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A B S T R A C T

A novel way of making Nanofiltration (NF) membranes is to apply the Layer-by-Layer method, where
polyelectrolytes are alternatingly coated on top of a porous Ultrafiltration membrane to form a separation
layer with a controllable thickness in the nanometer range, also known as Polyelectrolyte Multilayer (PEM).
An important precondition to make use of the variety this fabrication method offers for membrane optimization
is knowledge of design rules. Therefore, the structural properties of PEMs and their relation to both coating
conditions and membrane performance is an ongoing field of research. In this work, the separation performance
of NF PEM membranes, based on PDADMAC/PSS and PAH/PAA, towards uncharged molecules is related
to PEM structure. The structure of the membrane is represented by a nanoporous film with distribution
in pore size. As, up to date, no experimental technique is available to directly measure pore sizes in the
nanometer range of a wet film, a representative pore size distribution is estimated via the use of a theoretical
transport description fitted to experimental data. Here, the studied PEM systems showed distinctive differences
in both film thickness (PDADMAC/PSS: 44 nm/BL, PAH/PAA: 689 nm/BL) and mean pore size (PDADMAC/PSS:
0.44 nm, PAH/PAA: 0.27 nm). Within the range of layer numbers, the pore size of both PEMs in the layer
dominated regime was independent of layer number. This indicates that there is an optimum layer number for
PEM NF membranes regarding uncharged solute retention. Surprisingly, despite forming much thicker layers
the PAH/PAA system closes off the support membrane pores at a higher bilayer number.
. Introduction

Nanofiltration (NF) is a pressure-driven membrane process with its
ain application in the treatment of waste and drinking water [1–
], but also potential application in other fields such as food- [4,5],
harmaceutical- [6] and textile-industry [7]. What makes NF highly
ompetitive in these applications is its unique separation capability at
elatively mild conditions and low energy consumption compared to
onventional or alternative processes.

Separation in NF is mainly based on the size and charge of so-
utes [1,2]. With nominal pore sizes in the range of 1 nm, NF mem-
ranes are capable to retain neutral solutes with a molecular weight in
range of 100–5000 Da. The rejection of charged solutes is governed

y two additional mechanisms. The first, called Donnan Exclusion, is
aused by functional groups at the membrane surface that become
harged in an aqueous solution. The second, called Dielectric Exclu-
ion, is caused by a difference in dielectric properties between the
embrane and solvent phase. As a result of these mechanisms, NF
embranes typically have high retention towards multivalent ions and
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low to moderate retention towards monovalent ions. These separation
characteristics are desirable in water purification processes such as
water softening [3,8] and removal of organic micropollutants [3,9].

There are, however, certain drawbacks of NF that hinder its
widespread application. Amongst these are fouling, limited separation
capability and short membrane lifetime [10]. In addition to altering
process conditions, membrane characteristics can be adjusted to tackle
these challenges. This includes the development of membranes with
high chemical and mechanical stability, resulting in a long membrane
lifetime and resistance to chemical cleaning. A lot of research is also
dedicated to enhancing the separation capability of NF membranes by
fine-tuning pore size distribution and charge [11,12].

The market of NF membranes is dominated by Thin Film Composite
(TFC) type membranes [13,14]. The TFC design combines the need
for membranes to withstand high pressures and allow high water
permeation by dividing these functionalities into two layers: a thick
layer (order of magnitude 100 μm) with large pores is coated with
a thin layer (order of magnitude 100 nm) that has NF properties.
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Glossary and Symbols

𝛥𝑃𝑒 Effective transmembrane pressure (Pa)
𝛥𝑟 Discretization increment of pore size distribution

(m)
𝛥𝑥𝑒 Effective membrane thickness (m)
𝜂 Viscosity of water (Pas)
𝜆𝑖 Ratio of Stokes radius to effective pore radius (–)
𝜙 Ratio of Peclet to Sherwood number under

no suction conditions, to determine suction
correction (–)

𝛷𝑖 Steric partitioning coefficient (–)
𝜌 Density of water (Pas)
𝜎 Standard deviation in pore size distribution (m)
𝐴𝑚 Active membrane area (m2)
𝐵 Salt permeability constant (ms−1)
𝑐𝑏 Solute concentration in the bulk solution

(molm−3)
𝑐𝑓 Solute concentration in the feed (molm−3)
𝑐𝑚 Solute concentration at the membrane surface

(molm−3)
𝑐𝑝 Solute concentration on permeate side of mem-

brane (molm−3)
𝑑 Hollow fiber inner diameter (m)
𝐷𝑝 Hindered diffusion coefficient inside the pore

(m2s−1)
𝐷𝑖,∞ Binary diffusion constant of solute in water

(m2s−1)
𝑓 Relative amount of non-selective flux (–)
𝑓𝐹 Relative impact of pore size on flux (–)
𝑓𝑁 Relative amount of pores by number (–)
𝐽𝑤 Permeate flux (ms−1)
𝐽𝑤,𝑖 Flux through imperfections (ms−1)
𝑘 Mass transfer coefficient (ms−1)
𝑘∗ Corrected mass transfer coefficient (ms−1)
𝑘𝐵 Boltzmann constant (m2kgs−2K−1)
𝐾𝑐 Hindrance factor for convective transport (–)
𝐾𝑑 Hindrance factor for diffusive transport (–)
𝐿 Hollow fiber length (m)
𝑚𝑝 Permeate mass (m3)
𝑀𝑊 Molecular weight (Da)
𝑃𝑤 Pure water permeability (ms−1Pa−1)
𝑃𝑒𝑚 Peclet number of membrane transport (–)
𝑅ℎ Hydraulic resistance (m−1)
𝑟𝑚 Most abundant pore size (m)
𝑟𝑝 Effective pore radius (m)
𝑟𝑠 Stokes radius (m)
𝑟𝑚𝑎𝑥 Pore size with highest relative flux (m)
𝑅𝑒 Reynolds number (–)
𝑅𝑒𝑡 Observed membrane retention (–)
𝑅𝑒𝑡𝑖𝑛𝑡 Intrinsic retention (–)
𝑆𝑐 Schmidt number (–)

The discovery of TFC membranes is deservedly considered a mile-
stone in membrane technology, as it improved membrane performance
(originally of RO membranes) considerably [15]. However, there is
still room for improvement in the current commercial TFC NF mem-
branes. For instance, does the material of the dense separation layer
(typically polyamide) have a low resistance towards chlorine [16],
2

which is present in standard chemicals used for membrane cleaning.
𝑆ℎ Sherwood number (–)
𝑇 Temperature (K)
𝑡 Time (s)
BL Bilayer
EtOH Ethanol
GPC Gel Permeation Chromatography
HF Hollow Fiber
LbL Layer-by-Layer
MSE Mean Squared Error
MWCO Molecular Weight Cut-Off
NF Nanofiltration
PAA Poly(acrylic acid)
PAH Poly(allylamine hydrochloride)
PDADMAC Poly(diallyldimethylammonium chloride)
PEG Polyethylene glycol
PEM Polyelectrolyte Multilayer
PES Polyethersulfone
PSS Poly(sodium 4-styrenesulfonate)
RO Reverse Osmosis
TFC Thin Film Composite
TMP Transmembrane pressure
UF Ultrafiltration

Also, the separation performance of these membranes is limited by an
upper bound for the trade-off between permeability and selectivity. To
overcome this upper bound, multiple characteristics of the separation
layer have to be optimized simultaneously [12]. Therefore to make
significant advances in NF membranes, new methods with fine control
over membrane properties are required.

One promising alternative to fabricate NF membranes is based
on Polyelectrolyte Multilayers (PEMs) using the Layer-by-Layer (LbL)
method, a concept already introduced almost 20 years ago [17,18].
Here, maintaining the TFC design, a dense polymeric network with NF
properties is formed on top of a support membrane by alternatingly
coating polyanions and polycations. The main advantage of the LbL
method is that the chemistry and structure of the polymeric network
can be tuned in a fairly simple and straightforward way by a variety of
parameters, such as type of polyelectrolytes, ionic strength and pH of
coating solution [19,20]. This way membranes with high chemical and
physical stability, advanced separation characteristics and extremely
thin separation layers can be fabricated [21]. The high versatility of LbL
further allows for functionalization of the membrane surface to reduce
membrane fouling for example [22]. The high potential of this novel
method resulted in the recent commercialization of hollow fiber (HF)
NF membranes based on PEMs.

