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1.1 The urgent need for water treatment and reuse

Access to clean water is essential for human life, not only as drinking water
or water for irrigation, but also for livestock, energy and manufacturing [1].
However, in many areas around the world, clean water is scarce and does not
meet its demand in terms of quality and/or quantity for such essential use.
Water scarcity is widely considered as one of the largest global risks for the
coming decades [2]. Especially, as water scarcity is only expected to grow
due to growing global population and economy, thereby increasing demand
for animal products and biofuels [3]. Moreover, climate change will affect the
availability, quality and quantity of water for basic human needs, threatening
the human right access to water and sanitation for potentially billions of people
[2]. The described water scarcity crisis emphasizes the urgent need for effective
water management. An important way to do so is to look differently at the
many complex wastewater streams that result from human endeavours. Rather
than seeing these waste streams as problematic due to their ecological impact,
we should start to see them as valuable sources for water [1, 4, 5]. Critical
in achieving this are separation methods that effectively remove pollutants to
bring the water to the quality desired for re-use.

1.1.1 Produced Water as Water for Reuse

Many industrial water streams can be difficult to treat and reuse due to their
high complexity and varied composition. Produced water (PW), a massive wa-
ter stream produced during Oil&Gas (O&G) extraction, is a prime example of
these complex streams, as it is rich in a wide range of variable contaminants
that make its treatment highly challenging. The major contaminants that need
to be removed to allow its reuse are oil and grease, salts, BTEX compounds
(benzene, toluene, ethylbenzene, and xylenes), PAHs (polyaromatic hydrocar-
bons), organic acids, and chemical additives used for improved extraction [6].
Such a complex waste stream cannot be treated with a single separation tech-
nology, and already such wastewaters are often treated by combining several
separation techniques. However, due to increasingly strict legislation regard-
ing PW discharge and reuse (e.g. in agriculture), it is expected that PW will
require further polishing treatments to meet stricter specifications [7].

While several factors, such as salinity, oil concentration, pH, dispersed solids
etc., are dependent on the reservoir location and lifetime [8], other contami-
nants vary with the specific extraction process and the chemicals employed.
Surfactants are one of the chemicals added during oil and gas extraction to in-
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crease oil recovery from the reservoir, and to protect equipment (e.g. corrosion
inhibitors). While surfactants improve the oil extraction and recovery from
the reservoir, they pose a further challenge in PW treatment. Indeed, surfac-
tants stabilize oil in water by creating oil-water (O/W) emulsions where the
smallest and more stable oil droplets (<10 µm) cannot be removed by conven-
tional separation techniques such as hydrocyclones, gas flotation, adsorption,
and media filtration [9–11].

Membranes, ranging from microfiltration (MF) to reverse osmosis (RO),
have been proven to be extremely effective in the removal of such small and
stable droplets, providing higher quality effluents with a series of advantages in
terms of environmental impact, space requirements and automated operation
when compared to traditional methods [12]. Moreover, dense membranes such
as NF and RO, can also remove dissolved pollutants and allow (partial) de-
salination. Table 1.1 shows applicability, advantages and current issues of the
principal membrane technologies, i.e. MF, ultrafiltration (UF), nanofiltration
(NF), and RO.

Table 1.1: Comparison of produced water membrane treatment technologies.
Sources: [10, 13, 14]

Membrane
Technology Application Strong points Issues

Ceramic
MF/UF

Applied when high chem-
ical and physical stabil-
ity is required. Reject
suspended solids, colloids,
bacteria, viruses.

Stable and easy to clean.
Remove suspended
solids. Require little
pre-treatment.

Periodic cleaning required.
Irreversible fouling in
presence of large amounts
of iron. Post-treatment
needed for water reuse as
several contaminants can
pass through.

Polymeric
MF/UF

Applicable for saline and
total dissolved solids
(TDS) rich water. Reject
suspended solids, colloids,
bacteria, viruses.

Cheaper membrane mate-
rials. Remove suspended
solids, require little pre-
treatment. Wide range of
chemistry available.

Periodic cleaning required,
lower materials stability,
post-treatment needed
for water reuse as several
contaminants may pass
through.

NF

Reject great part of diva-
lent and multivalent ions
as well as large dissolved
organics, allowing the pas-
sage of monovalent ions.

Removes most major con-
taminants from PW in-
cluding multivalent ions

Sensitive to organic and
inorganic fouling, pre-
treatment required, low
stability at high tempera-
tures.

RO
Reject nearly all ionic
species and dissolved or-
ganics.

Desalinates and removes
all major contaminants
from PW

Highly sensitive to organic
and inorganic fouling,
extensive pre-treatment
required. Low stability at
high temperatures. Water
remineralization maybe
needed depending on the
specific reuse. Require
high applied pressures.

While membranes are certainly promising for PW treatment, one of the
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main challenges all membranes have to face is membrane fouling [15, 16].
Foulants can adsorb at the membrane surface and inside its pores, and con-
sequently reduce the flux of permeating water during filtration. This phe-
nomenon causes an increase in operating costs [16] and the need for more
frequent chemical cleanings [17], which can affect the membrane stability and
performance over time [18]. Additionally, the presence of a fouling layer can
substantially impact the separation quality of the filtration [19–21]. Membrane
fouling is a complex phenomenon, that lies at the boundary between physics
and chemistry. Both physical (e.g. permeation drag, shear forces) and chemi-
cal factors (e.g. hydrophobic interactions, ions binding effects), are important
actors in the interaction between membranes and their foulants [22].

1.2 The complexity of PW treatment with mem-
branes

In the filtration of solid particles, the size of the particles with respect to
membrane pore opening will determine their rejection, allowing full retention
when the particles are larger than the membrane pores. Meanwhile, in O/W
emulsions, such as PW, the selectivity towards the oil droplets is mainly related
to the interfacial forces at the oil-water interface [23]. This means that even
if the droplet is bigger than the membrane pore size, it can pass through the
membrane if the pressure is high enough to overcome the interfacial forces,
as shown in Figure 1.1. Here the interfacial tension of the oil droplet and
its interaction with the membrane surfaces become the critical parameters, as
they determines how easily the droplet can deform to fit through the pore.
This constitutes a problem for membranes with relatively big pore size, such
as MF and UF, where the the interfacial forces can easily be overcome by the
operating pressure that drives the separation.

