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A B S T R A C T   

In this work, we investigate the effect of membrane surface chemistry on fouling in surface water treatment for 
polyelectrolyte multilayer based nanofiltration (NF) membranes. The polyelectrolyte multilayer approach allows 
us to prepare three membranes with the same active separation layer, apart from a difference in surface 
chemistry: nearly uncharged crosslinked Poly(allylamine hydrochloride) (PAH), strongly negative poly(sodium 
4-styrene sulfonate) PSS and zwitterionic poly(2-methacryloyloxyethyl phosphorylcholine-co-acrylic acid) 
(PMPC-co-AA). Initially, we study foulant adsorption for the three different surfaces (on model interfaces), to 
demonstrate how a different surface chemistry of the top layer affects the subsequent adsorption of five different 
model foulants (Humic Acids, Alginates, Silica Nanoparticles, negatively and positively charged Proteins). 
Subsequently, we study fouling of the same model foulants on our polyelectrolyte multilayer based hollow fiber 
NF membranes with identical surface chemistry to the model surfaces. Our results show that nearly uncharged 
crosslinked PAH surface generally fouls more than strongly negatively charged PSS surface. While negative BSA 
adsorbs better on PSS, probably due to charge regulation. Overall, fouling was mainly driven by electrostatic and 
acid-base interactions, which led, for both PAH and PSS terminated membranes, to flux decline and changes in 
selectivity. In contrast, we demonstrate through filtration experiments carried out with synthetic and real surface 
water, that the bio-inspired zwitterionic phosphatidylcholine surface chemistry exhibits excellent fouling resis-
tance and thus stable performance during filtration.   

1. Introduction 

High quality drinking water is produced worldwide from surface 
water. This is partly possible thanks to the advances made in membrane 
filtration. In the last 20 years, membrane filtration has started to replace 
conventional water treatment techniques, such as coagulation, floccu-
lation, sedimentation, flotation, and sand filtration [1,2]. This is espe-
cially due to their versatility: membranes allow the removal of a wide 
spectrum of components, ranging from suspended solids (micro-
filtration) to small organic pollutants and ions (reverse osmosis) [2]. 

Among the various filtration techniques, nanofiltration (NF) has 
become an increasingly established technology in surface water treat-
ment [3]. NF allows the removal of humic substances [4,5], micro-
pollutants [6,7], heavy metals and salinity [8] from surface water, with 
a substantially lower energy footprint than reverse osmosis [2,9]. 

However, one of the main challenges of membrane filtration is 
fouling [3,10]. Membrane fouling is influenced by physical (e.g. 

permeation drag, shear forces) and chemical factors (e.g. hydrophobic 
interactions, ions binding effects) [11]. Humic acids, proteins, poly-
saccharides and solid particles can adsorb at the membrane surface and 
inside pores, and consequently reduce the flux of treated water. This 
phenomena leads to an increase in operating costs [10] and the need for 
membrane chemical cleaning [12], which in turn compromises the 
membrane stability over time [13]. Moreover, the presence of a fouling 
layer can have substantial impact on the membrane separation proper-
ties [14–16], especially on the retention of charged solutes, by changing 
the membrane surface charge density [17]. For NF, fouling can even be 
more complex to investigate, since the interactions that lead to fouling 
take place at the nanoscale, both in an on the active separation layer [3, 
18]. 

Membrane surface chemistry plays a crucial role in fouling [19,20]. 
Membrane fouling is a phenomena that occurs at the water-membrane 
interface, where foulants-surface interaction takes place [21,22]. 
Membrane surface properties, such as surface charge, chemistry and 
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roughness thus become very important [23]. A much investigated 
approach to reduce membrane fouling is to minimize the attractive in-
teractions between the surface of the membrane and the foulants con-
tained in the feed [24,25]. For this reason, surface modification of 
existing membranes is considered an effective tool to reduce 
foulant-membrane interactions and indeed to design low fouling mem-
branes [26–28]. 

An easy way to control the membrane surface chemistry and at the 
same time its separation properties, is the so called Layer-by-Layer (LbL) 
technique [29–32]. In LbL, a charged membrane is coated alternately 
with positive and negative polyelectrolytes, which overcharge the sur-
face of the membrane during every coating step [33]. LbL allows a great 
deal of control over the properties of the active separation layer, while at 
the same time it provides large freedom on the choice of membrane 
surface chemistry [34–36]. This easy technique is proven to increase ion 
retention [37], selectivity [38,39], and additionally to reduce mem-
brane fouling [28,40–42], but it typically leads to a surface with an 
excess of positive or negative charge [43]. 

The charge of the membrane surface is a key parameter in the design 
of low fouling membranes. Since several colloidal materials have a slight 
negative charge, due to the presence of acid groups (e.g. carboxyl, sul-
fonic and hydroxil), most commercial membranes are designed with a 
negative surface charge to reduce fouling [44]. Hydrophilic and nega-
tive membranes are less prone to fouling than positive ones, but a 
zwitterionic chemistry can further enhance membrane low-fouling 
properties [45–47]. Recently, among a new class of high-flux and 
fouling resistant zwitterionic-based membranes [48], the effect of 
different zwitterionic chemistries was investigated, and membranes 
prepared with 2-methacryloyloxyethyl phosphorylcholine (MPC) 
showed unprecedented fouling resistance during the filtration of pro-
teins [49]. 

In this work, we investigate the effect of membrane surface chem-
istry on fouling in surface water treatment for polyelectrolyte multilayer 
based nanofiltration membranes. Polyelectrolyte multilayers are ideal 
for such as study, as it is easy to create identical separation layers, with 
just the final layer having a different surface chemistry. Moreover, these 
membranes provide highly promising separation properties and thus 
very relevant membranes. Initially, the focus is on foulant adsorption on 
polyelectrolyte multilayers prepared on model surfaces to demonstrate 
how a different surface chemistry of the top layer (nearly uncharged 
crosslinked Poly(allylamine hydrochloride) (PAH), strongly negative 
poly(sodium 4-styrene sulfonate) PSS and zwitterionic poly(2- 
methacryloyloxyethyl phosphorylcholine-co-acrylic acid) (PMPC-co- 
AA)) affects the subsequent adsorption of five different model foulants 
(Humic Acids, Alginates, Silica Nanoparticles, negatively and positively 
charged Proteins). Subsequently, we study fouling of the same model 
foulants on our PEM based hollow fiber NF membranes with identical 

surface chemistry to the model surfaces (Fig. 1). Through filtration ex-
periments carried out with synthetic and real surface water, we 
demonstrate that especially the zwitterionic surface chemistry, bio- 
inspired by zwitterionic phosphatidylcholine (PC) headgroups located 
on cell membranes, exhibits a very low susceptibility to fouling and 
leads to stable membrane performance. 