Compared to established membrane fabrication methods, the LbL
method is relatively young. As a result, although there has been a lot
of progress in the field, the knowledge on fine-tuning membrane prop-
erties for specific applications is far from complete. For this method to
reach its full potential, a more complete understanding of the influence
of fabrication conditions on PEM structure as well as the influence of
PEM structure on membrane performance is required.

One limitation in understanding the mentioned relations is the
structural characterization of the PEM based selective layer. As char-
acteristic dimensions are in the nanometer range, the availability of
adequate analytical methods is limited. In addition, the significant
influence of water on the PEM structure [23,24] requires measure-
ments in a liquid environment. Therefore directly obtaining the internal
structural properties of PEMs is challenging. Just to mention a few

state-of-the-art characterization techniques that are used to determine
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properties of PEMs that are relevant for NF: streaming potential (sur-
face charge) [25], neutron reflectometry (thickness and swelling) [26]
and radiolabeling (net charge) [27].

An alternative characterization technique to determine properties
relevant to membrane performance, that has been used for conven-
tional polyamide-based NF membranes [28–31], is the indirect deter-
mination by relating the filtration performance to an effective structure
via the use of transport models. These models can further be used to
predict the performance of an NF process.

Clearly, to exploit the full potential of PEM based NF membranes a
more elaborate understanding of the interplay between structure and
transport processes is required. In this work, we utilize theoretical
transport models that account for distribution in effective membrane
pore size to describe polyethylene glycol (PEG) transport through two
PEM based NF membranes (PDADMAC/PSS and PAH/PAA). The fitted
model parameters and their relation to actual structural properties of
the PEM are assessed by comparison to supplementary characterization
methods as well as previous observations in the literature. This method
allows us to gain further understanding of the relationship between
structural properties to membrane properties of PEMs and is a step
towards rational membrane design.

2. Experimental setup

2.1. Materials

Poly(diallyldimethylammonium chloride) (PDADMAC, 𝑀𝑤 200–
350 kDa, 20% in H2O), poly(sodium 4-styrenesulfonate) (PSS, 𝑀𝑤
200 kDa, 30% in H2O), poly(acrylic acid) (PAA, 𝑀𝑤 250 kDa, 35%
in H2O), magnesium sulfate heptahydrate (ReagentPlus®, ≥99%), hy-
drochloric acid (ACS reagent, 37% in H2O), sodium hydroxide (BioX-
tra, ≥98%), ethylene glycol (anhydrous 99.8%) and diethylene glycol
(ReagentPlus®, 99%) were purchased from Sigma Aldrich. Polyethy-
lene glycol (PEG) with average molecular weights of 200 Da, 600 Da
(≥97.4%), 1000 Da (≥97.8%), 2000 Da (≥97.8%) and 3000 Da (≥
98.8%), as well as glycerol (EMSURE®Reag. Ph Eur, 85%) were pur-
chased from Merck. Poly(allylamine hydrochloride) (PAH, 𝑀𝑤 150 kDa,
40% in H2O) was purchased from Nittobo. Polyethylene glycol with an
average molecular weight of 400 Da was purchased from Alpha Aesar.
Ethanol (100%) was purchased from Boom B.V. (Netherlands). Sodium
chloride (>99.96%) was kindly provided by AkzoNobel. All chemicals
were used without further purification. Hollow fiber (HF) ultrafiltration
(UF) membranes made of modified polyethersulfone (PES) were kindly
provided by NX Filtration B.V. (Enschede, the Netherlands). For all
H2O solutions, MiliQ water with a resistance of at least 18.2 MΩcm
was used.

2.2. Membrane fabrication

Before dip coating, the HF UF support membranes (MWCO ∼10 kDa,
Permeability ∼150 LMHbar, inner diameter 0.7 mm, negative charge)
were immersed in 10% EtOH solution in H2O followed by rinsing in
H2O, to remove added compounds for dry storage. The rinsed fibers
were subsequently dip coated using the Layer-by-Layer (LbL) method
to build polyelectrolyte multilayers on top of the support. In the first
step of this method, the fibers are immersed in the polycation solution
(0.1 gL−1, 50 mM NaCl, pH 5.5) for 15 min. In the next step, which
is repeated three times, the fibers are rinsed in 50 mM NaCl solution
for 5 min, to wash off any residual polycation solution. The following
steps include the immersion in a polyanion solution (0.1 gL−1, 50 mM
NaCl, pH 5.5) for 15 min, again, followed by three times rinsing in
50 mM NaCl solution for 5 min. This sequence completes one bilayer
(BL). Here, two polyelectrolyte systems PDADMAC/PSS (up to 10 BL)
and PAH/PAA (up to 14 BL) were studied. The pH value of the coating
solutions was adjusted with 1 M NaOH/HCl solutions. After the LbL
procedure, the membranes were immersed in a 15% glycerol in H2O
solution for at least 4 h before drying.
3

2.3. Membrane performance evaluation

To evaluate the performance of the fabricated membranes, single
fiber modules with an active fiber length of about L=18 cm (active
membrane area of A𝑚=3.95 cm2) were prepared in quadruplicate. Using
a crossflow filtration setup (see Supporting Information S1), previously
described in [32], 16 membrane modules are tested simultaneously.
The temperature of the feed solution is regulated at 20 ± 1 ◦C. The
crossflow velocity within the fibers is set to 1 ± 0.05 ms−1 to limit the
extent of concentration polarization. After rinsing the modules with
H2O to remove any residual glycerol, the pure water permeability
is measured at constant transmembrane pressures (TMP) of 2, 3 and
4 bar (estimated variation ±0.05 bar). The pure water permeability 𝑃𝑤
(Lm−2h−1bar−1) can be calculated using the following equation:

𝑃𝑤 =
𝑚𝑝

𝜌𝑤 ⋅ 𝐴𝑚 ⋅ 𝑡 ⋅ 𝑇𝑀𝑃
(1)

where 𝑚𝑝 (g) is the permeate mass collected within the time 𝑡 (h), 𝜌𝑤
(998.21 gL−1) is the density of water at 20 ◦C, 𝐴𝑚 (m2) is the active
membrane area and TMP (bar) the applied transmembrane pressure.
Using Darcy’s law, the pure water permeability can be alternatively
displayed as the hydraulic resistance 𝑅ℎ (m−1):

𝑅ℎ = 1
𝜂 ⋅ 𝑃𝑤

(2)

where 𝜂 (1.0016 ⋅10−3 Pas) is the viscosity of water at 20 ◦C and
𝑃𝑤 (now expressed in ms−1Pa−1) the pure water permeability. The
MgSO4 retention (feed concentration of 5 mM) was measured at a
constant TMP of 3 bar and 5 bar for the PDADMAC/PSS and PAH/PAA
membranes, respectively. The PEG retention (1 gL−1) was measured at
three different TMP values (PDADMAC/PSS: 1, 2, 3 bar; PAH/PAA: 2,
3.5, 5 bar) for each membrane. The retention 𝑅𝑒𝑡 (-) is defined as:

𝑅𝑒𝑡 = 1 −
𝑐𝑝
𝑐𝑓

(3)

where 𝑐𝑝 (molL−1) and 𝑐𝑓 (molL−1) are the solute concentration in the
permeate and feed, respectively.

2.4. Analytical methods

MgSO4 concentrations were determined via conductivity measure-
ments using a portable conductivity meter (CondTM 3210, WTWTM

GmbH). PEG concentrations were determined via Gel Permeation Chro-
matography (GPC). The GPC setup (Agilent 1200/1260 Infinity GPC/
SEC series) uses two columns (Suprema 8 × 300 mm, 1000 Å−30 Å,
10 μm, Polymer Standards Service GmbH) in series and a refractive
index detector (Agilent 1100 HPLC G1362 A RID Detector). The flow
rate of the eluent (50 mgL−1 NaN3 in H2O) is 1 mLmin−1. Information
on the deconvolution method of the detector signal is given in the
Supporting Information S2.