PW treatment with membranes is quite complex, not only because oil can
permeate through the membrane and therefore affect the permeate quality,
but also because of the complex droplet-surfactant-membrane interactions that
underlay membrane fouling. Usually fouling mechanisms can be categorised
in 4 different processes, as shown in Figure 1.2 A-D, that can take place
sequentially or simultaneously.

In complete pore blocking (Fig.1.2A), the pore is blocked by a large particle,
blocking the water passage. In standard blocking (Fig.1.2B), small particles
deposit inside the pores walls, narrowing the passage area, and therefore low-
ering the flux. In intermediate blocking (Fig.1.2C), a layer of particles or
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Pfeed-Pperm= TMP > Pcrit

Figure 1.1: Illustration of oil droplet breaking through a membrane pore.

A) Complete blocking B) Standard blocking C) Intermediate blocking

D) Cake filtration E) Oil layer blocking

Figure 1.2: Illustration of the main fouling mechanisms in PW treatment.
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droplets is builds up on the surface and narrows the pore entrances. Finally,
in cake filtration (Fig.1.2D) the formation of a layer of particles or droplets on
the surface of the membrane creates an additional resistance to the passage of
water.

Additionally to the 4 fouling mechanisms previously described (Fig. 1.2A-
D), in PW treatment another fouling mechanism, see Figure 1.2E, can take
place. This mechanism, so-called oil layer blocking, occurs only when the par-
ticles or droplets can coalesce at the membrane surface and form a continuous
oil layer that affects not only the permeation of water but also the membrane
clean-ability [10]. Therefore, the fact that oil droplets can even interact at
the membrane surface, and there deform and even coalesce, makes filtration
of PW quite complex and fouling more persistent.

Next to oil droplets and solid particles, several of the organic compounds
present in PW, such as dissolved organics (e.g. BTEX) and surfactants, can
also easily lead to fouling [11, 24]. Physicochemical interactions between these
organic molecules and the membrane surface can lead to adsorption, which is
considered the main mechanism for organic membrane fouling [25].

1.3 The role of surface chemistry in membrane foul-
ing

Surface chemistry plays a crucial role in membrane fouling [26, 27]. As foul-
ing is a phenomenon that occurs at the feed-membrane interface, both mem-
brane and foulants surface properties, such a surface charge, chemistry and
hydrophilicity, play a critical role in the eventual formation of the fouling layer.
While, fouling is certainly also dependent on the exact process conditions, in-
cluding the flux, cross-flow velocity and the recovery, it is important to first
focus on the interfacial aspects.

As surface interactions are critical in PW treatment with membranes, sur-
face chemistry plays a key role, and therefore a good control over both the
surface chemistry of the emulsion and the surface chemistry of the membrane
can substantially alleviate fouling.

1.3.1 O/W emulsion chemistry

Surfactants are a component of PW that requires special attention in the case
of PW treatment with membranes, as they are responsible for the stability of
the emulsion and as they can interact in several ways with the membrane [10].
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Surfactants are mostly organic molecules with a hydrophilic head group and
a hydrophobic tail that allow for the molecular adsorption at the oil-water in-
terface. The hydrophilic head group of a surfactant molecule is usually anionic,
cationic, non-ionic or zwitterionic in nature [10]. Therefore, surfactants not
only stabilize oil droplets in water by absorbing at their oil-water interface,
but subsequently they also determine the chemistry and charge of oil droplets,
allowing for a great deal of control over the chemistry of the O/W emulsions.

Surfactants not only change the chemistry and charge of the oil droplets but
additionally they lower the oil-water interfacial tension (IFT), which allows oil
droplets to become more deformable, making it for example easier for them
to squeeze through the membrane pores. An increase in surfactant concentra-
tion leads to lower IFT, and thus an increase in oil droplet deformability and
probability of permeation. For charged surfactants, the salt concentration will
also play a large role in determining the IFT. At higher salinities, more surfac-
tants can adsorb at the oil water interface, due to screening of their charged
head-groups, further lowering the IFT.

But, one of the main characteristics of a surfactant, the critical micelle
concentration (CMC), should also be taken into account. The CMC is the
concentration of surfactants above which micelles form and all additional sur-
factants added to the system will form micelles. As the IFT is related to
the free surfactant concentration is solution, the IFT will decrease strongly
with the concentration of the surfactant below CMC, while it becomes almost
constant above the CMC.

So far we have discussed how the surfactants interact with the oil-water
interface, but certainly surfactants can also adsorb at the membrane-water in-
terface. While the extent of membrane fouling by charged surfactants is mainly
related to electrostatic interactions [28], for nonionic surfactants it seems to
be related to the membrane hydrophilicity and pore size [29]. Researchers
have therefore suggested that in order to minimize fouling it is recommended
to use membranes with a more hydrophilic, smoother surface, and the same
charge as the fouling agents [30, 31]. However, the role of surfactant chem-
istry relative to different membrane surfaces remains still unclear, especially in
PW treatment, and needs further investigation. Indeed, adsorption of surfac-
tants to the membrane surface could change the interfacial properties of the
membrane and thereby its ability to retain oil and its propensity to fouling.
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1.3.2 Layer-by-layer assembly to control membrane chemistry

A much investigated approach to reduce membrane fouling is to minimize the
attractive interactions between the surface of the membrane and the foulants
contained in the feed [32, 33]. For this reason, surface modification of ex-
isting membranes is considered an effective tool to reduce foulant-membrane
interactions and indeed to design low fouling membranes [34–36].

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) tech-
nique [37–40]. Already in 1997, Decher demonstrated that the alternating
exposure of a charged surface to positive and negative polyelectrolyte solu-
tions, allows for LbL deposition of thin films of polyelectrolytes, so-called
polyelectrolyte multilayers (PEMs) [41].