2. Materials and methods 

2.1. Chemicals 

Poly(allylamine hydrochloride) (PAH, Mw = 50 kDa), poly(sodium 
4-styrene sulfonate) (PSS, Mw = 70 kDa), an aqueous solution of 25 wt% 
glutaraldehyde (GA, Grade II), acrylic acid (AA), 2-methacryloylox-
yethyl phosphorylcholine (MPC, 295.27 Da), N-(3-Dimethylamino-
propyl)-N-ethylcarbodiimide hydrochloride (EDC), N- 
Hydroxysuccinimide (NHS), ammonium persulfate ((NH4)2S2O8) and 
glycerin were purchased from Sigma-Aldrich (The Netherlands). Our 
model foulants, Alginic acid sodium salt from brown algae (Sodium 
alginate), Bovine Serum Albumin (BSA, chromatographically purified, ≥
98%), LUDOX® (AS-30 colloidal silica 30 wt% suspension in H2O) and 
Lysozyme (from chicken egg white powder, crystalline 70,000 U/mg), 
were purchased from Sigma-Aldrich (The Netherlands), whereas humic 
acids (Suwannee River Humic Acid Standard III) were purchased from 
International Humic Substances Society. Anthracite (1.2–2.0 mm) and 
sand (0.5–1.0 mm), used in the pre-filtration step, were supplied by 
SIBELCO Filcom B.V. (The Netherlands). A cartridge filter (DGD-2501 
Dual-Gradient Polypropylene 25/1 20) was supplied by Pentair (The 
Netherlands). All other chemicals were purchased from VWR (The 
Netherlands). 

2.2. Zwitterionic copolymer synthesis 

Even if PMPC-co-AA is not purely zwitterionic [50] (due to the 
presence of AA groups), in the text we refer to it as zwitterionic. AA was 
added to the polymer to give a charge excess, needed to build-up the 
multilayer [51,52], and allow for chemical crosslinking (via EDC and 
NHS) to the multilayer. 

Our recipe for the synthesis of the zwitterionic PMPC-co-AA copol-
ymer, was adapted from a recipe used for the synthesis of PSBMA [53]. 
100 mL of demi water was flushed with nitrogen for 1 h in a 500 mL 
Duran® bottle. In this, 5.0 g (16.8 mmol) MPC was dissolved under 
nitrogen atmosphere and later 2.42 g (33.6 mmol) AA was added. After 
1 min, 0.228 g (1 mmol) (NH4)2S2O8 was added. The mixture was left to 
react under nitrogen atmosphere at room temperature for 23 h and then 
heated up to 50 ◦C and left reacting for 2 h more. Finally, the mixture 
was cooled down to room temperature and mixed with 400 mL of 

Fig. 1. Illustration of a hollow fiber membrane with the same multilayer, except from the final adsorbed layer that determines the membrane surface chemistry.  
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Ethanol to precipitate the polymer. The precipitated polymer was 
washed three times with 50 mL acetone and subsequently dried in a 
vacuum oven for 2 days. The zwitterionic copolymer was stored under 
vacuum to prevent water uptake and was used without any purification 
steps. Using 1H NMR, the monomer distribution was estimated to be 
approximately 1:2 mol ratio of MPC/acrylic acid (see Fig. S1, Supporting 
Information, SI, for further details). This ratio allows for an adequate 
polymer charge excess, making the build-up of the multilayer easier. 

2.3. Model surfaces coating with PEM 

Polyelectrolyte solutions were prepared to have a concentration of 
0.1 g/L polyelectrolyte dissolved in a 50 mM NaCl solution without pH 
adjustment (pH ~ 5.5). Each coating step was performed at room tem-
perature. First, negatively charged SiO2 wafers were cleaned with 
piranha solution to remove possible contaminants. Subsequently, the 
wafers were dipped for 15 min in a polycation (PAH in 50 mM NaCl) 
solution and then rinsed with a 50 mM NaCl aqueous solution for at least 
15 min to remove any polyelectrolyte not well attached to the surface. 
To complete the first bilayer, the wafers were then immersed in poly-
anion (PSS in 50 mM NaCl) solution for 15 min. This step was then 
followed by another rinsing step. The procedure was repeated until the 
desired number of bilayers was reached. We coated 4.5 bilayers for the 
nearly uncharged (PAH) terminating layer, 5 bilayers for the negative 
(PSS) terminating layer. For the zwitterionic top layer, PMPC-co-AA was 
coated on top of 4.5 bilayers made of PAH/PSS. In addition, the model 
surfaces were crosslinked to improve their stability. In case of PAH and 
PSS as top layers, the surfaces were immersed in a 7.5 mM glutaralde-
hyde for 5 h, as described in our previous work [54], while in case of 
zwitterionic top layer, the wafers were firstly immersed in a 5 mM NHS 
and a 25 mM EDC solution for 1 h to crosslink just the top layer [55,56] 
and later in a 7.5 mM glutaraldehyde for 5 h. We apply the same coating 
procedure on membranes (see paragraph 2.5). 

2.4. Fouling study on model surfaces via reflectometry 

Several compounds are present in typical surface water, including 
proteins, polysaccharides, humic acids, extracellular polymeric sub-
stances and solid particles. These fouling agents tend to adsorb on 
membrane surfaces and form a gel layer which can significantly promote 
bacterial growth and cause significant reduction in the flux of treated 
water [57]. For such a mixture of compounds, fouling can be difficult to 
study. Here, we have chosen to study five model compounds: negatively 
and positively charged proteins (i.e. BSA and Lysozyme), Humic Acids 
from Suwannee River, Alginates from brown algae, and LUDOX® 
colloidal silica. 