3. Theoretical transport model

3.1. Salt retention

To transform the retention of MgSO4 (a process parameter) into the
salt permeability 𝐵 (ms−1) (an intrinsic membrane parameter) the film
model with a mass transfer correlation is applied, as described in [33]:

𝐵 =
( 1 − 𝑅𝑒𝑡

𝑅𝑒𝑡

)

⋅

(

𝐽𝑤 −
𝐽 2
𝑤
𝑘∗

)

(4)

Here 𝐽𝑤 (ms−1) is the permeate flux and 𝑘∗ (ms−1) is the mass trans-
fer coefficient corrected for suction, which is determined via [34,35]:

𝑆ℎ = 𝑘𝑑 = 1.62
(

𝑅𝑒𝑆𝑐 𝑑
)

1
3 − 1.2 − 0.28

(

𝑅𝑒𝑆𝑐 𝑑
)− 1

3 (5)

𝐷𝑠 𝐿 𝐿
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= 𝜙 + (1 + 0.26𝜙1.4)−1.7 (6)

Here, 𝑆ℎ (-) is the dimensionless Sherwood number, 𝑘 (ms−1) is the
mass transfer coefficient at no flux, 𝑑 (m) is the HF inner diameter, 𝐷𝑠
(0.75 ⋅10−9 m2s−1 [36]) is the diffusion coefficient of MgSO4 at 20 ◦C,
𝑅𝑒 = 𝜌𝑑𝑣∕𝜂 (-) is the dimensionless Reynolds number, 𝑆𝑐 = 𝜂∕(𝜌𝐷𝑠)
-) is the dimensionless Schmidt number, 𝐿 (m) the HF length and 𝜙 =
𝑤∕𝑘 the ratio of flux 𝐽𝑤 (ms−1) to mass transfer coefficient at no flux
(ms−1). The applied mass transfer correlation is valid for the laminar

low regime (Re<2300) and low recovery values. For high recovery
alues an additional correction factor should be applied [33]. For very
mall Reynolds numbers (Re<0.16) Eq. (5) gets negative. Operation
onditions of hollow fiber membranes, however, do not approach this
imit.

.2. PEG retention

To transform the retention of the PEG mix, which is again a process
arameter, to an intrinsic membrane property, we apply a simplified
ersion of the well known Donnan Steric Pore Model and Dielec-
ric Exclusion (DSPM&DE) model [37,38]. Here, we represent the
embrane by a bundle of straight cylindrical pores. Although the

ctual membrane (or PEM) structure is likely far from this commonly
pplied idealized geometry [29,30,37–40], this simplified theoretical
escription serves the purpose of this work well, which is to describe
embrane transport, monitor selective layer build-up and qualitatively

ompare different PEM systems. As the PEG solutes are uncharged in
olution, the exclusion mechanism of the DSPM&DE model reduces to
teric exclusion, while the transport within the pores is described by
dvection and diffusion. To model the retention of PEG molecules based
n steric exclusion, one needs to approximate their size in solution.
ere we choose to use the hydrodynamic radius 𝑟𝑖,𝑠 (m) based on
tokes–Einstein equation [41]:

𝑖,𝑠 =
𝑘𝐵𝑇

6𝜋𝜂𝐷𝑖,∞
(7)

with the Boltzmann constant 𝑘𝐵 (1.381 ⋅10−23 m2kgs−2K−1) and the
solution temperature 𝑇 (293.15 K). Here, 𝐷𝑖,∞ (m2s−1) is the solute
diffusion coefficient in infinite dilution which is approximated using
a correlation [42] (corrected for temperature and viscosity):

𝐷𝑖,∞ = 1.25 ⋅ 10−8𝑀−0.55
𝑤 ⋅

293.15K
298.15K

0.89 ⋅ 10−3 Pas
1.0016 ⋅ 10−3 Pas

(8)

with 𝑀𝑤 (Da) being the molecular weight of the PEG molecule. As we
did not find a range of molecular weights of PEG for which this formula
is valid, we compared it to literature data of diffusion coefficient mea-
surements in the range of interest. A graph comparing the correlation
to measurement values can be found in the Supporting Information S3.
For the relevant range of this study (MW ≤ 3000 Da) the correlation
fits reasonably well. Also shown is the alternative correlation used to
estimate the influence of error in PEG diffusion coefficient.

3.2.1. Single pore size
In the standard form, the DSPM&DE model assumes uniform pores

with a singular effective pore radius, to describe the steric exclusion.
Therefore, the membrane is represented by two parameters: the ef-
fective membrane thickness 𝛥𝑥𝑒 (m) (which combines pore length,
tortuosity and porosity) and the effective pore radius 𝑟𝑝 (m). These
can be determined by fitting the model to pure water permeability
and uncharged solute retention. Details on the fitting procedure can
be found in the Supporting Information S4. The system of equations
describing the membrane transport after simplifications reduces to:

𝐽𝑤 =
𝑟2𝑝 𝛥𝑃𝑒 (9)
4

8𝜂𝛥𝑥𝑒
𝑒𝑡𝑖𝑛𝑡 = 1 −
𝐾𝑖,𝑐𝛷𝑖

(𝐾𝑖,𝑐𝛷𝑖 − 1) ⋅ exp(−𝑃𝑒𝑚) + 1
(10)

𝑒𝑚 =
𝐾𝑖,𝑐𝐽𝑤𝛥𝑥𝑒

𝐷𝑖,𝑝
(11)

𝛷𝑖 = (1 − 𝜆𝑖)2 (12)

𝐷𝑖,𝑝 = 𝐾𝑖,𝑑𝐷𝑖,∞ (13)

𝜆𝑖 ≤ 0.95 ∶ 𝐾𝑖,𝑑 =

⎡

⎢

⎢

⎣

1 + (9∕8)𝜆𝑖 ln 𝜆𝑖 − 1.56034𝜆𝑖
+0.528155𝜆2𝑖 + 1.91521𝜆3𝑖 − 2.81903𝜆4𝑖
+0.270788𝜆5𝑖 + 1.10115𝜆6𝑖 − 0.435933𝜆7𝑖

⎤

⎥

⎥

⎦

(1 − 𝜆𝑖)2

(14)

𝜆𝑖 > 0.95 ∶ 𝐾𝑖,𝑑 = 0.984
(

1 − 𝜆𝑖
𝜆𝑖

)
5
2

(15)

𝐾𝑖,𝑐 =
1 + 3.867𝜆𝑖 − 1.907𝜆2𝑖 − 0.834𝜆3𝑖

1 + 1.867𝜆𝑖 − 0.741𝜆2𝑖
(16)

𝑅𝑒𝑡 = 1 −
(1 − 𝑅𝑒𝑡𝑖𝑛𝑡)𝑘∗𝑖
𝑘∗𝑖 − 𝑅𝑒𝑡𝑖𝑛𝑡𝐽𝑤

(17)

𝐽𝑤 (ms−1) is the permeate flux, 𝜂 (1.0016 ⋅10−3 Pas) is the vis-
osity of water at 20 ◦C, 𝛥𝑃𝑒 (Pa) is the effective transmembrane
ressure accounting for osmotic pressure (in the case of pure water
easurements 𝛥𝑃𝑒=TMP), 𝑅𝑒𝑡𝑖𝑛𝑡 (-) is the intrinsic membrane retention

in the ideal case of no concentration polarization), 𝑅𝑒𝑡 (-) is the
bserved retention (as defined in Eq. (3)), 𝑃𝑒𝑚 (-) is the Peclet number
f transport through the membrane, 𝑘∗𝑖 (ms−1) is the corrected mass
ransfer coefficient (determined as described in Eq. (5) and (6)), 𝛷𝑖

(-) is the steric partitioning coefficient, 𝜆𝑖 (-) is the ratio of solute
Stokes radius to effective pore radius (𝜆𝑖 = 𝑟𝑖,𝑠/𝑟𝑝), 𝐷𝑖,𝑝 (m2s−1) is the
hindered diffusion within the nanopore, 𝐾𝑖,𝑐 (-) the hindrance factor
for convective transport, 𝐷𝑖,∞ (m2s−1) the solute diffusion coefficient in
infinite dilution, and 𝐾𝑖,𝑑 (-) the hindrance factor for diffusive transport.