In particular, in the last 10 years, the knowledge on LbL assembly of PEMs
on porous supports has been translated into the application [42] and produc-
tion of very relevant commercial membranes with advanced separation prop-
erties and functionalities [43]. PEM coatings allow for a nanometer control
over the membrane active layer thickness and chemistry [44, 45]. In particu-
lar, the availability of different polyelectrolytes as building blocks [41, 46], as
well as coating conditions (e.g., salinity [47, 48] and pH [49, 50]) provide thin
films with engineered functionality for multiple membrane applications, such
as ion selectivity [51], fouling control [52], stability to harsh wastewaters [53],
removal of contaminants from water [54, 55], and responsiveness [56].

As one of the main advantages of polyelectrolyte multilayer coating is the
great deal of control over membrane surface chemistry, it in turn may also help
in the fight against membrane fouling. For such dense membranes, fouling can
even be more complex to investigate, since the interactions that lead to fouling
take place at the nanoscale, both in and on the active separation layer [15, 30].
As PEM-based membranes show quite promising results for future innovative
application, it is therefore interesting to see how these membranes deal with
treatment of challenging wastewaters, such as O/W emulsions, as illustrated
in Figure 1.3, especially regarding their fouling behaviour.

1.4 Scope of this Thesis

The effective treatment of complex industrial wastestreams such as PW is im-
portant to ensure clean water. Membranes can play a key role in this process,
but membrane fouling remains a major problem. We propose that surface
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Figure 1.3: Illustration of a hollow fiber membrane coated with PEM filtering an
oil-in-water emulsion.

chemistry plays a key role here, and that control over the surface chemistry of
the emulsion and the membrane can substantially alleviate fouling.

As surface interactions are critical in PW treatment with Porous Mem-
branes, it is important to control the surface chemistry of the major fouling
agent, the oil droplets, by carefully choosing its stabilizer, i.e. the surfactant.
In Chapter 2, we study the relation between surfactant type and the effect
of the ionic strength on membrane fouling during UF of artificial produced
water emulsions. In Chapter 3, we investigate membrane fouling and oil
retention of artificial PW stabilized with a cationic, anionic, zwitterionic or
nonionic surfactant, at various surfactant and salt concentrations, with a focus
on the role of IFT for a Silicon Carbide (SiC) MF membrane. In Chapter
4, we compare the experimental data of the previous chapters with a newly
designed quantitative model which allows predictions for flux decline during
MF and UF based treatment of PW. By modelling pore blocking in terms of
membrane contact angle and cake layer via mass balances that also involve an
erosion flux, we get insights on how membrane fouling occurs as a function of
membrane type, surfactants used and salinity of the feed stream.

On the other hand, polyelectrolyte multilayers allow a very nice approach
to control the membrane properties of Dense Membranes, including the
membrane surface chemistry. In Chapter 5 we explore the stability of poly-
electrolyte multilayers toward different types of surfactant, initially on model
surfaces and then on hollow fiber membranes, to make stable PEM coatings
to apply on hollow fiber support membranes with the aim of creating hollow
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fiber NF membranes to treat PW. In Chapter 6, we investigate the effect of
membrane surface chemistry on fouling in surface water treatment for poly-
electrolyte multilayer based NF membranes. The polyelectrolyte multilayer
approach allows us to prepare three membranes with the same active separa-
tion layer, but with a difference in surface chemistry, i.e. nearly uncharged
crosslinked, strongly negative and zwitterionic. In Chapter 7, we investi-
gate the effect of surface chemistry on fouling of NF membranes based on
PEM, during the treatment of artificial produced water. To this end, oil-
in-water (O/W) emulsions stabilized with four different surfactants (anionic,
cationic, zwitterionic and non-ionic) were treated with PEM-based NF mem-
branes having the same multilayer, but different top layer polymer chemistry,
nearly uncharged, strongly negative, zwitterionic, and negative hydrophobic.

Interfacial Phenomena are determinant in different fields, from mem-
brane filtration to the design of energy harvesters. As in NF, where multi-
valent ions can bind to the membrane and modify its surface charge to allow
charge reversal, in Chapter 8, we consider the adsorption of divalent ions in
the polyamide (PA) active layer of commercial NF membranes and describe
how this adsorption process affects the membrane charge and its ions rejection.
In Chapter 9, we present, and validate with experiments, a novel theory to
predict the contact angle of water on amphoteric surfaces, as a function of
pH and ionic strength. Here, our theory suggests the possibility of a novel
responsive membrane design, based on aphoteric groups, for wastewater treat-
ment. In Chapter 10, we present a novel mechanism to harvest energy from
mechanical fluctuations by using coiled carbon nanotube yarns coated with
polyelectrolyte gels.

Finally, in Chapter 11, with the obtained knowledge from the different
chapters, the main outcomes of this thesis are revisited, and the future chal-
lenges of PEM-based membranes for PW treatment and other applications are
addressed.
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Abstract
Membrane filtration is a technique that can be successfully applied to remove oil
from stable oil-in-water emulsions. This is especially interesting for the re-use of
produced water (PW), a water stream stemming from the petrochemical industry,
which contains dispersed oil, surface-active components and often has a high ionic
strength. Due to the complexity of this emulsion, membrane fouling by produced
water is more severe and less understood than membrane fouling by more simple
oil-in-water emulsions. In this work, we study the relation between surfactant
type and the effect of the ionic strength on membrane filtration of an artificial
produced water emulsion. As surfactants, we use anionic sodium dodecyl sul-
phate (SDS), cationic hexadecyltrimethylammonium bromide (CTAB), nonionic
Triton ™ X-100 (TX) and zwitterionic N-dodecyl-N,N-dimethyl-3-ammonio-1-
propanesulfonate (DDAPS), at various ionic strengths (1, 10, 100 mM NaCl).
Filtration experiments on a regenerated cellulose ultrafiltration (UF) membrane
showed a pronounced effect of the ionic strength for the charged surfactants SDS
and CTAB, although the nature of the effect was quite different. For anionic
SDS, an increasing ionic strength leads to less droplet-droplet repulsion, allowing
a denser cake layer to form, resulting in a much more pronounced flux decline.
CTAB, on the other hand leads to a lower interfacial tension than observed for
SDS, and thus more deformable oil droplets. At high ionic strength, increased
surfactant adsorption leads to such a low oil-water surface tension that the oil
droplets can permeate through the much smaller membrane pores. For the non-
ionic surfactant TX, no clear effect of the ionic strength was observed, but the
flux decline is very high compared to the other surfactants. For the zwitterionic
surfactant DDAPS, the flux decline was found to be very low and even decreased
with increasing ionic strength, suggesting that membrane fouling decreases with
increasing ionic strength. Especially promising is that at lower surfactant concen-
tration (0.1 CMC) and high ionic strength no flux decline was observed, while a
high oil retention (85%) was obtained.
From our results, it becomes clear that the type of the surfactant used is crucial
for a successful application of membrane filtration for PW treatment, especially
at high ionic strengths. In addition, they point out that the application of zwit-
terionic surfactants can be highly beneficial for PW treatment with membranes.
.
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2.1 Introduction

