their polyanion seem to fill the pores more efficiently, leading to
much thicker separation layers, hence the low water permeabilities. This
would indicate a higher chain mobility for the PVA and PAA polyanion
based systems and a lower one for the PSS polyanion based systems.
Indeed, we fully expect the chain mobility in the PSS polyanion systems
to be lower, due to the bulky aromatic ring in PSS leading to a less
flexible chain, but also to molecular interactions specifically possible in

those systems including n-cation interactions between the aromatic ring
and the polycation n-n interactions between PSS monomers. Also, it can
be seen in Fig. 6b and Fig. 7b that the trend in PSS polyanion systems
follow the same order. What stands out is that the polycations with less
bulky side groups appear to have the least amount of swelling. Poten-
tially due to stronger n- & interactions compared to the more bulky
cation systems which could logically be a result from the larger distance
between PSS monomers.

3.4. The retention of neutral compounds

For the retention of neutral compounds, the main separation mech-
anism will be steric hindrance, especially when the neutral compounds
do not strongly interact with the separation layer. As such, a so-called
molecular weight cut off (MWCO) can be determined for polyethylene
glycols of different sizes, and interpreted as an effective pore size of PEM
based nanofiltration membrane. These experiments were performed for
all 9 systems and are reported in Fig. 7, again plotted against the charge
density (Fig. 7a) and the swelling ratio (Fig. 7b).

As expected based on the results and discussion in the previous
section, no correlation is observed for the MWCO as a function of the
charge density. There is, however, quite a clear correlation between the
MWCO and the swelling ratio of our systems, with a higher swelling also
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leading to a higher MWCO. Logically, for a more swollen membrane
there is more distance between polymer chains and thus a lower degree
of steric hindrance would be expected. Still, it is also clear that swelling
is not the only parameter that matters, for example CHI/PSS and PEI/
PAA have a similar swelling ratio but a quite different MWCO (around
500 and 300 respectively). We can explain this if we assume that the
MWCO is determined by the mesh size of the multilayer, as originally
proposed by Gresham et al. [78] The mesh size depends not only on
swelling, but also crosslink density as the distance between crosslinks
decreases with increasing crosslink density. A PEI/PAA system would be
expected to have a small mesh size because of its very high ionic
crosslink density and is only swollen so much because of the high affinity
of the polyelectrolytes for water. In contrast, for CHI/PSS, the system
will have lower ionic crosslink density but also less affinity for water
leading to the same degree of swelling, but a larger mesh size and thus a
larger MWCO.

3.5. Charged solute retention

Another key performance indicator of nanofiltration membranes is
their ability to retain charged species. To characterize an NF membrane,
it is especially relevant to study the retention of different salts. Here we
study symmetrical salts, NaCl and MgSO,4, where both ions have the
same valence and asymmetric salts, NapSO4 and MgCl,, where one ion
has higher valence and will be expected to dominate the transport. As
charge is key in such separation, we look at both positive and negative
final layers of our PEM systems. We will first study the more straight
forward case of symmetric salts, before moving to the more complex
case of asymmetric salts.

We will interpret the retention of ions based on two common
mechanisms, Donnan exclusion and dielectric exclusion. In Donnan
exclusion, the charge on and in the separation layer will exclude simi-
larly charged ions, while attracting oppositely charged ones. As this
effect scales with the valence of the ion, it will lead to a very different
separation behavior for the two asymmetric salts Na,SO4 and MgCl,. For
a negative membrane a high retention of Na;SO4 would be expected as
there the divalent negative SO3~ is dominant, but for MgCl; a very low
rejection is expected as the divalent positive Mg?* dominates.

In dielectric exclusion, ions are rejected based on a difference in
dielectric properties of the bulk solution and those of the separation
layers. Ions prefer the high dielectric constant of water, and moving
them into a separation layer with a lower dielectric constant is unfa-
vorable, leading to retention of the ion. While this rejection mechanism
also strongly depends on the valence, it is independent of the charge
sign. A membrane with a high dielectric exclusion would thus show a
high rejection of both Na;SO4 and MgCl,.