3.2.2. Pore size distribution
To extend the model from a single pore radius to a pore size

distribution, we introduce a discrete log-normal distribution function
to describe the relative abundance of a range of pore sizes, in a
similar way as it was presented by [28]. The continuous log-normal
distribution is describe by:
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where 𝑓𝑁 (-) is the relative amount by number of pores, 𝑟𝑝 (m) the pore
size, 𝑟𝑚 (m) the mean pore size and 𝜎 (m) is the standard deviation in
pore size distribution. To allow for numerical solution, this equation
has to be discretized by integrating over a range of pore size:

𝑓𝑁,𝑑 (𝑟𝑝) = ∫

𝑟𝑝+
𝛥𝑟
2

𝑟𝑝−
𝛥𝑟
2

𝑓𝑁 (𝑟) 𝑑𝑟 (20)

Here 𝑓𝑁,𝑑 (-) is the discretized distribution of relative number and
𝛥𝑟 (0.01 nm) is the discretization step size (determined from a mesh
refinement study shown in the Supporting Information S5). In addition,
the pore size distribution function is truncated, which has been shown
to increase fit quality [28], and reduces computation time. For the
truncation, as well as for fitting, the distribution is transformed to a
distribution based on relative flux 𝑓𝐹 ,𝑑 (-):

𝑓𝐹 ,𝑑 (𝑟𝑝) =
𝑓𝑁,𝑑 (𝑟𝑝)𝑟4𝑝

∑𝑟𝑚𝑎𝑥 𝑓 (𝑟 )𝑟4
(21)
𝑟𝑝=𝑟𝑚𝑖𝑛 𝑁,𝑑 𝑝 𝑝
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The truncation is made at a value of 5% of the maximum value of
𝑓𝐹 ,𝑑 . After that, the distribution is normalized to assure that the sum
over 𝑓𝐹 ,𝑑 equals 1. To calculate the retention, we calculate the retention
and flux for each pore size and calculate the overall retention 𝑅𝑒𝑡 (-)
via:

𝑅𝑒𝑡 =

∑𝑟𝑚𝑎𝑥
𝑟𝑝=𝑟𝑚𝑖𝑛

𝐽𝑤,𝑟(𝑟𝑝)𝑅𝑒𝑡𝑟(𝑟𝑝)

𝐽𝑤
(22)

with 𝐽𝑤,𝑟 (ms−1) the permeate flux through a discrete pore radius and
𝑅𝑒𝑡𝑟 (-) the retention by a discrete pore radius. For each discrete pore
radius, the single pore size model can be applied, where the effective
membrane thickness has to be updated according to:

𝛥𝑥𝑒,𝑑 =

∑𝑟𝑚𝑎𝑥
𝑟𝑝=𝑟𝑚𝑖𝑛

𝜋𝑟4𝑝𝑓𝑁,𝑑 (𝑟𝑝)

8𝜂𝑃𝑤
(23)

𝛥𝑥𝑒,𝑑 (m3) is the effective membrane thickness updated for the pore
size distribution and 𝑃𝑤 (ms−1Pa−1) the pure water permeability. The
permeate flux through a discrete pore radius 𝐽𝑤,𝑟 is calculated via:

𝐽𝑤,𝑟 =
𝜋𝑟4𝑝𝑓𝑁,𝑑

8𝜂𝛥𝑥𝑒,𝑑
𝛥𝑃𝑒 (24)

The parameter 𝛥𝑥𝑒,𝑑 accounts for fractions of the different pore
sizes to the overall flux and cannot be directly compared to measured
thickness values. To estimate the real thickness of the membrane and
also compare it to single pore size results, the effective thickness 𝛥𝑥𝑒,𝑑
for the pore size distribution was again transformed using the pore
radius with maximum contribution to the relative flux:

𝛥𝑥𝑒 =
𝑟2𝑚𝑎𝑥
8𝜂𝑃𝑤

(25)

3.2.3. Imperfections
To account for the presence of imperfections causing leakage of

feed solution, e.g. module related leakage or pinholes, we assume an
additional non-selective flux in parallel to the PEM:

𝐽𝑤 = 𝐽𝑤,𝑚 + 𝐽𝑤,𝑖 (26)

Here, the permeate flux 𝐽𝑤 (ms−1) is composed of the permeate
flux through the active separation layer 𝐽𝑤,𝑚 (ms−1) and the non-
selective flux through imperfections 𝐽𝑤,𝑖 (ms−1). The relative amount
of non-selective flux 𝑓 (%) of the complete permeate flux is introduced:

𝑓 =
𝐽𝑤,𝑖

𝐽𝑤
⋅ 100% (27)

The observed retention of the membrane module can then simply
be calculated via:

𝑅𝑒𝑡 = 1 −
𝑐𝑝,𝑠(1 − 𝑓 ) + 𝑐𝑚𝑓

𝑐𝑏
(28)

Here, 𝑐𝑝,𝑠 (molm−3) is the permeate concentration of the selective
layer and 𝑐𝑚 (molm−3) is the feed concentration for the non-selective
flux.

𝐽𝑤𝑐𝑝,𝑠 = −𝑘∗(𝑐𝑚 − 𝑐𝑏) + 𝐽𝑤𝑐𝑚 (29)

The concentration 𝑐𝑚 at the membrane surface is derived from the
film model (Eqs. (5), (6) and (29)) assuming only selective transport.

4. Results and discussion

In the first part of this section (4.1 and 4.2) we present experimental
results of the conducted filtration measurements and discuss layer num-
ber dependent membrane properties. In the second part of this section
(4.3–4.6) we focus on the different theoretical membrane transport
models considered in this work and analyze the implied intrinsic PEM
properties. In the third part of this section (4.7) we summarize and
discuss the structural properties of the two PE systems considering
experimental observations of this study as well as previous observations
in the literature.
5

Fig. 1. Illustration of ‘‘pore dominated’’ and ‘‘layer dominated’’ regime in LbL coating
of UF membranes to fabricate NF membranes.
Source: Adapted from de Grooth et al. [43].

4.1. Selective layer build-up

To monitor the growth of the PEM layer on top of the UF support,
fibers were taken out during the LbL coating procedure for each BL
until the final layer was reached. As it has been shown by de Grooth
et al. [43], there are typically two regimes observed when coating
porous UF support membranes with PEM layers to reach a membrane
with NF properties (illustrated in Fig. 1). In the ‘‘pore dominated
regime’’, the initial layers do not fully cover the pores of the support
membrane, yet. After fully closing the pores of the support, the PEM
layer dominates the transport through the membrane (‘‘layer domi-
nated regime’’). It is essential to reach the ‘‘layer dominated regime’’
when fabricating PEM based NF membranes. In this regime, the ob-
served filtration performance can directly be related to the intrinsic
properties of the PEM. For fabrication purposes (also on a commercial
scale) assuring full closure of support pores also increases the repro-
ducibility of membrane properties. Last but not least, the selectivity
increases significantly once the pores of the support are fully closed,
which is required for NF applications.