Membrane filtration is an increasingly important technique for the treatment
of a wide spectrum of waste waters from a large variety of sources [1–6]. Mem-
branes are, for example, used for municipal waste water treatment in combi-
nation with bioreactors [7], and in the food industry both in the processes
themselves [1, 8] and as waste water treatment for factory effluents [9, 10].
Moreover, membrane filtration is used to remove harmful chemicals and par-
ticles, such as heavy metals or oil and grease, from industrial waste streams.
Treating these wastewaters sufficiently brings the water to such quality that
it also allows its re-use, thereby decreasing the fresh water demand. This
large variety of applications and feed streams means that membrane filtration
has to be tailored to each specific process. The membrane material, process
parameters and pretreatment, all influence the performance of the membrane
system and therefore have to be carefully chosen. This is especially impor-
tant, as virtually all membrane processes suffer from fouling, the building up
of retained material on the feed side of the membrane [6]. In membrane foul-
ing, the foulant adhesion/deposition is a thermodynamic mechanism based on
energy balance principles [11] that can cause filtration resistances driven by
chemical potential differences [12, 13]. Fouling blocks the pores, builds into a
cake layer and thereby reduces the membrane flux and increases operational
costs. In some cases, however, this cake layer on top of the membrane forms
a new active layer and improves the filtration characteristics of the membrane
[14].

A current focus area of membrane science is the use of membranes to treat
the challenging water stream of so-called produced water (PW), a very large
water stream that stems from the petrochemical industry and has the potential
to act as a substantial source of water for re-use. Quite some research has
now shown that PW can be effectively treated using membrane filtration,
but that membrane fouling remains a critical problem [6, 15]. PW contains
dissolved and dispersed hydrocarbons, salts, heavy metals and solid particles,
as well as production chemicals. Before this water can be re-used or disposed,
those components have to be removed. For example, to meet the OSPAR
regulations dispersed oil in PW discharges should not exceed a concentration
of 30 mg/L [16]. The dispersed oil can be removed largely by conventional
techniques such as gas flotation, adsorption, evaporation and hydrocyclones,
but the smallest oil droplets with a size <10 µm are less efficiently removed by
these techniques [17]. Membrane filtration can remove those droplets, but, as
mentioned, the fouling of the membrane by these oil droplets is often severe.
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Moreover, the membrane fouling by produced water is typically more severe
than membrane fouling by many other oil-in-water emulsions such as food
emulsions or other industrial waste waters containing oils [18]. One parameter
that widely changes from source to source is salinity [6], highly affected by the
geochemistry of the reservoir [19]. Therefore, ionic strength is an important
parameter to investigate. A high salinity can have a detrimental effect of
the stability of the stabilized oil droplets, which in turn can lead to more
detrimental fouling [20]. It is good to mention that produced water is a stream
with varying properties. The composition of produced water changes from well
to well but also over the lifetime of an oil reservoir [21]. Therefore, there is no
universally applicable solution or method for all sources of produced water.

In order to control membrane fouling by produced water, it is important
to understand the interaction of the oil droplets with the membrane surface.
Here the presence of surfactants is believed to play a key role. The surfactant
adsorbs to the oil-water interface of the droplets, but also often adsorbs to the
membrane surface. The surfactant will thus determine much of the interactions
between droplet and membrane surface, and naturally the droplet-droplet in-
teractions. Since PW contains such a variety in components, it is important to
understand what the influence of each component is on the membrane fouling,
but also how one component might affect the fouling propensity of another
component. For example, the effective stabilization of an oil droplet by a
charged surfactant will be strongly influenced by the ionic strength, while for
an uncharged surfactant the ionic strength might play only a small role.

In literature, many examples of oil-water separation with membranes can be
found, as well as studies on the kinetics of fouling. Here, we will discuss a few
examples in which the influence of emulsion components or process parame-
ters was studied systematically. Li et al. developed a cellulose ultrafiltration
(UF) hollow fiber membrane for oil-water separation [22]. They chose cellu-
lose for its high resistance against swelling from organic compounds and its
hydrophilic nature. The retention was 99% for an emulsion of machine oil in
water while showing only minimal fouling, showing the potential for this mem-
brane material. Lipp et al. also tested a cellulose membrane for oil-in-water
emulsion separation. Their emulsion contained a mixture of oil and surface-
active components [23]. They found evidence of coalescence in the cake layer,
and proposed a loss of surfactant to the permeate due to this coalescence,
thereby changing the properties of the cake layer, making it more dense. Out
of a range of membranes, however, the regenerated cellulose membrane showed
excellent oil rejection and flux recovery after cleaning. Lu et al. studied the
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filtration of oil-in-water emulsions with three different surfactants on a ce-
ramic membrane [24]. Interestingly enough, they found that an emulsion with
surfactant oppositely charged to the membrane surface charge showed less ir-
reversible fouling than a surfactant with similar charge. They attributed this
effect to the adsorption of surfactant molecules to the surface and the inside
of the membrane pores, hindering the entrance of oil into the membrane. The
exact mechanism however was not understood well and requires further inves-
tigation. Singh et al. studied the influence of the ionic strength on membrane
fouling during aqueous filtration of silica particles [25]. They found that the
fouling potential of the feed water was linearly related to the double layer
thickness. In their experiments and model, a 10-fold increase in ionic strength
had the same effect as a 2-fold increase in colloid concentration of the feed.