3.6. Symmetric salt(s) vs. swelling ratio

When looking at the retentions of NaCl and MgSO4 for both the
negative and positively charge terminated PEM systems (Fig. 8) we
immediately notice the large variations in retention behavior. We can go
from 99 % MgSO,4 retention to <10 %, and from 70 % to 0 % NaCl
retention. These results show very clearly the high versatility and
tunability of PEM based membranes to get the specific separation
properties required for an application. What we also observe is that the
multivalent ions are always better retained than the monovalent ions.
This is a very logical result, as both for Donnan and dielectric exclusion a
higher valence would lead to more exclusion. An exception is PAH/PVS,
at this point we do not have a suitable explanation for this specific
outcome. In some cases this difference is quite extreme, with for
example PVA/PSS (positively terminated) having a near 100 % retention
of MgSQOy4, and only a 20 % retention of NaCl. Indeed, PEM systems are
seen as very relevant systems to allow separation between multivalent
and monovalent salts. [34,79,80]

Here we plotted retention data against the swelling ratio of the PEM.
We believe that the swelling ratio is relevant as less water in the PEM
would be expected to lead to a more significant dielectric exclusion.
Moreover, a higher degree of swelling could lower the effective charge
density of the PEM leading to less Donnan exclusion. In general there
seems to be a correlation present between swelling ratio and retention.
Still, the correlation is far from perfect, as the charge density is not only
determined by the degree of swelling (together with the amount of
excess charge in the layer) and as the charge density of the final layer
will certainly also have an effect. As discussed before these are quite
system dependent and hard to predict based on the polyelectrolyte
structure.

We have also plotted the retention data according to the research of
Krasemann and Tieke, as a function of charge density (Fig. S7). Sur-
prisingly we noticed that with increasing charge density, retention
seemed to go down, opposite to what Krasemann and Tieke show in their
work (see Fig. 1). But retention depends on water flux as well, and that
was quite different, as was already shown in Fig. 6a. A more fair com-
parison is then to go to B values (S11), that give a flux independent
permeability of salts (Fig. 9). In this case no trend is observed anymore.
It should be noted that calculating the flow-independent B-value using
the solution-diffusion (SD) model means that the influence of convective
transport is neglected and we assume that diffusional transport is
dominant. The SD model has been found to describe retention mea-
surements as a function of flux reasonably well for similar PEM systems
[48,81]. One might wonder why our results are so different from those
of Krasemann and Tieke, but we stress again that there are many dif-
ferences between our work. Our layers were grown under different
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conditions, and were studied under conditions relevant to nano-
filtration, using applied pressure rather than studying concentration
driven transport. Moreover, Krasemann and Tieke themselves already
nuanced their hypothesis by mentioning the importance of pH. While in
their charge density definition they assumed all monomers to carry a
charge, they were well aware that for the used weak polyelectrolytes
(which often have the highest charge density) the pH affects the degree
of ionization. Indeed, even in PEM membranes a shift in pH can alter the
excess charge in the layer from positive at lower pH values to negative at
higher pH values [46,82]. Moreover, it is known that, upon incorpora-
tion into a multilayer, the pKa value of polyelectrolytes is able to shift.
Resulting into a higher or lower effective pKa value and hence a different
degree of ionization [83,84].

3.7. Asymmetric salt(s) vs. swelling ratio

In Fig. 10 we show the retention of our asymmetric salts, NaSO4 and
MgCl,, again plotted as function of the degree of swelling. With these
salts we can now start to differentiate between systems where the

retention is more based on Donnan exclusion, and where it is more based
on dielectric exclusion. For example, PAH/PSS shows a high retention of
both NaySO4 and MgCl,, independent of the terminating layer. This is a
clear indication that this system has a dominant dielectric exclusion
mechanism, in line with earlier observations [43,74]. For PDADMAC/
PSS, negatively terminated, we see a very large difference in retention
between NapSO4 and MgCl,. Here a very high (99 %) retention for
NaySO4 is found, while for MgCl, the retention is very low (~10 %),
clearly indicating a Donnan based exclusion mechanism. And certainly
there are also systems where both Donnan and dielectric exclusion play
a role, for example PEI/PSS where an excess negative charge in both
negatively and positively terminated layers leads to more retention of
NaySO4, but where still a good retention of MgCl, is observed [43].
Similar behavior is seen for CHI/PSS where the retention of Na;SOy4 is
high for both negatively and positively ending layers while MgCl,
retention is low, indicating an excess of negative charge independent of
terminating layer. Something which has been observed for PDADMAC/
PSS, where overcompensation of PDADMAC led to an excess of positive
charge [60].
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Fig. 10. The retention of Na,SO4 and MgCl, for 9 different PEM systems as a function of the swelling ratio with a a) negatively charged final layer, and b) a positively
charged final layer. Error bars indicate the standard error stemming from 4 (y-axis) and 3 (x-axis) membrane samples, and are often smaller than the data markers.