One membrane characteristic that indicates pore closing is the pure
water permeability. Fig. 2 displays the pure water permeability of the
membrane as a function of the BL number for both PEM systems. Also
shown is the hydraulic resistance, which is inversely proportional to
the pure water permeability (Eq. (2)). For both systems, the pure water
permeability decreases with an increasing number of BLs. Moreover, a
decrease in the slope of permeability with BL number is observed and
the permeability seems to slowly go towards a plateau value. However,
one can observe that at high BL numbers the resistance of the PEM
systems still increases with layer number. This we attribute to the
‘‘layer dominated regime’’ in which, when considering linear multilayer
growth [27,44,45], the layer thickness should increase linearly with
layer number and therefore so does the hydraulic resistance. The initial
steep decrease in permeability is partially caused by the high sensitivity
of permeability to effective membrane thickness (A∝ 𝛥𝑥−1𝑒 ). In the
case of PDADMAC/PSS, the increase in hydraulic resistance with BL
number decreases after 4 BLs. This indicates the transition between
two different layer growth regimes of the PEM NF membrane, where
the increase of hydraulic resistance is higher during pore closing and
lower but linear for the layer dominated regime. For PAH/PAA, the
increase of hydraulic resistance with BL number does not reduce at a
distinct BL number in the observed range, so no clear transition can
be determined. It even increases slightly after 9 BLs, which will be
discussed later. One other option to monitor pore closing that should be
mentioned here, which was also shown in [43], is to use the influence
of the ending layer (‘‘odd–even effect’’) on the swelling behavior of
the PEM. This is caused by the great influence that the ending layer
of a PEM can have on the overall multilayer properties [24,46]. The
difference in swelling of positive and negative ending PEMs has exactly
opposite effects on pure water permeability in the ‘‘pore dominated’’
and ‘‘layer dominated’’ regimes. Since the transition between the two
regimes is not the main focus of this work, but rather the properties
of the PEM layer itself, we chose to only consider even BL numbers
(negative ending layer). Membranes with a negative surface charge are
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Fig. 2. Pure water permeability [LMH/bar] (left 𝑦-axis, blue) and hydraulic resistance [1/m] (right 𝑦-axis, red) as a function of bilayer number. Two Polyelectrolyte Multilayer
ystems: PDADMAC/PSS (left) and PAH/PAA (right). Mind the scale for the hydraulic resistance. Error bars display the 95% confidence intervals. (For interpretation of the references
o color in this figure legend, the reader is referred to the web version of this article.)
Fig. 3. MgSO4 Retention [-] (left 𝑦-axis, blue) and A/B [1/Pa] (right 𝑦-axis, red) as a function of bilayer number. Two Polyelectrolyte Multilayer systems: PDADMAC/PSS (left)
and PAH/PAA (right). Mind the scale for A/B. Error bars display the 95% confidence intervals. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
typically favored in water treatment, due to their advantageous fouling
properties [47–51].

When comparing the two PEM systems, two important differences
stand out. First, PAH/PAA based membranes have a significantly higher
hydraulic resistance than PDADMAC/PSS based membranes (one order
of magnitude). Second, the change in slope of hydraulic resistance over
BL number, which we attribute to the closing of the support membrane
pores, only appears for the PDADMAC/PSS system at around 4–6 BLs.

One additional characterization method often used to quantify
membrane performance is the MgSO4 retention, which is displayed in
Fig. 3 as a function of the PEM BL number. For both PEM systems
an increase in MgSO4 retention within the first few BLs is observed,
which stagnates rather abruptly after a certain BL number. The initial
sharp increase in MgSO4 retention, especially for PDADMAC/PSS, is
related to the pore closing of the support membrane, which by itself
has a very low MgSO4 retention. To translate the observed reten-
tion to an intrinsic membrane property, that in addition accounts
for water permeability, we fitted the MgSO4 retention to a simple
olution–diffusion transport model, while accounting for the effect of
oncentration polarization. The effective selectivity of water over salt is
ereby represented by the ratio of the pure water permeability A over
he salt permeability B. We hypothesize, that A/B behaves differently
6

ithin the two regimes of coating porous support membranes. In the
‘‘pore dominated’’ regime, the reduction in salt permeability B due to
surface exclusion and hindered transport within the membrane leads
to an increase in selectivity A/B. Although, pure water permeability A
experiences a similar decrease in this regime (see Fig. 2), the decrease
in salt permeability B is dominating. In the ‘‘layer dominated’’ regime,
there is a constant increase in layer thickness with BL number. If one
assumes thickness independent intrinsic properties of the PEM film
according to the solution–diffusion model, the selectivity A/B should
stay constant as both A and B are proportional to the inverse of layer
thickness [52]. As shown in Fig. 3, the A/B value as a function of the
BL number behaves as predicted for both PEM systems: in the initial
layers there is an increase of A/B and after a certain BL number the
A/B value stagnates within the range of the 95% confidence intervals.
Here, the point of full pore closure is determined at 6 BL and 9 BL for
the PDADMAC/PSS and PAH/PAA systems, respectively. Ion transport
through PEM NF membranes is governed by both electrostatic and
steric interactions. Thus, ion retention measurements alone do not
suffice to unambiguously identify the extent of both effects (here it is
reasonable to describe solute transport by using a permeability B).

4.2. PEG retention

To isolate the size based hindrance and exclusion mechanisms of

the membrane, which can further be related to the structural properties
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Fig. 4. PEG200 retention [-] as a function of flux [LMH] with increasing number of bilayers [-]. Two Polyelectrolyte Multilayer systems: PDADMAC/PSS (left) and PAH/PAA
(right). Error bars display the 95% confidence intervals.
Fig. 5. PEG retention [-] as a function of flux [LMH] with increasing PEG 𝑀𝑤 [Da]. Two Polyelectrolyte Multilayer systems: PDADMAC/PSS 6 BLs (left) and PAH/PAA 9 BLs
right). Error bars display the 95% confidence intervals.
f the PEM, we measured the filtration performance for PEG solutions
ith a range of molecular weights at three different TMPs. For reasons
f clarity, in the following, we only show a selected set of results that
uffices to demonstrate the qualitatively observed behavior of neutral
olute retention. An overview of the observed retention for the full set
f measured PEG can be found in the Supporting Information S6.

The dependency of PEG retention on BL number is illustrated in
ig. 4 by means of the PEG 200 Da retention. For a fixed BL num-
er, it is evident that the observed retention increases with permeate
lux. This dependency of retention on permeate flux is typical for
ense membranes (RO and NF) with significant solute transport via
iffusion [33]. The PEG retention as a function of BL number also
ndicates the two regimes of PEM membrane fabrication. In the ‘‘pore
ominated’’ regime, both flux and uncharged solute retention change
trongly with BL number. Due to an increase in hydraulic resistance, as
lready seen in Fig. 2, the permeate flux decreases. At the same time,
he closing of the support membrane pores leads to increased steric ex-
lusion of solutes and by that higher observed retention. When reaching
he ‘‘layer dominated’’ regime the retention of PEG stagnates and the
lux slightly decreases with BL number. From observed PEG retention
easurements, however, it is difficult to pinpoint the transition to the

‘layer dominated’’ regime.
To compare the two PEM systems directly and independent of sup-

ort membrane properties, we examine the PEG retention in the ‘‘layer
ominated’’ regime, here displayed in Fig. 5. The significant difference
7

in hydraulic resistance leads to lower permeate fluxes for the PAH/PAA
compared to the PDADMAC/PSS system (one order of magnitude). At
the same time, it can be seen that the retention of PEG ranging from
EG to PEG 200 Da is much higher for the PAH/PAA system. These
observations suggest a denser structure, here related to mesh/pore size,
of PAH/PAA compared to PDADMAC/PSS PEMs coated under these
conditions. Both systems reach close to full retention of PEG starting
from a molecular weight of 400 Da. This indicates a MWCO below
400 Da for both systems (with MWCOPAH/PAA < MWCOPDADMAC/PSS).
Lastly, it can also be noticed that the retention of PEGs with molecular
weight higher than 600 Da do not reach full retention for the PAH/PAA
system, which could be falsely interpreted as imperfections of the
PEM system. As will be shown later, the amount of imperfections (in
the ‘‘layer dominated’’ regime) for both PEM systems is very similar
and does likely result from leakage related to the membrane module
preparation. The effect of imperfections in the PAH/PAA modules is
however amplified due to the much lower permeability.

The experimentally observed retention of PEG, similar to the MgSO4
retention, is a filtration process parameter. This means, that there are
several factors that in addition to the intrinsic membrane properties
influence the measured retention. Among these, as already seen, are
permeate flux and solute size. One way to allow direct comparison
would be to keep all process parameters identical for both PEM systems.
Alternatively, one can reduce the retention observed at multiple fluxes
and solute sizes to an intrinsic membrane property by means of a
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Fig. 6. Fitted effective pore radius [nm] (left 𝑦-axis, blue) and effective membrane thickness [μm] (right 𝑦-axis, red) as a function of bilayer number [-]. Two Polyelectrolyte
Multilayer systems: PDADMAC/PSS (left) and PAH/PAA (right). Dashed line highlights ‘‘layer dominated’’ regime. Error bars display the 95% confidence intervals. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
transport model. There are several potential benefits in the introduction
of an intrinsic film property: the model can be applied to predict
the retention of uncharged molecules with similar solute-membrane
interactions as PEG within the range of process conditions considered
(decreasing accuracy for extrapolation), the intrinsic property simpli-
fies direct comparison of PEMs (or other separation films) and the
intrinsic property can be directly translated to structural properties of
the PEM being studied. Therefore, we fitted the observed retention of
PEGs simultaneously at all permeate fluxes and solute sizes for each BL
and PEM system using a pore model. The results using different intrinsic
membrane properties will be shown in the following sections.