What becomes apparent from the discussed studies, is that the effect of
many parameters, such as type of surfactant, type of membrane surface, ionic
strength etc., have received prior interest. However, all studies look at just
a single parameter at the same time, while it is clear that a parameter such
as surfactant type, could strongly influence the effect for the ionic strength.
In this work, we chose four different model surfactants with different proper-
ties. We used an anionic, cationic, nonionic and zwitterionic surfactant and
compare their behavior when used in membrane filtration experiments. In ad-
dition, we varied the salt concentration of the feed emulsion to study the effect
of ionic strength on membrane fouling, and how that is affected by the type
of surfactant. The emulsions used in this study are synthetic model emulsions
with carefully chosen components, so we are able to control the properties of
the emulsions.

2.1.1 Theory

Here we provide the theoretical background that is the basis for all interpreta-
tion of the experimental data. After prolonged filtration of oily waste water,
we expect that the membrane fouling will be dominated by a cake layer formed
on the membrane surface [26, 27]. Therefore we study the effect of increasing
ionic strength on membrane fouling by oil-in-water emulsions stabilized by
four different surfactants. Since the properties, and especially the charge of
the head group of those surfactants are different, we expect to see an influence
on the formed cake layer and thus the observed flux decline. Here we link the
expected properties of the cake layer, described by the Kozeny-Carman term,
to the DLVO theory. We also discuss the critical pressure required to push an
oil droplet through a membrane pore.
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The resistance of a cake layer on the membrane can be described by the
Kozeny-Carman term

Rc =
150lc(1− εc)

2

D2
vε

3
c

, (2.1)

where lc is the thickness of the cake layer, εc the porosity of the cake layer and
Dv the effective diameter of the oil droplets [28]. This resistance is heavily
dependent on the porosity εc of the cake layer, and therefore of the interaction
between the droplets in the cake layer. As shown in previous work [29], the
pores in a cake layer of monodisperse particles are not effective in rejecting
oil droplets based on pore size, as the pores in the layer are larger than the
membrane pores.

At fixed oil concentrations, droplet sizes, crossflow velocities and initial
fluxes, the properties of the cake layer will to a large extend be governed by
droplet-droplet interactions. The interaction between two colloidal particles,
in our case oil droplets, can be described by the DLVO theory. This theory
adds the attractive interaction energy VA and the repulsive interaction energy
VR in the total potential VT

VT = VA + VR. (2.2)

It is possible to extend the DLVO by including a hydration energy term [30].
However, since this goes beyond the scope of this manuscript, we refer to the
classical DLVO theory. The attractive van der Waals potential, caused by the
alignment of dipoles in adjacent molecules, can be found by calculating the
interaction of one atom in a droplet with all the atoms in a second droplet,
leading to a long-range interaction. When the particle separation distance h is
small compared to the droplet radius a (h << 2a), the potential VA, expressed
in J, is given by

VA = − Aa

12h
(2.3)

where A is the Hamaker constant, which depends on the polarizability of the
droplet material. Thus, the attractive potential between two oil droplets is
inversely dependent of the separation distance between the droplets. While
the used surfactant will have some influence on the attractive van der Waals
potential, it will be dominated by the droplets bulk material. The surfactant
type and the ionic strength will therefore have limited influence on the attrac-
tive interaction between droplets.
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The electrostatic repulsion is an important stabilizing factor in oil-in-water
emulsions. When the oil droplets carry a surface charge, the repulsion will
prevent collision between the droplets. For short distances h, the electrostatic
repulsion VR, also expressed in J, can be written as

VR = 2πε0εraψ
2
δ exp(−κh) (2.4)

where ψδ is the surface potential of the oil droplet. This electrostatic repulsion
is dependent on the thickness of the electrostatic double layer (EDL) or the
Debye length (1/κ, expressed in m), which is given by

κ−1 =

√
εrε0kBT

2NAe2I
(2.5)

where ε0 is the permittivity of vacuum, εr the dielectric constant of the
medium, kB is the Boltzmann constant, T is the absolute temperature, NA

Avogadro’s number, e the elementary charge and I the ionic strength of the
emulsion.

The total interaction energy VT , as stated in Eq. (2.2), results in a potential
curve with a maximum which has to be overcome for droplets to come in
close contact. As can be seen from Eqs. (2.4)-(2.5), the repulsive force is
dependent on the ionic strength of the emulsion. At increasing ionic strength,
the repulsive forces between charged droplets decreases, allowing the droplets
to come into much closer contact, or even to coalesce. At higher ionic strength
more surfactant will adsorb to the droplet surfaces, thereby increasing the
surface charge density. The screening effect of salt that lowers the electrostatic
repulsion between droplets is, however, stronger than the increased repulsion
due to the additional surfactant on the surface [31].

Droplets stabilized by nonionic surfactants however do not carry a surface
charge. They stabilize the oil droplets by steric hindrance of a large hydrophilic
head group [32]. As this interaction is not charge based, the ionic strength
will have little effect on the strength of steric stabilization.

Zwitterionic surfactants stabilize by hydration of the head group. In con-
trast to charged surfactants, the water molecules around the head group are
ordered in the same manner as in the bulk phase of water instead of reorder-
ing the water around the single charge of an ionic surfactant [33]. In this
unperturbed state, the water molecules around the zwitterionic group are in a
H-bonded structure, which takes a considerable amount of energy to disturb.

When a cake layer is formed on the membrane surface, we expect that the
repulsive forces between oil droplets with charged surfactants contribute to
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the porosity of the cake layer. Because the surface charge of the droplets and
the resulting electrostatic repulsion, we expect a more open cake layer and
less flux decline. However, at increasing ionic strength, the electrostatic repul-
sion decreases and the cake layer is expected to become more dense because
of electrostatic screening of the surface charge. For nonionic and zwitterionic
surfactants, which suffer less from electrostatic screening, we expect that in-
creasing the ionic strength has a less pronounced effect on the flux decline.
For these surfactants especially the steric repulsion and head group hydration
will dominate. It is important to mention that for zwitterionic surfactants,
the hydration of the headgroup typically does depend on the ionic strength.
At higher ionic strength, the headgroup will be more hydrated and a larger
repulsion could follow. So for zwitterionic surfactants, a higher ionic strength
might even lead to a more open cake layer and thus a lower flux decline [34].