We first studied fouling by the five foulants on model surfaces using 
reflectometry as investigation tool [58]. In order to determine the 
quantity of fouling agent adsorbed at the surface, we flushed different 
fouling agents in artificial surface water (with composition 2.92 mM 
NaCl, 0.57 mM MgSO4, 1.47 mM CaSO4 and 0.3 mM MgCl2, paragraph 
2.6) to silica surfaces, previously dip-coated with PEM as described 
above. After steady state in adsorption is reached, the surfaces rinsed 
with the same solution without fouling agents. The foulant adsorp-
tion/desorption here occurs under well control hydrodynamic condi-
tions, thanks to the use of a stagnation point flow cell. A polarized 
monochromatic light (HeNe laser, 632.8 nm), after hitting the wafer 
around the Brewster angle, is reflected towards a detector and splits into 
two polarized components. S (− ) is the ratio between the two polarized 
components, and ΔS the change in this ratio, used calculate the mass of 
foulant adsorbed or desorbed from the model surface 

Γ=
ΔS
S0

Q. (1)  

where Γ is the quantity of foulant (mg/m2) which adsorbs or desorbs 

from the model surface, S0 is the initial output signal of the model sur-
face (− ), and Q is the sensitivity factor (mg/m2). To calculate Q, we used 
an optical model based on the following values: θ = 71◦, nSi = 1.46, 
ñSiO2 = (3.85; 0.02), nH2O = 1.33, δSiO2 = 90nm and refractive index 
increment dn/dc (mL/g), shown in Table 1. The calculated sensitivity 
factors Q for all fouling agents are also shown in Table 1. All experiments 
were performed at least in duplicate. 

2.5. Hollow fiber membranes coating 

Polyelectrolyte multilayers were coated on sulfonated polysulfone 
(SPES) hollow fiber membranes with a water permeability of 150 LMH/ 
bar, an inner diameter of 0.7 mm, and a molecular weight cutoff 
(MWCO) of 7.5 kDa [54]. First, the fibers, stored in fresh water, were 
immersed in a 50 mM NaCl solution for 2 min at room temperature. 
Second, the fibers were fully dipped in a 0.1 g/L PAH solution with 50 
mM NaCl for 15 min. Later, a rinsing step with a 50 mM NaCl solution 
followed and, after 15 min, the fibers were immersed in 0.1 g/L PSS 
solution with 50 mM NaCl (15 min) followed by another rinsing step (50 
mM NaCl, 15 min). The described dip coating procedure was repeated 
until the desired number of bilayers was reached. In the case of PAH and 
PSS terminated layers, the fibers were crosslinked by immersion in a 7.5 
mM GA solution for 5 h. In the case of zwitterionic terminated layer, the 
fibers were first immersed in a 5 mM NHS and 25 mM EDC solution for 1 
h, and then dipped in a 7.5 mM glutaraldehyde solution with 50 mM 
NaCl for 5 h. After rinsing in demi-water, the membranes were immersed 
in a solution of glycerol and water (15/85 wt %) for 4 h and left drying 
overnight at room temperature. Later, each single fiber, coated with 
PEM, was potted in a module with a fiber length of approximately 170 
mm and mounted in our crossflow experimental set-up (Fig. S2 and 
Figs. S3 and SI), were tested in order to measure water permeability and 
ion retention. We calculated the water permeability (LMH/bar, Fig. S4) 
as ratio between the pure water flux and the transmembrane pressure 
(TMP). Fluxes were measured at room temperature using demi-water at 
a transmembrane pressure of 3 bar. In order to measure the salt reten-
tion, we analyzed the ionic content of the feed and permeate by using 
ion chromatography (Metrohm Compact IC 761). All experiments were 
performed at least in triplicate. 

2.6. Filtration of artificial surface water 

In order to investigate the role of the chemistry of the final layer on 
membrane fouling, we prepared fouling solutions with a 100 mg/L 
concentration of fouling agent and pH = 6.3–6.5. We dissolved our 
fouling agents (sodium alginate, BSA, lysozyme, humic acid and 
LUDOX®, paragraph 2.4) in artificial surface water with the following 
composition: 2.92 mM NaCl, 0.57 mM MgSO4, 1.47 mM CaSO4 and 0.3 
mM MgCl2. This composition reflects the composition of the natural 
surface water (IJsselmeer, Afsluitdijk, The Netherlands) [62] used in our 
experiments with real river water (paragraph 2.7). In order to simplify 
the study, carbonate salts were not added to the artificial surface water. 
For the membrane crossflow filtration experiments, we use modules 
with single PEM-coated fibers as described in paragraph 2.5. The clean 
water flux and ions retention of every fiber was measured before 
filtration of the fouling agent. We used new modules for each different 

Table 1 
Reflective index increments (dn/dc) and sensitivity factors for the fouling 
agents.  

Fouling agent dn/dc (mL/g) Q (mg/m2) 

Lysozyme 0.19 [59] 30 
BSA 1.67 [59] 30 
Sodium alginate 0.165 [59] 30 
LUDOX® 0.06 [60] 90 
Humic acids 0.28 [61] 20  
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set of experiments. We recycled the concentrate stream to the feed tank 
while we collecting the permeate for 1 h. We checked the pH, ionic 
concentration and TOC of the feed at every start and end of each 
experiment, to ensure that no significant changes in feed composition 
occurred, for example due to the used re-cycle. Such changes were never 
observed. 