4.3. Effective pore radius

The first, most basic, theoretical representation of the membrane
structure assumes parallel cylindrical pores with identical sizes (length
and radius). This results in a set of two fitting parameters: effective pore
radius and effective membrane thickness. Here, the term ‘‘effective’’ is
not only used to emphasize the theoretical nature of these quantities
(due to the breakdown of continuum theory below 1 nm [53], these
quantities at most indicate the order of magnitude and allow quali-
tative comparison), but also since the effective membrane thickness
is a combination of pore length, membrane porosity and membrane
tortuosity.

Fitting the model to the PEG retention measurements and pure
water permeability results in an effective pore radius and thickness
for each membrane, which is displayed in Fig. 6. To check for the
potential influence of PEG on the membrane properties we compare the
permeability in both measurements. We find no significant variation in
permeability for 10 BLs of PDADMAC/PSS (pure water permeability of
8.3 ± 0.2 LMHbar−1, permeability during PEG filtration corrected for
osmotic pressure during PEG filtration 8.4 ± 0.1 LMHbar−1) and for
14 BLs of PAH/PAA (pure water permeability of 0.57 ± 0.03 LMHbar−1,
permeability during PEG filtration corrected for osmotic pressure dur-
ing PEG filtration 0.58 ± 0.05 LMHbar−1). The dashed lines in the figure
highlight the ‘‘layer dominated’’ regime as determined in the previous
sections. From the effective pore radius, it can be seen, that in the
initial BL the closing of the pores leads to a sharp decrease in pore
radius (here the pore radius of the support membrane with a MWCO of
10 kDa is estimated to be around 2–3 nm). Once, the BL number reaches
the point of transition to the ‘‘layer dominated’’ regime the effective
pore radius becomes constant. The effective membrane thickness does
follow a similar trend in the ‘‘pore dominated’’ regime. The reduction
8

in effective thickness during pore closing correlates well to the PEM
layer becoming the active separation layer (which is thinner than the
active separation layer of the support membrane). Once the ‘‘layer
dominated’’ regime is reached, there is a steady increase in effective
membrane thickness for both PEM systems. An increase in effective
thickness with BL number is expected from a continuous increase in
hydraulic resistance, also observed in other studies [21,25,43,54]. One
thing to point out, is the higher uncertainty for fitting parameters in the
pore dominated regime. We attribute this to both the higher absolute
uncertainty at higher permeate fluxes and the high sensitivity of mem-
brane properties to small variations in PEM properties in the region of
pore closing. Comparing the two intrinsic membrane properties of the
two PEM systems in the ‘‘layer dominated’’ regime, two differences that
have been indicated in the experimental results become very apparent.
First, the effective pore radius, and with that, the mesh size of the
PE network of the PAH/PAA system (0.31 nm) is smaller than the
one of the PDADMAC/PSS system (0.5 nm). Secondly, the effective
membrane thickness, which is proportional to the actual film thickness
and the inverse of porosity, is higher and has a steeper increase for
the PAH/PAA system. This indicates that the PAH/PAA network has a
higher incremental thickness per BL. In order to improve the prediction
capability of the transport model and at the same time the (effective)
physical representation of the PEM layer, the model is extended to
account for distribution in pore radius.

4.4. Pore size distribution

For commercial TFC NF membranes often a pore size distribution
(following a log-normal distribution) is applied to model the transport
of uncharged molecules [28–31]. These types of distributions have also
been determined experimentally for the surface pores using atomic
force microscopy [28,30,55,56]. It is reasonable to assume that the
porous network of a PEM can be described by a similar distribution
in mesh size. It is known that the internal structure does not consist of
fully separated alternating layers, but rather strongly interpenetrating
and less ordered layers [23,26,57–61]. Extrinsic charge compensation
by ions interrupts the dense network of ionic crosslinks likely causing
a larger mesh size with a more heterogeneous distribution [23,43,59].
The ionic network is by itself also more dynamic than covalently
crosslinked networks and thereby allows for (small) structural changes
over time. Using NMR cryoporometry, Chávez et al. [62] observed a
distribution in pore size within a PEM layer. Therefore, we extend the
theoretical pore model to account for a log-normal distribution in pore
radius.

The resulting best fits of the pore size distribution for a selected

set of 6 different BL numbers for both PEM systems are shown in
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Fig. 7. Log-normal pore size distribution fit. Relative flux [-] as a function of pore radius [nm]. Two Polyelectrolyte Multilayer systems: PDADMAC/PSS (left) and PAH/PAA
(right). Discretization size of 0.01 nm. Discrete pore size distributions fitted using a spline function to guide the eye.
Fig. 8. Log-normal pore size distribution fit. Effective thickness [μm] (left 𝑦-axis, blue) and thickness measured with Reflectometry [nm] (right 𝑦-axis, red) as a function of bilayer
number [-]. Reflectometry data from [43,54]. Two Polyelectrolyte Multilayer systems: PDADMAC/PSS (left) and PAH/PAA (right). Error bars display the 95% confidence intervals.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 7. In both systems, similar behavior in the variation of pore size
distribution during layer growth can be observed. At low BL numbers
(‘‘pore dominated’’ regime), the membrane is represented by a quite
broad distribution in pore size. This can be explained by the only
partially closed pores of the support UF membrane with an estimated
pore radius in the range of 2–3 nm. With increasing BL numbers, the
pore size distribution narrows and shifts to a lower mean pore radius.
Both PEM systems progress towards a constant mean pore radius of
0.44 nm and 0.27 nm (corresponding to the highest relative flux at pore
radii of 0.49 nm and 0.29 nm) for the PDADMAC/PSS and PAH/PAA
system, respectively. As one would expect for narrow distributions such
as these, the obtained mean pore sizes in the ‘‘layer dominated’’ regime
correspond well with the ones obtained from fitting an average pore
radius. The decrease in the mean pore size of the PEM systems is
accompanied by a decrease in the spread of pore size distribution.

Regarding the transition to the ‘‘layer dominated’’ regime, again
the theoretical model description matches very well with previous
observations, here indicating pore closure at 6 BL and 9–10 BL for the
PDADMAC/PSS and PAH/PAA system, respectively.

In addition to the pore size distribution, an effective thickness was
fitted to the PEG retention and pure water permeability measurements.
Here, the effective thickness is compared to thicknesses obtained in
reflectometry measurements performed on silicon wafers [43,54] (see
Fig. 8). After reaching the layer dominated regime a monotonous
9

increase in effective layer thickness can be observed, which again fits
nicely with the idea that a continuous thin film of PEM is built on top of
the support membrane and is dominating transport. When comparing
the effective thickness to the thickness measured via reflectometry a
few things have to be considered.

Firstly, during the fabrication of PEMs typically two growth regimes
can be observed [27,44,45]. In the initial layers at low total thickness,
the incremental thickness per layer increases with film thickness. In
this regime, the amount of available ionic sites of the previously in-
corporated polyelectrolyte and with that essentially the buffer capacity
of the layer increases with layer thickness, resulting in a seemingly
exponential layer growth (thermodynamic limit). After a certain PEM
thickness, which is dependent on the PE system and coating conditions,
the less mobile polyelectrolyte does not fully compensate for the ionic
sites inside the multilayer in one coating step, resulting in a more
linear increase in layer thickness with layer number (kinetic limit).
This can also be seen in the reflectometry measurements of the two
PEM systems. Here, again we assume that the layer growth in the
‘‘layer dominated’’ regime of the membranes is linear. Therefore the
average incremental thickness of the last 4 BLs from reflectometry
measurements is used as a reference.