With such variations in membrane charge and rejection mechanisms,
there is no clear trend between the retention of asymmetric salts and the
degree of swelling. It is the much more system specific effects such as
excess charge that seem to dominate the separation behavior of these
asymmetric salts. But as mentioned earlier, we would expect a correla-
tion between swelling and especially the dielectric exclusion mecha-
nism. One would expect that for lower water content, the dielectric
constant of the PEM layer will go down and a stronger exclusion would
be the result. A measure for the dielectric exclusion can be estimated by
the following equation: Rna2so4 * Rmgci2 = DE. This value is high when
both retentions are high, but becomes low when one is high and the
other is low as would be the case for Donnan exclusion. Naturally the
value is also low when both retentions are low. In Fig. 11 the DE value is
plotted against the swelling ratio.

Here we clearly see that high dielectric exclusion is only there for
PEM layers with a low degree of swelling, around 40 %. Still, again it is
much more complex that just that simple parameter, PAH/PAA with the
same low swelling degree shows very little dielectric exclusion. We
hypothesize that the polar nature of PAA and PAH keep the dielectric

negatively ending

constant relatively high, even at such a low swelling ratio. In other work,
however, dielectric exclusion for PAH/PAA systems has been observed
[85].

For completeness we also studied the retention of Na3SO4 and MgCl,
as a function of charge density (fig. S7). Again a trend seems to be there
but can be explained by the higher fluxes at lower charge density. We
then studied the more fair B parameter for these salts as shown in
Fig. 12. As expected no clear trend can be observed. As mentioned
above, we feel that the key parameter here is the degree of excess charge
in and on the PEM, and that is simply not something that can be con-
nected to the charge density of the used polyelectrolytes.

3.8. From multilayer properties to membrane performance

In the sections before we have clearly demonstrated both the
versatility and the complexity of PEM based nanofiltration membranes.
A wide variation of membranes can be prepared with different mem-
brane performances, including different pure water permeabilities and
different separation properties resulting from size, Donnan and

positively ending

1.0 1.0
a = CHI/PSS b Y
. * PAH/PSS

0.8 PEI/PSS 0.8
— M v PVA/PSS — .
= PDADMAC/PSS|| &
0.6 < PVA/PVS 0.6
2 PEI/PAA 2
3 *  PAH/PAA 3
£ 041 PAH/PVS £ 041
% 0.2 % 0.2

0.0- ‘ b “ 0.0- . " <

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T

Swelling ratio (%)

0 10 20 30 40 50 60 70 80 90 100

0 10 20 30 40 50 60 70 80 90 100
Swelling ratio (%)
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also applies to Fig. 12b.

dielectric based exclusions. And here we just varied the polyelectrolyte
combinations, many more PEM membrane properties become possible
when also using salinity, pH, molecular weight, and other tuning pa-
rameters. But to explain these observed differences, a very wide variety
of properties needed to be discussed. On one hand we have the poly-
electrolyte properties, including their charge density, hydrophilicity,
stiffness and naturally the nature of the charged group. We have the way
that the oppositely charged polyelectrolytes interact, forming ionic
crosslinks (intrinsic charge compensation) but also leaving free charged
groups (extrinsic compensation). In such an ionically crosslinked
network there will then also be a resulting mesh size and the poly-
electrolytes often do not interact in a charge stoichiometric fashion,
leading to an excess of charges in the multilayer. Moreover, there might
be additional molecular interactions, for example the proposed n-cation
and n-n interactions that seem to set apart PSS based PEM systems from
those where the polyanion is PAA or PVS. Finally, we then have the
properties of the layer itself, including the layer thickness, the final
coated layer, but certainly also its degree of swelling and the degree to
which the layer penetrates the pores of the membrane support. How can
we now more clearly connect the properties of the multilayer to the
eventual membrane performance, based on the results from our exper-
imental review but also based on existing insights from previous works?