During the membrane filtration experiments a fouling solution was 
filtered for 3 h at a TMP of 3 bar and a flow-rate of 0.75 kg/h (crossflow 
velocity 0.55 cm/s, Reynolds number ~380). We measured the 
permeate flux between 2 h and 3 h after the start of the experiment. We 
collected permeate samples and analyzed their ionic concentration and 
TOC by ion chromatography (Metrohm Compact IC 761) and a TOC 
analyzer (Shimadzu TOC-L), respectively. Feed samples were taken 
before and after each experiment. To clean the membranes, the modules 
were exposed for 15 min to artificial river water at a 3.75 kg/h flow-rate, 
without applying TMP. Finally, we measured again the water perme-
ability to calculate the flux recovery. Each experiment was performed at 
least in triplicate. 

2.7. Real surface water filtration 

Surface water was collected at the IJsselmeer (Afsluitdijk, The 
Netherlands) and pre-filtered, first, with a sand filter and, second, with a 
cartridge filter, in order to remove bigger particles and bacteria, which 
are not relevant for this study. The sand filter used in the pre-filtration 
step is based on two medias: anthracite (1.2–2.0 mm) and sand 
(0.5–1.0 mm). Each media has a 50 cm height. After the sand filter, a 
microfiltration step based on cartridge filter (1–25 μm) was applied to 
the water stream. The filtered surface water was later stored at 5◦C and 
analyzed before each experiment. Its composition is reported in the 
Table 2. 

For the membrane crossflow filtration experiments, we use modules 
with single PEM-coated fibers as described previously (paragraph 2.5). 
The clean water flux of every fiber was measured before the filtration of 
surface water. New modules were used for each different set of experi-
ments. We recycled the concentrate to the feed tank and discharged the 
permeate, on the time scale of the experiment this did not lead to 
changes in the feed composition. Those small changes were measured 
and took into account by analyzing the feed pH, ionic content and TOC 
at the start and end of each experiments, by using average values in the 
retention calculations. During the membrane filtration experiments the 
surface water was filtered for 20 h, again, at a TMP of 3 bar and a flow- 
rate of 0.75 kg/h (crossflow velocity ~0.55 cm/s, Reynolds number 
~380). We measured again the permeate flux after 20 h experiment. We 
collected permeate samples and analyzed their ionic concentration as 
discussed above. To clean the membranes, the modules were exposed to 
DI water for 15 min at a 3.75 kg/h flow-rate, without applying trans-
membrane pressure. Finally, we measured again the water permeability 
to calculate the flux recovery. Each experiment was performed at least in 
triplicate. 

3. Results and discussion 

This Section is split into three distinct main parts. In the first part, we 
study the adsorption of model foulants, such as bioproteins (Lysozyme 
and BSA), standard humic acids, silica nanoparticles (LUDOX®) and 
alginates, on PEMs prepared on model surfaces with final layers with 
different charge and surface chemistry. In the second part, we investi-
gate fouling by the same model foulants on hollow fiber membranes 
coated with identical polyelectrolyte multilayers. Here we investigate 
how the three different membrane top layers affects fouling in NF and 
additionally. In the third part, we apply our membranes for real surface 
water treatment, and analyze our previous results in terms of overall 
membrane performance and stability. 

3.1. Foulant adsorption on model surfaces 

During membrane operation, the chemistry of the foulants and the 
membrane surface are key parameters that will determine the extend of 
adsorption at the membrane surface. Using optical reflectometry, we 
studied the foulant adsorption on model surfaces pre-coated coated with 
same PEM, (PAH/PSS)4.5, but with different surface chemistries of the 
final top layer. Each PEM was exposed to a fouling solution until a steady 
state in foulant adsorption was reached. The steady state in adsorption 
corresponds to the total amount of foulant adsorbed on the multilayer. 
In order to determine the amount of irreversible and reversible 
adsorption for every single fouling agent, the wafer was later flushed 
with a rinsing solution with the same pH and ion concentration as the 
fouling solution. This procedure allows to neglect possible effects on the 
optical signal due to changes in surface zeta potential and ion binding 
[63–65]. The irreversibility of foulant adsorption on model surfaces is 
discussed in the Supporting Information (SI). 

In Fig. 2 we show the adsorption of the five model foulants, previ-
ously described, on (PAH/PSS)4.5 based PEM with three different top 
layers: nearly uncharged crosslinked PAH, negatively charged PSS and 
zwitterionic PMPC-co-AA. 

The absolute adsorption values are generally small when compared 
with other results from literature. While Lysozyme adsorption was found 
to be ~0.9 mg/m2 and 0.7 mg/m2, respectively for bare and 
polystyrene-coated silica surfaces [66,67], for all the other foulants 
higher adsorption values are normally reported in literature. BSA 
adsorption was found to be ~10 and 25 mg/m2, respectively for nega-
tively charged PAA brushes [68] and positively charged PAH terminated 
multilayers [69]. Also, LUDOX®, Alginate and HA are well known for 
giving high adsorbed amounts (>6 mg/m2) especially on positive or 
neutral surfaces [69–72] 

PEMs allow for highly hydrophilic and smooth surfaces [40,41] 
which are well known to be less prone to foul [23,73,74]. Even if the 
adsorption values for all the foulants are relatively small, from Fig. 2 we 
do observe that electrostatic interactions play a crucial role in foulant 
adsorption. Negatively charged foulants such as LUDOX®, Alginate and 
HA adsorb more on nearly uncharged crosslinked PAH (Fig. 2A), in 
comparison to the negatively charged PSS (Fig. 2B). On the other side, 
positively charged foulants, such as lysozyme, adsorb more on nega-
tively charged PSS top layers. 

However, adsorption is not only driven by charge based interactions 
between top layer and foulant, but Lewis acid-base interactions could 
also play a crucial role [75]. In Lewis acid-base interactions unpaired 
electrons are shared among polar surface functional groups (e.g mem-
brane moieties), water molecules, and polar functional groups on the 
opposing surface or molecule (e.g. foulant) [76]. 

Negatively charged BSA adsorbs more on the negative PSS top layer 
(see Fig. 2B), while negative LUDOX® nanoparticles lead to high 
adsorbed amounts on the zwitterionic PMPC-co-AA (see Fig. 2C). BSA 
may adsorb better on negatively charged PSS due to charge regulation, 
an effect that can lead to a charge inversion of the protein [68]. In 
addition, this adsorption may also be driven by the fact that BSA is a 

Table 2 
Composition of the pre-filtered surface water 
(IJsselmeer, Afsluitdijk, The Netherlands), feed 
water of the membrane crossflow experiments.   