Secondly, the measured film property in reflectometry concerns
the adsorbed polyelectrolyte mass per area. This, however, does not
account for the water incorporated in the multilayer and the resulting
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Fig. 9. Log-normal pore size distribution + imperfections fit. Absolute non-selective flux through imperfections by means of permeability [LMH/bar] (left) and relative non-selective
permeate flux [%] (right) as a function of bilayer number [-]. Two Polyelectrolyte Multilayer systems: PDADMAC/PSS (red) and PAH/PAA (blue). Error bars display the 95%
confidence intervals. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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change in layer thickness due to swelling. To transfer the measured
mass density to a thickness, we assume a polyelectrolyte density of
1100 kgm−3 for both PEM systems [63]. In addition, to account for the
thickness variation caused by swelling we assume a swelling degree of
35% for both systems [64–67]. Lastly, the effective membrane thickness
fitted in the model already accounts for membrane porosity (< 1)
and tortuosity (> 1), meaning that the actual layer thickness is lower
than this value. Therefore, one expects the thickness obtained from
reflectometry to be lower than the effective thickness obtained from
the model fit.

When comparing the estimated thickness values from both methods,
the thickness increment per BL obtained from reflectometry is about
one order of magnitude lower for both PEM systems. In qualitative
comparison, the thickness obtained for the different systems matches
nicely in both characterization methods shown here. The PAH/PAA sys-
tem forms thicker layers than the PDADMAC/PSS system (also clearly
visible in the FESEM images shown in the Supporting Information S7).

4.5. Pore size distribution and imperfections

Another extension to the theoretical model concerns non-selective
permeate flux (e.g. through imperfections in the PEM layer or module
related leakage). In addition to improving the quality of the fit to the
PEG retention data, one can obtain information on the pore closing
behavior of the two PEM systems (where an open support pore with
maximum retention of 6% towards PEG 3000 can be considered as
non-selective) as well as the susceptibility of the PEM systems to im-
perfections. Lastly, considering the relative flux through imperfections
one can estimate their influence on the observed retention.

Both the absolute amount of imperfections and the relative impact
on the observed retention are displayed in Fig. 9 by means of the per-
meability through imperfections (to account for applied TMP) and the
relative proportion of non-selective flux, respectively. The permeability
of imperfections in the layer dominated regime is constantly low and
very similar for both PEM systems (around 0.03 LMHbar). Thus, it is
very likely the residual non-selective flux is caused by module related
leakage and not by imperfections of the PEM system. From the amount
of imperfections the transition from the ‘‘pore dominated’’ regime to
the ‘‘layer dominated’’ regime can easily be spotted and fits very well
with the previously determined 6 BL for PDADMAC/PSS and 9–10 BL
for PAH/PAA.

To evaluate the impact of the non-selective flux on the observed
retention one can simply look at the relative amount compared to the
10

overall permeate flux. Due to the relatively high permeability of the t
PDADMAC/PSS system, the relative amount of non-selective flux is
negligible and therefore not expected to affect the observed retention.
The permeability of the PAH/PAA system, however, is one order of
magnitude lower resulting in a more significant relative amount of
non-selective flux (>3%). From the relative non-selective flux one
an roughly estimate the maximally obtainable retention of the mem-
rane module for a solute that is fully retained by the PEM layer
sing Eq. (28) (Ret < 97%). This outcome also explains why the
AH/PAA system, in contrast to the PDADMAC/PSS system and despite
he smaller effective pore radius, does not reach full retention even for
he 3000 Da PEG (see Fig. 5).

Lastly, one can consider the effect of constant intrinsic PEM prop-
rties with an increase of BL number in the ‘‘layer dominated’’ regime.
ith constant module related non-selective flux and continuously in-

reasing hydraulic resistance, the relative proportion of non-selective
lux will monotonously increase with increasing BL number. This trend
s already indicated for the PAH/PAA system since the relative amount
s already significant. As a result, the observed retention would con-
inue to decrease with the BL number. The fitted pore size distributions
re similar to the ones obtained without considering imperfections and
re provided in the Supporting Information S8. Again, the mean pore
adius in the ‘‘layer dominated’’ regime is 0.44 nm and 0.27 nm for
he PDADMAC/PSS and the PAH/PAA system, respectively. However,
here is a decrease in the spread of the pore size distribution 𝜎 for
oth systems from 98 pm to 96 pm and from 45 pm to 41 pm for
DADMAC/PSS and PAH/PAA, respectively.

.6. Quality of fits

To quantify the benefit of using a pore size distribution to describe
he PEM structure and predict PEG retention, we compare the quality
f fits for the different theoretical model approaches by means of Mean
quared Error (MSE) (see Fig. 10). Graphs of fits using different model
pproaches for selected layer numbers can be found in the Supporting
nformation S9.

Here, again, it is very useful to distinguish the different regions of
embrane structure for both PEM systems. Both PEM systems behave

ualitatively very similar in the ‘‘pore dominated’’ regime. The intro-
uction of a pore size distribution (which is quite broad in this regime)
educes the MSE by one order of magnitude. We attribute this to the
nfluence of pore size distribution of the support membrane, which still
nfluences the transport through the selective layer considerably.

The transition to the ‘‘layer dominated’’ regime is also visible in

he quality of fit by a reduction in MSE by one order of magnitude.
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Fig. 10. Comparison of different pore size descriptions. Mean Squared Error [-] as a function of bilayer number [-]. Two Polyelectrolyte Multilayer systems: PDADMAC/PSS (left)
nd PAH/PAA (right).
his shows the difficulty to describe membrane transport in the ‘‘pore
ominated’’ regime as a transition region between the bare support
embrane and the PEM based thin film composite membrane. This

ransition region is characterized by a very heterogeneous membrane
tructure that is difficult to control and describe.

In the ‘‘layer dominated’’ regime both systems show a distinct differ-
nce in the quality of fit. The use of a log-normal pore size distribution
hile accounting for non-selective permeate flux reduces the MSE by
ne order of magnitude. However, a closer independent look at both
tructural effects reveals the dominating factors for both systems.

For the PDADMAC/PSS system, the pore size distribution is rela-
ively broad and the relative impact of non-selective flux is almost
egligible. Hence, accounting for imperfections only marginally re-
uces the MSE while accounting for the spread in pore size significantly
educes the MSE to (almost) the same value when accounting for both
ffects at the same time.

For the PAH/PAA system, the pore size distribution is relatively
arrow and the relative impact of non-selective flux is considerable.
ue to the narrow distribution in pore size, the fit quality does not

mprove as much compared to PDADMAC/PSS when adding a pore size
istribution. The high relative impact of imperfections, however, results
n a significant reduction of MSE when accounting for imperfections.

hen accounting for both effects at the same time, the MSE is again
educed by one order of magnitude compared to the single pore size
odel. A table with optimization parameters for the two selected

ystems, 10 BLs PDADMAC/PSS and 14 BLs PAH/PAA, for all models
s shown in the Supporting Information S10.

It should be mentioned that the chosen correlation to define the size
f PEG molecules depending on their molecular weight influences the
ffective structural representation of the PEMs to some extent. More
etails can be found in the Supporting Information S11.

.7. Implications for the Polyelectrolyte Multilayer structure

When combining the results of the characterization techniques (both
xperimental and theoretical) applied in this study, we can deduce and
ompare the structural properties of the two PEM systems.

By fitting theoretical transport models with different effective struc-
ural PEM properties to PEG retention measurements, we can quali-
atively compare the mesh size of the ionic crosslinking network of
he PEM. Here, since we are interested in the intrinsic properties
f the PEMs, it is important to consider membrane performance in
he ‘‘layer dominated’’ regime. The higher retention of uncharged
olecules, as well as, the higher hydraulic resistance of PAH/PAA over
11

DADMAC/PSS has also been observed in previous studies [32,68].
PDADMAC/PSS and PAH/PAA have a mean pore radius of 0.44 nm
and 0.27 nm, respectively. Here, the order of magnitude matches well
to the range of average pore size estimated based on uncharged solute
transport in previous studies [39,69]. The difference between the two
systems is in line with a previous study by Krasemann et al. [70],
where it was shown that the charge density of the PEM system affects
the mesh size of its ionic crosslinking network. The charge densities
(defined for the repeating unit of the polyelectrolyte as the number of
ion pairs/number of carbon atoms) of PDADMAC/PSS and PAH/PAA
are 0.0625 and 0.167, respectively. Thus, the mesh size and with that
the effective pore radius of PAH/PAA is expected to be smaller.