In Fig. 13 we show a schematic figure where we aim to clearly show
what we see as the key properties of the polyelectrolyte multilayer.
Moreover, in Table 2, we more clearly link these properties to the per-
formance of the membrane, starting with the pure water permeability.
As discussed in the section water permeability, the swelling is expected to
be a key parameter for water transport. As we know that water transport
in PEM membranes is mostly diffusive in nature [76], water transport

Table 2

Connecting membrane performance to multilayer properties. Here we aim to
define the main determining parameters, but also illustrate that these are
themselves typically a result of several other parameters.

Membrane Main determining PEM In turn determined by

performance properties

Pure water Effective layer thickness PEM thickness on
permeability membrane

Degree of pore penetration
Ionic crosslink density
Excess charge in PEM
Chains hydrophilicity
Chain flexibility (Kuhn
length)

Additional molecular
interactions

Ionic crosslink density
Degree of swelling
Excess charge in PEM
Degree of swelling
Final adsorbed layer
Degree of swelling
Chains hydrophilicity
Charge density in PEM

Degree of swelling

Size based exclusion PEM network mesh Size

Donnan based
exclusion

Charge density in and on the
PEM

Dielectric exclusion Dielectric constant in PEM

would simply stem from the amount of water molecules taken up by the
membrane, the speed of diffusion of these water molecules in the layer
and the effective distance that the water molecules need to travel
through the layer [86,87]. The degree of swelling is a direct measure for
the uptake of water molecules, but in a more swollen layer the speed of
diffusion of water molecules will also be higher, closer to that of bulk
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Fig. 13. Schematic representation of a PEM membrane showcasing how the most important polyelectrolyte, multilayer and membrane properties are interconnected.
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water. But as shown in Fig. 6, this was not the full explanation. Even
when PEMs give relatively equal layer thicknesses on top of a surface
(Fig. 5b), their penetration into the membrane pores seems very
dependent on the system, likely depending on chain mobility in the
multilayers. It is then the PEM thickness on top of the membrane,
together with the PEM in the pores that determines the effective distance
that the water molecules need to travel. Hence a more swollen PEM,
could still give a lower pure water permeability, due to a larger effective
layer thickness. While the degree of swelling is relatively easy to mea-
sure for a PEM on a model surface, it is itself determined by many pa-
rameters, including the degree of hydrophilicity and excess charge
density (that would favor swelling) and ionic crosslink density, addi-
tional attractive interchain interactions and chain flexibility (that would
reduce swelling).

A similar complexity is there for the exclusion mechanisms. While
there is a strong correlation between MWCO, as a measure for the size-
based exclusion, and the degree of swelling (also found by Bruening
et al. [45]), it does not explain the differences between all different PEM
systems. As proposed by Gresham et al. [78], it is likely to be the mesh
size of the PEM that functions as an effective pore size for these systems,
determined by the degree of swelling together with degree of ionic
crosslink density. Donnan and dielectric exclusion of a PEM would
together determine the transport of (small) charged solutes but function
in a different manner. For Donnan exclusion it is well established that
the (excess) charge density of the separation layer is a key parameter
[87,88]. For a PEM system that would include the excess charge in the
membrane, which together with the degree of swelling determines that
layer charge density, but certainly also the charge at the outer layer that
is in large part determined by the choice of the final adsorbed layer [35].
Finally the solution pH will affect the excess charge density when weak
polyelectrolytes are part of the PEM based membrane [46,82]. For
dielectric exclusion it is the dielectric constant of the layer that would
determine the rejection properties, but in our review a dominant
dielectric exclusion mechanism is only found when the degree of
swelling is sufficiently low (Fig. 11). That is not strange, the lower the
degree of swelling, the lower the dielectric constant of a polymer layer
will be. It is still expected that also the hydrophilicity of the layer will
affect the dielectric properties, as well as the charge density in the layer
as the latter will attract counterions and will orient the water molecules,
however this is speculative and not something that came directly out of
the experimental review provided here.