Concentration (mg/L) 

Ca2+ 52.8 ± 3.2  
Na+ 81.7 ± 2.8  
Mg2+ 15 ± 0.6  
SO4

2− 68.4 ± 2.6  
Cl− 136 ± 5.3  
TOC 8.4 ± 1.6   
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patchy protein, having at pH = 6.5 a small region that is positively 
charged [77]. This region of the protein could complex with the nega-
tively charged PSS [33]. On the other side, LUDOX® nanoparticles may 
adsorb better on the zwitterionic PMPC-co-AA probably due to hydrogen 
bond formation between the polymer phosphorylcholine groups and 
silica hydroxyls [78]. 

Adsorption is only an indication of how prone a surface is to fouling. 
Adsorption is not the only mechanism for membrane fouling, but usually 
foulant-foulant interactions dominate [79]. These interactions, and the 
constant accumulation of fouling agents at the membrane surface due to 
permeation, are responsible for the build-up of a cake layer [79,80]. 

3.2. Effect of foulant chemistry on membrane fouling 

The rejection of charged species, such as cations, anions or charged 
organic molecules, can change due to membrane fouling. During 
filtration, foulants can adsorb at the membrane surface and pores, 
changing the original surface chemistry of the membrane. Therefore, 
fouling could lead to a decrease in water permeability as well as a 
change in ion and organics retentions, as a consequence of the change in 
membrane surface chemistry. 

In order to monitor fouling for the three different top layers during 
filtration, first we measure the flux decline of our membranes with pure 
water and later perform a 3 h experiment with synthetic surface water 
containing one of the model foulants. Then, we define as flux decline the 
ratio between the flux during model foulant filtration and the previously 
measured flux of pure water. Here, we also measure the ion retentions of 
clean and fouled membranes, since it helps us in understanding if the 
surface chemistry of our membrane changed due to the build up of a 

fouling layer. We finally try to quantify the membrane flux recovery by 
first flushing the membrane with synthetic surface water without any 
fouling agent and then measuring again the flux of pure water. We 
applied this method to all fouling agents: Lysozyme, BSA, LUDOX®, 
Alginate and HA. 

3.2.1. Ion retentions for clean membranes 
In Fig. 3, we show ion retentions for clean hollow fiber membranes 

when synthetic surface water (without addition of foulants) is used. 
Fig. 3A, B and 3C respectively show ion retentions for nearly uncharged 
crosslinked PAH, negatively charged PSS and zwitterionic PMPC-co-AA 
top layers. In particular, we show retentions of Ca2+, Na+, Mg2+, SO4

2−

and Cl− . For each top layer, we can see that the rejection of ions is 
probably determined by both Donnan and dielectric exclusion [81]. We 
show high rejection of sulphate ions, in particular for anionic PSS 
(Fig. 3B) and zwitterionic PMPC-co-AA (Fig. 3C) top layers. All the 
membranes investigated have a negative zeta potential. In particular, 
the zeta potentials for PAH, PSS and PMPC-co-AA top layers are 
respectively − 11.8, − 37.4 and − 24.7 mV (SI, Fig. S5). Crosslinking of 
the weakly cationic primary amines of PAH changes the charge balance 
in the multilayer, decreasing the positive charge leading to a small 
negative surface charge [82]. This leads to a stronger Donnan-based 
repulsion towards SO4

2− , as already shown in previous works [54]. 
Since membranes with a PAH top layer are overall nearly uncharged, we 
assume that still some positive PAH moieties are available on the 
membrane surface. On the other side, PMPC-co-AA membranes are 
negatively charged, probably due to the residual AA groups. 

Still, if the Donnan exclusion mechanism was the only mechanism 
responsible for ion retention, we would expect lower retentions of Ca2+

Fig. 2. Adsorption (mg/m2) of model fouling agents on model surfaces coated with PAH (A), PSS (B) and PMPC-co-AA (C) top layers. Results obtained via 
reflectometry. Bars show average values, while markers show data points from all individual measurements. 

Fig. 3. Retentions of Ca2+, Na+, Mg2+, SO4
2− and Cl− from membranes coated with A) PAH, B) PSS and C) PMPC-co-AA top layers in experiments performed with 

synthetic surface water. The synthetic surface water was made of 2.92 mM NaCl, 0.57 mM MgSO4, 1.47 mM CaSO4 and 0.3 mM MgCl2[62]. Bars show average values, 
while markers show data points from all individual measurements. 
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and Mg2+ respect to Na+. But other ions exclusion mechanisms, such as 
dielectric exclusion [81], can take place in our system. In particular, the 
dielectric exclusion mechanism may explain why Ca2+ and Mg2+ have a 
higher retention than Na+. Ions and polymer moieties polarise their 
interfaces in water proportionally to their ionic charge. Differences in 
dielectric constants of the water between bulk solution and membrane 
separation layer contribute to an exclusion energy, which is propor-
tional to the square of the ion charge [81], higher for divalent ions than 
monovalent ions [83]. This effect would thus be caused by the inner part 
of the polyelectrolyte multilayer, indeed leading to quite similar salt 
retentions for the three membranes where only the final outer layer is 
different. 

3.2.2. Filtration of lysozyme 
In Fig. 4, we show ion retentions and flux decline for crossflow 

filtration experiments carried out on synthetic surface water with posi-
tively charge Lysozyme as a model foulant. Specifically, Fig. 4A–C, show 
ion retentions, as well as lysozyme retention, and flux decline respec-
tively for cationic PAH, anionic PSS and zwitterionic PMPC-co-AA 
terminated PEM based NF membranes. Flux recovery is discussed 
together with irreversibility of adsorption in the SI, Fig. S6. 