Apart from the membrane flux, a key membrane performance parameter
in PW treatment is the retention of oil droplets. While in this study the
membrane pores are much smaller than the oil droplets, oil droplets can deform
to flow through the pore if the applied pressure is large enough. The critical
pressure difference Pcrit (in bar) at which oil transport through the membrane
starts to occur can be estimated by:

Pcrit = −γOp cos θ
Ap

(2.6)

where γ is the interfacial tension between the oil and the aqueous phase, Op

the circumference of the pore, θ the advancing contact angle of the droplet on
the surface and Ap the surface area of the membrane pore. As can be seen,
a key parameter here is the oil-water interfacial tension. For charged surfac-
tants the interfacial tension is a function of the ionic strength. The higher
the ionic strength, the lower the repulsion between headgroups, allowing more
surfactant molecules to adsorb at the oil-water interface. Ideally, the contact
angle used to calculate the critical pressure should be measured on a smooth
polymer film, to exclude any effects of roughness. Here we used the contact
angle on a rougher surface (the membrane) as in the previous works no signifi-
cant difference in contact angle was observed between the cellulose membrane
and a spincoated cellulose film [35]. The adsorbed amount of surfactant at the
oil droplet surface Γs (expressed in mol/m2), at constant temperature T and
pressure p, can be derived from the interfacial tension γ via

Γs = − C

RT
(
δγ

δC
)T,p (2.7)
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where R is the ideal gas constant, and C is the surfactant concentration. For
charged surfactants, a higher ionic strength leads to a lower interfacial tension,
and as a consequence it lowers the critical pressure at which the oil droplets can
be pushed through the membrane. For non-ionic and zwitterionic surfactants
this effect is not expected.

2.2 Materials and methods

2.2.1 Materials

For preparation of the emulsions, we used DI water, sodium dodecyl sulfate
(SDS, Sigma Aldrich, ACS reagent, 99.0%), hexadecyltrimethylammonium
bromide (CTAB, Sigma Aldrich, for molecular biology, 99%), Triton ™ X-100
(TX, Sigma Aldrich, laboratory grade), N-dodecyl-N,N-dimethyl-3-ammonio-
1-propanesulfonate (DDAPS, 97.0% (dried material, CHN)), n-hexadecane
(Merck Schuchardt 99.0%) as the oil, Coumarin 6/ Neeliglow Yellow 196
(Neelikon) as fluorescent dye, and sodium chloride (NaCl, VWR, 100%). The
membrane used was a regenerated cellulose UF membrane with a pore size of
500kDa (Microdyn Nadir UC500T). All chemicals were used without further
purification steps.

2.2.2 Emulsion preparation and characterization

To detect the amount of oil that permeates through the membrane, the hex-
adecane was colored with a dye. As fluorescent dyes bleach over time, the
colored oil was prepared freshly before each experiment. Approximately 5 mg
of the dye powder was put in a test tube together with 8 mL of n-hexadecane
and put in an ultrasonic bath for 10 minutes. Afterwards, the oil was filtered
over a Millipore 0.45 µm filter to remove any solid particles left.

To ensure all emulsions have the same characteristics, a stock emulsion
was prepared, which was then further diluted to obtain the desired salt and
surfactant concentration. The surfactant concentrations were all chosen to
be at or below the CMC, but high enough to ensure a stable emulsion and
a reproducible droplet size distribution. The stock emulsions were prepared
by dissolving a surfactant (463 mg/L SDS; 346 mg/L CTAB; 298 mg/L TX;
100.6, 201.2 or 1006 mg/L DDAPS) in 1 L of DI water in a Duran® bottle
(Duran 21801545) by mixing with a dispersing mixer (IKA® T25 digital Ultra-
Turrax with S25N 18G element) for 2 minutes at 14,000 rpm. Then, 2 g of
colored oil was injected near the mixer head and mixed for 10 minutes at
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14,000 rpm. The stock emulsion was diluted to contain 100 mg/L hexadecane
and the desired surfactant and NaCl concentration to make up 20L of feed
emulsion. The particle size distribution was determined with a DIPA 2000 -
Particle Analyzer (Prolyse). The mean droplet size in the diluted emulsions
was 4 µm, with a rather broad distribution in droplet sizes ( ±3) and was
constant for all conditions. In this work no zeta potentials were obtained
of the emulsions. For similar surfactant concentrations and ionic strength,
oil-in-water emulsions are known to be strongly negatively charged for SDS
(zeta potentials of -110 to -120 mV [36, 37]), strongly positively charged for
CTAB (∼+85 mV [37, 38]), slightly negative for TX (from -20 to -5 mV [39])
and negatively charged for DDAPS (from -35 to -45 mV [40]). Regenerated
cellulose membranes are known to be negatively charged (zeta potentials of -8
to -25 mV [41–43]).

2.2.3 Membrane filtration

The membrane filtration experiments were performed using an OSMO-
inspector crossflow membrane filtration system built by Con-Vergence. A
fresh membrane sheet was used for each experiment. The membrane was
mounted in a flat sheet crossflow membrane cell with an effective surface of
240 cm2, using a feed spacer with a thickness of 700 µm, a filament angle of
90° and a maze size of 2.5 × 2.5 mm. The volume and density of the feed
and permeate streams were measured by Bronkhorst M15 mass flow meters.
The 20 L glass feed bottle was constantly stirred to prevent creaming of
the feed. Both concentrate and permeate were recycled to the feed bottle
to ensure a consistent feed quality. Before mounting the membrane, it was
soaked in DI water overnight to remove production chemicals and glycerine
from the membrane. Then, the clean water flux was measured. A membrane
filtration experiment consisted of filtering for 3 hours at a TMP of 1 bar and
a flow rate of 48 kg/h, which corresponds to a crossflow velocity of 0.2 m/s.
This crossflow velocity corresponds to laminar Reynolds (Re∼220) making it
possible to neglect droplets break up due to shear stress in our system [44].
The permeate flux was constantly monitored. To clean the membrane,
the cell was flushed with DI water for 1h without applied transmembrane
pressure, then a backflush with DI water of 3 minutes at 0.2 bar, and then
another flush. After the cleaning, the clean water flux was measured again to
determine the flux recovery. Each experiment was repeated at least two times
and an average and standard deviation were taken on the basis of these data.
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2.2.4 Permeate analysis