While Fig. 13 and Table 2 paint a rather complex picture of PEMs and
their separation behavior, we want to again make the argument that this
is to be expected for such a versatile system. Clearly, the initial expla-
nation of Tieke and Krasemann, coupling chain charge density to the
“openness” of the formed multilayer, had a lot of scientific merit,
helping the field forward. However, we now need to also realize that
there is no easy single parameter that determines the PEM membrane
performance, it is a rather complex interplay resulting from various
parameters. But this is at the same time also a real strength, it is exactly
this complexity that allows one to optimize a PEM towards a specific
application by tuning multiple parameters. For example, this has already
allowed the creation of PEM membranes with dominant Donnan or
dielectric behavior, or rather a combination of the two, as seen in this
work and in many others. Or the creation of PEM based membranes with
a high degree of size exclusion (low MWCO) and low salt retentions
[55], or inversely, very open PEMs (high MWCO) with high salt re-
tentions [2].

4. Conclusions

One of the core strengths of polyelectrolyte multilayer membranes is
their high versatility. By tuning parameters such as pH and salinity
during coating, the membranes can be optimized for specific applica-
tions. But this also makes a fair comparison between different PEM
systems difficult, in literature systems are nearly always prepared in a
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different manner, and/or measured under different process conditions.
In this work we have performed an experimental review, where 9
common PEM based systems were prepared and characterized under
very controlled and comparable conditions.

From the onset of this work we compare our results to one of the
earliest papers on PEM based membranes, the work of Krasemann and
Tieke [15]. While they were one of the first, to our knowledge they are
also the only ones before us to have carefully studied many different
PEM couples and to look for correlations in their behavior. Based on
their results they proposed that the charge density of the poly-
electrolytes is the key parameter, a higher charge density leading to
more ionic crosslinks and thus a denser membrane. We tested this hy-
pothesis by measuring the swelling degree for the 9 different systems,
where the swelling degree is a direct measure for how open or dense a
membrane is. While we find some correlation for the PEM systems based
on the polyanion PSS, the overall results clearly show that the hypoth-
esis is too limited. Indeed, other parameters such as the hydrophilicity of
the used polyelectrolytes and excess charge in the layer will also influ-
ence the swelling. Due to this complexity, it becomes more straightfor-
ward to measure the degree of swelling, rather than predicting it from
molecular properties.

Rather than defining a single main parameter that affects the sepa-
ration properties of a PEM, we show clearly that membrane performance
can be connected to the PEM layer properties through detailed experi-
mental characterization and by separately looking at the exclusion
mechanisms (see Fig. 13 and Table 2). For example, our work demon-
strates a very clear correlation between MWCO and the degree of
swelling. Another important outcome of our work relates to the balance
between Donnan and Di-electric exclusion as observed from our ion-
retentions. Especially around and below a 40 % swelling degree,
strong effects of dielectric exclusion are found. On the other hand, for
systems with a degree of swelling higher than 40 % clear examples of
Donnan dominated exclusion are observed. These outcomes give clear
directions on how to obtain desired rejection of neutral and charged
molecules. Also, we demonstrate that the porous support membrane is
closed by a PEM, when the thickness is in the order of the membrane
support pore size. Something that has not been demonstrated before,
however does need further investigation as this potentially has major
influence on overall PEM properties.

Overall this experimental review shows again how versatile PEM
based membranes are, with a wide variation in separation properties
observed between the systems. Unfortunately, there is no single pre-
dictive parameter that connects the chemical structure of the used
polyelectrolytes to their performance. Rather this work highlights
several key parameters that can be obtained by careful characterization
of the layers. Of these, especially the degree of swelling is critical as it
partly determines the water permeability, but also partly the size
exclusion, Donnan exclusion and dielectric exclusion properties.
Swelling, in turn, can be related to polyelectrolyte charge density, chain
flexibility and hydrophilicity, but also to the ionic crosslink density in
the PEM. We strongly feel that this more nuanced look at PEM based
membranes is critical to push this field forward. By careful character-
ization of PEMs on model surfaces and coupling the results to detailed
transport measurements, much progress can still be made to further tune
and improve these now established membrane systems.
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