For PAH (Fig. 4A) and PSS (Fig.4B) top layers, we do observe a 
significant increase in divalent cations retention (Ca2+ and Mg2+) 
compared to Fig. 3A and B, respectively. Contrarily, no significant 
changes in retention are observed for PMPC-co-AA surface chemistry 
(Figs. 4C and 3C). In addition, Fig. 4A and B shows ~30% and ~45% 
flux decline, respectively for PAH and PSS top layers, while almost no 
flux decline is observed for PMPC-co-AA chemistry (Fig. 4C). 

The flux decline observed for PAH and PSS, together with the 
increased retention in divalent cations, strongly suggest the build-up of a 
lysozyme fouling layer on top of the membrane surface. Lysozyme is 
completely retained by the membranes, and since they are positively 
charged, their adhesion to the membrane surface leads to an increase in 
Ca2+ and Mg2+ retention. This change in retention is mainly driven by 
additional Donnan exclusion effects. Sulphate, SO4

2− , is, however, still 
highly retained by the membrane, proving that retention is the result of 
a combination of effects, dielectric exclusion [81] and electroneutrality 
included. 

Lysozyme is positively charged around neutral pH [84] and its 
adsorption on negative surfaces is mainly driven by electrostatic forces 
[85]. On negative Silica, lysozyme adsorption changes the zeta potential 
from negative to positive values [86]. Previous studies have reported 
high degrees of adsorption and fouling on negatively charged NF and UF 
membranes [87]. However, lysozyme is a small protein, with a molec-
ular weight of ~14.3 kDa [88]. Lysozyme due to its size cannot diffuse 
through the membrane and it is thus stopped at the membrane surface 
where adsorption takes place. Therefore the inner layers will still keep 
their negative charge. 

While a flux decline is observed for PAH fouled by lysozyme, the 
observed adsorption values (Fig. 2) were rather low. This could indicate 
a more dominant role of foulant-foulant interactions in the observed 
fouling. In reflectometry experiments we do see a small lysozyme 
adsorption on PMPC-co-AA surfaces (Fig. 2C), but it does not influence 
the flux, probably due to the formation of a much more open fouling 
layer. The high degree of hydration of the zwitterionic moieties leads to 
a large energy barrier for the protein adsorption [49], preventing the 
build-up of a dense gel layer on top of the membrane. 

3.2.3. Filtration of BSA 
Fig. 5 shows the results of our crossflow filtration tests where BSA, as 

the model foulant, is added to our synthetic surface water. Here, 
Fig. 5A–C, show ion retentions, BSA retention and flux decline respec-
tively for PAH, PSS and PMPC-co-AA top layers. 

For PAH (Fig. 5A) and for PSS (Fig. 5B) surfaces, we mainly observe a 
small (~10%) increase in sulphate SO4

2− retention compared to filtration 
without foulants (Fig. 3A and B). Contrarily, for our polyzwitterionic top 

layer, made of PMPC-co-AA, we observe almost ~10% decrease in all 
divalent ions retention (see Figs. 5C and 3C). Again, PAH and PSS pre-
sent flux decline (respectively ~20% and ~45%, see Fig. 5A and B), 
while no flux decline is observed for PMPC-co-AA surface chemistry 
(Fig. 5C). 

The flux decline, observed for PAH and PSS, suggests that a BSA 
fouling layer maybe responsible for the increased retention in sulphate. 
BSA is a relatively big protein (66.5 kDa, bigger than lysozyme) and 
negatively charged at neutral pH [86]. Adsorption of BSA on PAH and 
PSS membranes can explain why SO4

2− retention increases (increased 
Donnan exclusion). In addition, BSA is overall well retained by all our 

Fig. 4. Retentions of Ca2+, Na+, Mg2+, SO4
2− , Cl− , Lysozyme and normalized 

flux (after fouling) for membranes coated with A) PAH, B) PSS and C) PMPC-co- 
AA top layers in experiments performed with synthetic surface water. The 
synthetic surface water was made of 2.92 mM NaCl, 0.57 mM MgSO4, 1.47 mM 
CaSO4, 0.3 mM MgCl2 and 100 mg/L of Lysozyme. Bars show average values, 
while markers show data points from all individual measurements. 
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membranes. 
Fig. 5 also shows that BSA fouls PSS membranes more strongly than 

PAH membranes. This result is in agreement with the adsorption studies 
we carried out on model surfaces (paragraph 3.1, Fig. 2). Indeed, BSA is 
a patchy protein, and at the pH of our experiments (~6.5) it has a small 
region with positive charge [77] which can complex with negatively 
charged PSS [33]. As discussed before, BSA may adsorb better, and 
therefore increase fouling, on PSS rather than PAH, due to charge 
regulation, that can lead to protein charge inversion [68]. 

3.2.4. Filtration of humic acids and alginates 
In Fig. 6, we show the results obtained for Humic Acids as fouling 

agent. For PAH (Fig. 6A) and PMPC-co-AA (Fig. 6C) we observe ~10% 
increase in sulphate SO4

2− retention compared to filtration without 
foulants (Fig. 3A). For membranes with PSS top layers, we have no 
significant changes in ion retentions (Fig. 6B). PAH shows ~25% flux 

decline (Fig. 6A), PSS ~15% (Fig. 6B), but again no flux decline is 
observed for PMPC-co-AA (Fig. 6C). 

The flux decline, observed for PAH, may suggest the build-up of a HA 
fouling layer which could increase the retention of sulphate. These HA 
are a mixture of negatively charged organic molecules, where the charge 
is mainly due to carboxyl groups [89]. Adsorption of HA on PAH may 
constitute a negatively charged layer on top which, via Donnan exclu-
sion, increases the retention of SO4

2− . This fouling layer does not clearly 
influence the retentions for PSS membranes. In addition, HA are ~100% 
retained by all our membranes. 

Very similar behaviour is observed for Alginates, for which we do not 
see significant differences in retention for PAH and PSS top layers, while 
we do note, in both cases, ~15% flux decline (SI, Fig. S7). For both HA 
and alginates with PSS we observed flux decline but little adsorption 
(Fig. 2). This may be due to foulant-foulant interactions which could 
dominate in the observed fouling. For PMPC-co-AA top layer, we 

Fig. 5. Retentions of Ca2+, Na+, Mg2+, SO4
2− , Cl− , BSA and normalized flux 

(after fouling) for membranes coated with A) PAH, B) PSS and C) PMPC-co-AA 
top layers in experiments performed with synthetic surface water. The synthetic 
surface water was made of 2.92 mM NaCl, 0.57 mM MgSO4, 1.47 mM CaSO4, 
0.3 mM MgCl2 and 100 mg/L of BSA. Bars show average values, while markers 
show data points from all individual measurements. 