As the theoretical depiction of the PEM film (even when accounting
for distribution in pore size) is still a simplification and the order of
magnitude in pore size reaches the limit of continuum theory, one
might wonder about the reliability and meaning of obtained effective
pore radii. Therefore, we compared the obtained results on effective
pore size distribution to results obtained by Chávez and Schönhoff [62],
where an alternative approach was applied to determine pore size dis-
tributions in PEMs. Here, nuclear magnetic resonance cryoporometry
was applied on PAH/PSS based PEMs coated on top of silica particles.
Mean pore radii in the range of 0.6–0.75 nm were measured. Even
though a different PEM system was studied the order of magnitude in
pore size is comparable to the ones determined in this study. Therefore,
we are convinced that indirectly determining pore radii via uncharged
solute retention to the least gives a good estimate of the order of
magnitude of PEM mesh size.

Another very relevant property regarding mesh size of PEMs is
its dependency on BL number, as this will have crucial consequences
on membrane design. In the study of Chávez and Schönhoff [62] the
spread in pore size distribution did not vary with BL number, although
the mean pore radius of the distribution slightly increased with BL
number. This was attributed to the fact that, frequently, outer layers
are less densely packed in PEMs. In our study, the effective pore size
distribution in the ‘‘layer dominated’’ regime did not vary with BL
number (within the range of uncertainties). These observations suggest
there is an optimum BL number in membrane fabrication for uncharged
solute retention, as after reaching the layer dominated regime addi-
tional BLs only increase the hydraulic resistance while not changing
(or even increasing) the effective pore size.

In addition to pore radius, the fit of effective membrane thickness
can give relevant information on the PEM systems. There are inherent
limitations to directly comparing the effective thickness to the actual
PEM thickness. One reason for this is that the effective thickness also
includes tortuosity and porosity of the membrane. To unambiguously
determine these three quantities, additional information is required.
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Despite these inherent limitations, we have shown by the use of
supplementary techniques (such as Reflectometry or FESEM) that the
effective membrane thickness gives a very good qualitative indication
of the PEM thickness.

When comparing the effective thickness increment per BL number
in the ‘‘layer dominated’’ regime, a striking difference between the two
PEM systems was observed. Here, PAH/PAA (689 nm/BL) has a more
than ten times higher value in effective thickness than PDADMAC/PSS
(44 nm/BL). Although one can certainly expect differences in tortu-
osity and porosity between those systems, this clearly indicates that
PAH/PAA forms thicker layers under the selected coating conditions.
This qualitative difference between the two PEM systems has been
confirmed by additional measurement techniques.

The significantly different behavior in layer formation between
PAH/PAA and PDADMAC/PSS under the chosen coating conditions is
caused by the susceptibility of PE towards protonation. Both PAH (pKa
8–9 in solution [71]) and PAA (pKa 6.5 in solution [71]) are weak PEs,
meaning their degree of charge is a function of pH. Both PDADMAC and
PSS are strong PEs, meaning their degree of charge does not depend on
pH in the used range. It has been shown that changes in the degree
of charge in PEs can majorly influence the thickness of PEMs formed
by those [71–76]. The group of Rubner has intensively studied the
influence of pH (both during and after fabrication) on PEMs made of
PAH/PAA [57,71,73,77]. It has been shown that the film thickness
of PAH/PAA multilayers is very susceptible to solution pH during
layer fabrication, where slight changes in pH can lead to a significant
increase in layer thickness. In a pH range of 4.5 to 6, both layer
thickness and surface roughness were substantially increased [73]. This
was attributed to conformational changes of the PE chains to a more
coiled one. This explains the very high film thicknesses observed in the
present study, as the PEMs were coated at pH 5.5.

In contrast, the PEM build of PDADMAC and PSS (both PEs fully
charged) forms significantly thinner layers. At the applied salt con-
centration (50 mM NaCl) the PEs are expected to adsorb in a flat
configuration, resulting in compact layers [78].

Considering the just discussed intrinsic properties of both PEM sys-
tems, the observed closing behavior of the support pores seems rather
contradictory. Even though PAH/PAA clearly forms much thicker PEM
films, which in the declared ‘‘layer dominated’’ regime has a smaller
effective pore size, the transition to the ‘‘layer dominated’’ regime is
observed at higher BL numbers (9–10 BLs) than for PDADMAC/PSS
(6 BLs).

Here, we want to propose a slightly adapted mechanism for closing
the pores of the support membrane and forming a dense transport
dominating separation layer. The hypothesis is, that these two processes
do not necessarily happen simultaneously, but can be consecutive.

Although the PAH/PAA system fills the surface pores of the support
membrane more quickly and forms thicker layers (explaining the much
higher hydraulic resistance), the membrane properties, and with that,
the intrinsic properties of the PEM, are still BL number dependent. Only
after 9 BLs do the intrinsic properties of the PEM become independent
of BL number. For the PDADMAC/PSS system, this clearly happens at a
much lower layer thickness. Therefore, this transition does not depend
on PEM thickness alone.

One potential explanation for the observed behavior could be an
increasing density of the PAH/PAA layer with an increasing BL number
(often the outermost layers of a PEM are less densely linked [23]). An
indication of a distinct transition to a more dense selective layer is the
increase in hydraulic resistance increment as a function of BL number
after 9 BLs.

An alternative explanation could be that PAH/PAA multilayers
coated in this pH regime are more prone to imperfections, which
in addition have a higher impact on membrane performance. The
relatively high amount of imperfections could be caused by a high
surface roughness [73] and with that heterogeneity of the film as well
as the relatively high rigidity of the PEM (with at the same time high
mobilities of PEs inside the PEM [79]). To clearly identify the cause for
the delayed transition to the ‘‘layer dominated’’ regime further studies
12

are required. c
5. Conclusion and outlook

In this work, we demonstrate the use of theoretical transport de-
scriptions in combination with filtration measurements of uncharged
molecules to be a simple but insightful technique to characterize PEM
based NF membranes. The technique allows to properly predict mem-
brane performance and provides indications on the intrinsic structure
of PEMs. Thus, it can be used to systematically study the influence of
coating conditions on PEM properties.

The two PEM systems studied in this work, PDADMAC/PSS and
PAH/PAA, showed very distinctive differences in structural properties.
Both systems were represented by a relatively narrow distribution in
pore radius in the order of 0.3–0.5 nm. However, the spread in pore
radius represented by a log-normal distribution of PAH/PAA (0.04 nm)
is smaller than of PDADMAC/PSS (0.1 nm). Accordingly, PAH/PAA
clearly formed denser (0.27 nm) and thicker (689 nm/BL) films in
comparison to PDADMAC/PSS (0.44 nm, 44 nm/BL). These differences
match very well with the previous studies on these PEM systems by
other groups as well as with our FESEM measurements.

Another useful feature of this technique is, that it reveals the transi-
tion of a support dominated membrane (UF) to a PEM layer dominated
membrane (NF) with an increasing number of coating layers. Here, un-
expectedly the PDADMAC/PSS system transitions at a smaller number
of bilayers. This could indicate a fundamentally different mechanism
of separation layer formation for both PEM systems. However, more
studies are required to identify the exact mechanisms.

It was also shown, that (within the range of BL numbers studied)
the intrinsic network structure of the PEMs is independent of the BL
number. This has important implications for the fabrication of NF
membranes. With an increasing layer thickness at a constant effective
pore size, the energy efficiency of the membrane decreases. Thus, we
propose there is an optimum separation layer thickness for the retention
of uncharged molecules.

Finally, the observations of this study again underline the poten-
tial of PEMs as selective layers for NF membranes. Compared to the
dominantly applied polyamide-based thin film composite membranes,
similar ranges in pore size can be obtained with superior control of film
thickness and structure. Especially promising is the use of asymmetric
PEM films for NF applications, to avoid the considerable penalty in
hydraulic resistance that is inherent for dense PEM systems during the
closure of the underlying support pores to form a selective layer.
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