The oil retention for SDS based emulsions was measured by liquid-liquid ex-
traction of the permeate and subsequent HPLC analysis as described in previ-
ous work [29]. For the other surfactants, the fluorescent dye method was used,
because the presence of surfactants often caused excessive foaming, hindering
the extraction. We repeated the fluorescence method for SDS based emulsions
and found good agreement with the results obtain by extraction.
The oil retention R (%) is defined as

R =

(
1− Fp

Ff

)
(2.8)

where Fp and Ff are the oil concentrations in the permeate and the feed
respectively. Therefore, we took a concentrate and permeate sample at the
same time and used those for analysis. The concentrate with fluorescent oil
was used to make a calibration line. The permeate was subsequently measured
on the same sample plate to determine the oil concentration in the permeate
using this calibration line. The fluorescence of the samples was measured in a
Perkin Elmer Victor3 Multilabel Plate Reader, using a protocol for Fluorescein
(465nm/510nm, 1.0s). The dilutions for the calibration line and permeate were
injected in threefold in a 96-hole well plate. The volume of liquid in one hole
was 200 µL. As shown in previous studies [29], the rejection of oil does not
change significantly over the course of the experiment, therefore we took the
permeate sample only once, after 2 hours of filtration.

2.2.5 Contact angle and interfacial tension measurements

Both types of measurements were performed on a contact angle and con-
tour analysis instrument (Dataphysics OCA 35). The contact angle measure-
ments were performed in captive bubble mode, where a droplet of colored
n-hexadecane is captured under a piece of membrane in the aqueous solution
with surfactant and salt. The interfacial tension measurements were performed
with the pendant droplet technique [29, 45], where a droplet of aqueous so-
lution with surfactant and salt is suspended in colored n-hexadecane in a
cuvette. Image analysis of the droplet shapes from both contact angle and
interfacial tension measurements was performed with the software provided
with the measuring instrument, taking into account the density of the media.
These experiments were repeated at least two times, and average and standard
deviations were obtained from these data.
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2.3 Results

In this section, we will first discuss background data on the contact angle and
interfacial tensions for four different surfactant types, at three different salt
concentrations. Membrane performance data regarding flux decline over time,
oil retention and flux recovery after cleaning are then discussed per surfactant
type.

2.3.1 Interfacial tension

The interfacial tension was measured using the pendant droplet technique,
where a droplet of aqueous solution is suspended in a cuvette filled with col-
ored oil. The results are plotted in Figure 2.1. It is immediately apparent that
the four different surfactants show different behavior.
SDS, the anionic surfactant, provides the highest oil-water interfacial tension
at low ionic strength. At 1 mM NaCl, the interfacial tension is 18.2 ± 5
mN/m, decreasing to 12.4 ± 0.5 mN/m for 10 mM NaCl and 2.3 ± 0.2 mN/m
for 100 mM NaCl. This strong dependence on the ionic strength indicates
that the adsorbed amount of surfactant depends on the ionic strength. Upon
increasing the ionic strength, the charge of the head groups is screened, allow-
ing more surfactant molecules to adsorb to the droplet surface, leading to a
lower interfacial tension.
CTAB, the cationic surfactant, shows the lowest interfacial tensions of the
four. CTAB has the longest carbon tail of all surfactants studied here, leading
to a higher adsorbed amount and thus a lower interfacial tension. At 1 mM
NaCl, the interfacial tension is 1.9 ± 0.3 mN/m, lowering to 0.4 ± 0.1 mN/m
and 0.3 ± 0.1 mN/m for 10 and 100 mM respectively. These last two values
are not accurate because the pendant droplet technique is not appropriate to
study such low interfacial tensions. There is a clear decrease in interfacial ten-
sion between 1 and 10 mM however, so we can assume that we have a similar
situation as with SDS, where the screening of charges at the head group of
the surfactant molecules allows more surfactant molecules to adsorb, leading
to a lower interfacial tension at higher ionic strengths. Based on this data we
cannot confirm that this trend continues from 10 mM to 100 mM of salt, but
this would be expected.
As expected, for TX-100, the non-ionic surfactant, an increase in ionic strength
does not influence the adsorption of surfactant to the droplet surface very
much. The interfacial tensions for 1, 10 and 100 mM are 6.7 ± 0.6 mN/m,
8.0 ± 0.1 mN/m and 7.8 ± 0.1 mN/m respectively. The small variation in
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interfacial tension could be caused by small changes in the solvent quality for
the polyethylene oxide tail of TX upon the addition of salt.
The interfacial tension of DDAPS stabilized droplets also does not change
significantly with increasing salt concentration. The interfacial tension is 2.5
± 0.1 mN/m, 2.4 ± 0.1 mN/m and 2.4 ± 0.1 mN/m for 1, 10 and 100 mM
respectively. As was the case with CTAB, these values are in a regime that is
hard to measure accurately using the pedant drop technique. The head groups
of DDAPS are neutral as a whole, but do have a positive and a negative charge
on their head groups [34].
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Figure 2.1: The interfacial tension of the water/oil interface for four different sur-
factants and three different salt concentrations as indicated.

2.3.2 Contact angle

The contact angle was obtained from a captured droplet of colored hexade-
cane under the membrane in a cuvette filled with the aqueous phase. The
results are shown in Figure 2.2. For all surfactants and ionic strenghts, there
is a rather high contact angle, here indicating a rather hydrophilic surface and
thus little spreading of the oil droplet.
For SDS, the contact angles are 150 ± 0.5, 140 ± 0.5 and 131 ± 4 for 1, 10
and 100 mM. There seems to be a slight decreasing trend, indicating increased
hydrophobic interactions. Due to the dissociation of OH groups on the cel-
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lulose surface it is slightly negatively charged. At higher ionic strengths, the
negatively charged droplet might interact more favourably with the negative
membrane surface, allowing more spreading of the oil droplet. For CTAB we
see a slighty increasing contact angle at increasing ionic strength. The contact
angles measured are 148 ± 2, 149 ± 2 and 151 ± 1 for 1, 10 and 100 mM NaCl
respectively. This might indicate an increase in hydrophilic interactions. The
cationic surfactant CTAB will adsorb to the negatively charged cellulose. A
higher ionic strength could lead to more CTAB adsorption and to the observed
slight change in contact angle.
For TX, there is no influence on the contact angle, as the measured values are
148 ± 0.4, 149 ± 0.4 and 149 ± 0.2 for 1, 10 and 100 mM respectively. This
is in line with expectations. Because TX has no charge, we also do not expect
an influence of the ionic strength.
Similar behavior is observed for DDAPS. The contact angle was 150 ± 2, 152
±1 and 151 ± 1 for 1, 10 and 100 mM respectively. Just as with TX, we
expected no significant influence of the ionic strength on the contact angle, as
the head group has no net charge.
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Figure 2.2: The contact angle of an oil droplet trapped under the membrane surface
in the aqueous phase, for four different surfactants and three different salt concentra-
tions as indicated
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2.3.3 SDS stabilized emulsions