Fig. 6. Retentions of Ca2+, Na+, Mg2+, SO4
2− , Cl− , HA and normalized flux 

(after fouling) for membranes coated with A) PAH, B) PSS and C) PMPC-co-AA 
top layers in experiments performed with synthetic surface water. The synthetic 
surface water was made of 2.92 mM NaCl, 0.57 mM MgSO4, 1.47 mM CaSO4, 
0.3 mM MgCl2 and 100 mg/L of HA. Bars show average values, while markers 
show data points from all individual measurements. 
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observe ~10% increase in sulphate retention, but no flux decline 
(Fig. S6). 

Our alginates are acid polysaccharides present in the extracellular 
matrix of brown algae [90]. The alginate used in this study has a mo-
lecular weight distribution from about 12 to about 80 kDa and contains 
approximate 61% mannuronic acid and 39% guluronic acid [91]. The 
high carboxylate content gives rise to a high propensity to form 
cation-stabilized gels, especially with Mg2+ and Ca2+ [92]. Such a gel 
layer may cause flux decline in both PAH and PSS membranes. On the 
other hand, the 2-methacryloyloxyethyl phosphorylcholine (MPC) 
moiety of our PMPC-co-AA is believed to keep the free water fraction on 
the top layer surface at a high level [93], which may inhibit the poly-
saccharides adsorption. 

3.2.5. Filtration of LUDOX colloidal silica 
In Fig. 7, we show the results for LUDOX® colloidal silica. For 

LUDOX® particles, we do not observe significant differences in retention 
for all top layers (Fig. 8A–C)fig5. However, such a low retention is un-
expected relatively to the size of colloidal size (12 nm). We can easily 
conclude that this result was probably affected by the dissolution of 
silicon from glassware the permeate analysis. In addition, almost no flux 
decline is monitored in all cases. This result is no surprise, as colloidal 
silica is negatively charged, as well as our membranes, and relatively big 
(12 nm in diameter) compared to the other model foulants. For this 
reason a dense fouling layer, on top of the membrane surface, is unlikely 
to be formed. However, in reflectometry we observed significant fouling 
for top layers, while in our filtration experiments no fouling was 
observed. Colloidal particles are known to give very open cake layers 
[94], therefore the resistance of the colloidal silica cake layer is quite 
low compared to the NF membrane resistance. This can explain why, 
even if there is expected to be adsorption, colloidal fouling does not 
significantly affect the NF flux or the separation performance. 

3.3. Treatment of real surface water and stability of membranes 
performance 

3.3.1. Real surface water treatment 
A hollow fiber NF membrane with a low-fouling tendency would be 

highly beneficial for surface water treatment, as one could remove or-
ganics and multivalent ions from water at lower energy consumption. 

In Fig. 8, we show ion (Ca2+, Na+, Mg2+, SO4
2− , Cl− ) and organics 

(TOC) retentions for HF membranes with different top layers (PAH, PSS 
and PMPC-co-AA, respectively Fig. 8A–C). The ion retentions of the 
three different top layers do not differ significantly from the experiments 
we carried out with synthetic surface water (Fig. 3). Differently, the 
three membranes present quite different retention values for organics, 
which do not reflect the experiments carried out with our model fou-
lants. In particular, PAH presents a retention average of ~40%, PSS 
~0% and PMPC-co-AA ~70%. No significant flux decline was observed 
in all three cases. 

The similarities between Figs. 8 and 3, together with similarities in 
feeds concentrations, suggest that the retention is not affected by the 
presence of a fouling layer, which also explains why no flux decline was 
observed. Differently, organics are able to permeate through the mem-
brane, suggesting that probably the organics in the feed have (in 
average) a relatively low molecular weight compared to the model 
foulants that we tested. 

The relative organics retention is found to increase in the order PSS 
< PAH < PMPC-co-AA and can be a consequence of the relative water 
permeability which, inversely, decreases in the same order PSS > PAH 
> PMPC-co-AA (11.8, 7.8 and 5.45 LMH/bar, respectively, SI). Mem-
branes terminated with PSS are more permeable to water than PAH 
membranes, probably due to their higher hydration [95]. On the other 
side, the PMPC-co-AA membrane is denser, probably due to the addi-
tional crosslinking of the carboxyl-amine groups [55,56]. We can 
conclude that our zwitterionic surface chemistry performed really well, 
since it did not exhibit fouling and additionally it retained 70% of the 
organics in the feed. 

3.3.2. Overall performance stability 
Fouling compromises the stability and selectivity of membrane sep-

arations [96], as it leads to an increase in hydraulic resistance during 
filtration, additional energetic costs, and frequent need for chemical 
cleaning [97]. All these factors lead to a productivity decline in water 
treatment, which is connected with the decline in permeability and the 
need to supply additional energy to keep filtration performances con-
stant overtime. 

For efficient industrial applications, membranes need to demonstrate 
stable performances overtime. A stable performance ideally translates 
into fouling resistant membranes, which ideally allow for a constant 
water permeability and stable permeate quality. Unfortunately, com-
mercial membranes are usually charged, and as investigated in section 

Fig. 7. Retentions of Ca2+, Na+, Mg2+, SO4
2− , Cl− , LUDOX® and normalized 

flux (after fouling) for membranes coated with A) PAH, B) PSS and C) top layers 
in experiments performed with synthetic surface water. The synthetic surface 
water was made of 2.92 mM NaCl, 0.57 mM MgSO4, 1.47 mM CaSO4, 0.3 mM 
MgCl2 and 100 mg/L of LUDOX®. Bars show average values, while markers 
show data points from all individual measurements. 
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3.2, this charge excess can lead to fouling. 
Collecting the results of the experiments shown in section 3.2, we 

studied the performance of our membranes in all our experiments and 
analyzed their stability. In Fig. 9, we show the stability of our mem-
branes in terms of normalized flux (Fig. 9A) and deviation, Δ, in divalent 
ions retention (Fig. 9B), i.e. the percentage of deviation in Ca2+, Mg2+

and SO4
2− retention. This parameter is calculated for each ion by sub-

tracting the retention of the divalent ion for a clean membrane from the 
actual retention, and then dividing the result by the clean membrane 
retention. 

From Fig. 9, we can see how the membrane surface chemistry, the 
only difference between our membranes, plays a big role both in flux 
decline and retention properties compared to clean membranes. In 
Fig. 9A, we can see that while PAH and PSS top layered membranes 
show significant flux declines, the zwitterionic top layer allows for stable 
water fluxes, which is ideal from an industrial perspective. The high 
fouling resistance of our PMPC-co-AA membrane is mainly related to the 
preservation of the water structure at the membrane surface-solution 
interface. The high degree of hydration around the zwitterionic moi-
eties, mainly due to strong electrostatic interactions and hydrogen 
bonding, leads to a large energy barrier which prevents the adsorption of 
foulants [49]. 

On the other side, Fig. 9B shows how fouling affects the retention 
properties of our membranes in terms of divalent ions retention. PAH, 
due to the formation of fouling layer, increases retention of divalent ions 
up to 120%, while for PSS the performances a more stable with highest 
changes around 70%. Again, the zwitterionic top layers allow for stable 
performances with way smaller changes in retention, which oscillate 

around the zero value. This translates into a quality of the permeate 
constant overtime. We can conclude that, if we look at both parameters, 
our zwitterionic top layer is highly beneficial since it allows for stable 
water permeability and permeate quality during filtration, for all five 
model foulants. Still, future studies could focus on further optimizing the 
PMPC-co-AA membrane, in particular its water permeability. 

During the last decades, thin film composite (TFC) membranes have 
been extensively used in RO [98] and NF processes [99]. The most 
commonly used TFC membranes (e.g. produced by Dow Filmetch and 
Hydronautics) [100] consist of an active polyamide layer deposited on a 
porous polysulfone support [82]. At neutral pH, TFC membranes have 
similar zeta potential to our crosslinked PAH membranes [101]. During 
chemical crosslinking, the primary amines (pKa ̃ 9) of our PAH layers 
convert into imines (pKa ̃ 4) giving, at neutral pH, a net negative charge 
to the membrane [82]. Our PAH terminated membranes thus have a 
comparable charge, crosslinked structure and a relatively similar 
chemical structure (imine bonds instead of amide) at the membrane 
surface as TFC membranes. 

For the above reasons we do believe that the finding of our work, 
especially the results obtained for PAH membranes, are relevant for TFC 
membranes. Still, other determinant factors, such as membrane rough-
ness and specific acid-base interactions, need to be considered. It is well 
known that a higher surface roughness, typically associated to TFC 
membranes, would increase the rate and extent of colloidal fouling 
[102], while stronger lewis acid-base interactions between membrane 
and foulant could also worsen membrane fouling. 

An important point to make, however, is that polyamide TFC mem-
branes are still commercially available only as flat sheets, as it is quite 

Fig. 8. Retentions of Ca2+, Na+, Mg2+, SO4
2− , Cl− and TOC from membranes coated with A) PAH, B) PSS and C) PMPC-co-AA top layers in experiments performed 

with real surface water collected at Afsluitdijk and pre-filtered with sand filter and cartridge filter. Bars show average values, while markers show data points from all 
individual measurements. 

Fig. 9. Membranes performance, for PAH, PSS and PMPC-co-AA top layer, in terms of A) Normalized flux (%) and B) Deviation Δ in divalent ion retention (%). 
Markers represent the average of Figs.4–7 data points, while shapes enclosing these markers darken on the average for each top layer. 
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difficult to make TFC membranes via IP in a hollow fiber configuration 
[103]. Here, our PEM based membranes have the advantage that hollow 
fiber manufacturing is very straightforward. In regards to fouling, hol-
low fiber membranes have the large advantage compared to flat sheet 
(spiral wound) configurations that spacer fouling is not a problem. 

4. Conclusions 

Charged interfaces, usually present in commercial membranes, have 
the downside that fouling of oppositely charged components can readily 
occur. This can increase filtration costs and affect separation selectivity. 
In this work, we investigated the effect of membranes surface chemistry 
on fouling during surface water treatment for polyelectrolyte multilayer 
based nanofiltration membranes. We prepared three membranes with 
the same active separation layer but a different surface chemistry, 
including nearly uncharged crosslinked PAH, strongly negatively 
charged PSS and zwitterionic PMPC-co-AA. Initially, we focused on 
foulant adsorption for the three differently terminated multilayers on 
model surfaces to demonstrate how a different surface chemistry of the 
top layer affects the subsequent adsorption of five different model fou-
lants (Humic Acids, Alginates, Silica Nanoparticles, negatively and 
positively charged Proteins). Later, we studied fouling of the same 
model foulants on our polyelectrolyte multilayer based hollow fiber NF 
membranes with identical surface chemistries to the model surfaces. 
Generally, the nearly uncharged crosslinked PAH surface chemistry 
fouls more than the strongly negatively charged PSS. While negative 
BSA adsorbs better on PSS, probably due to charge regulation. Overall 
fouling was mainly driven by electrostatic and acid-base interactions, 
which led, for both nearly uncharged crosslinked PAH and strongly 
negatively PSS, to flux decline and changes in separation selectivity. 
Filtration experiments, carried out with synthetic and real surface water, 
demonstrated that our bio-inspired zwitterionic phosphatidylcholine 
surface chemistry exhibits excellent fouling resistance and stable per-
formances during filtration. The stable selectivity, and exceptional 
fouling resistance of these membranes makes them promising not only 
for surface water treatment but also for bio-molecule separation, and 
filtration of other feeds with large fouling potential. 
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