An emulsion with 100 ppm hexadecane, 463 mg/L SDS and 1, 10 and 100
mM NaCl was filtered in a crossflow membrane filtration system using a re-
generated cellulose membrane. The crossflow velocity was 0.2 m/s and the
transmembrane pressure was kept constant at 1 bar. The flux decline as a
function of permeate volume is plotted in Figure 2.3. At 1 mM NaCl, the flux
decline is gradual, and after three hours of filtration the flux decline reached
50 ± 3% of the initial flux. At 10 mM NaCl, the initial flux decline is very
steep, after which the flux decline becomes more gradual. At the end of the
experiment, the flux had dropped to 37 ±6% of the original flux. At 100 mM
NaCl, the flux first declines quite fast, and then slows down, reaching a per-
meate flux of 23 ± 3% of the initial flux at the end of the experiment. From
these results, it is clear that increasing the ionic strength has a strong influ-
ence on the flux decline, where a higher ionic strength gives more membrane
fouling. The initial flux decline is associated with the direct adsorption of oil
droplets to the membrane, whereas the more gradual flux decline later on in
the experiment is associated with the formation of a cake layer [29]. During
cake layer formation, however, the interaction between oil droplets dominates.
For 1 and 100 mM NaCl, the flux decline follows a similar trend, whereas the
flux decline at 10 mM shows a much steeper initial decline. This suggests
there is a different fouling mechanism dominating the initial flux decline.
The flux recovery of the membrane was measured after a cleaning procedure
including a forward flush, backwash and another forward flush of the mem-
brane cell. The results are given in Table 2.1. At higher salt concentrations,
the flux recovery increases, although we observed that the degree of fouling
increases. Two possible mechanisms may be able to explain this observation.
Firstly, we expect the cake layer formed on the surface to become denser at
high ionic strengths, as a consequence of screening of the charged surfactants
at the oil droplets interfaces. A denser cake layer might be easier to remove
as a whole, hence the increase in flux recovery at high ionic strengths. In lit-
erature, it was observed that larger particles and aggregates are indeed more
prone to detach from a cake layer [46]. The second explanation is that at
higher ionic strength, more surfactants are adsorbed to the droplet interface,
as discussed above. Upon flushing with pure water, the salt and surfactant
are diluted and removed from the cake layer, which can have a destabilizing
effect. However, because the initial concentration of surfactant was higher at
high ionic strengths, the droplets might stay stable for a longer period of time,
allowing for easier cleaning.



22

36 Chapter 2. Surfactant specific ionic strength effects

0

0.2

0.4

0.6

0.8

1

0 2 4 6 8

N
o

rm
al

iz
ed

 f
lu

x

Permeate volume (L)

10 mM

1 mM

100 mM

Figure 2.3: Flux decline of SDS stabilized emulsions at a crossflow velocity of 0.2
m/s and a transmembrane pressure of 1 bar. Error bars represent standard deviation
after duplicates.

The oil retention for SDS stabilized emulsions is between 90 and 95% for all
ionic strengths. High retentions were expected based on the theoretical critical
pressure (Eq. (2.6)) required to push an oil droplet through the membrane.
This was calculated on the basis of the data previously shown and it is for
all three ionic strengths predicted to be above the applied pressure of 1 bar.
This means that the small amount of oil found in the permeate is probably
made up of the smallest droplets present in the feed stream passing through
the largest pores in the membrane.

2.3.4 CTAB stabilized emulsions

The same experimental conditions were used to filter an emulsion containing
100 ppm oil, 346 mg/L CTAB and 1, 10 or 100 mM NaCl. The flux decline
upon filtration of CTAB-stabilized emulsions is plotted in Figure 2.4. It is
immediately apparent that the behavior is different from the results obtained
with SDS-stabilized emulsions. The flux decline is much lower for CTAB-
stabilized emulsions, reaching a value of 80 ± 2% for 1 mM NaCl, 84 ± 1% for
10 mM NaCl and 70 ± 10% for 100 mM NaCl after three hours of filtration.
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Salt concentra-
tion (mM)

Flux recovery
(%)

Oil retention
(%)

Critical pres-
sure (bar)

1 74 ± 8 93 ± 5 10.5
10 78 ± 5 94.5 ± 2.5 7.0
100 95 ± 8 90 ± 6 1.1

Table 2.1: Flux recovery, oil retention and critical pressure at 48 kg/h and 1 bar
TMP for SDS stabilized emulsions.The theoretical critical pressure was calculated
using Eq. (2.6), and data from section 2.3.1 and 2.3.2. The error margin on the flux
recovery is an approximation, as the membrane broke during cleaning after several
experiments.

The flux decline is gradual for all three ionic strengths and seems to approach
a steady value at the end of the filtration experiment.
The flux recovery of CTAB shows no clear trend with increasing ionic strength
(Table 2.2). The values measured for the different experiments vary quite
strong even for repetitions, suggesting that removal of this cake layer is sen-
sitive to slight variations in the experiments. We do see however, that at 100
mM NaCl, the flux recovery is high in all measurements. We also see, that for
this ionic strength the oil retention is very low as almost all oil passes through
the membrane. This means that there is simply not a lot of oil left on the feed
side to form a cake layer, possibly also allowing easier cleaning. When we cal-
culate the theoretical critical pressure required to push these CTAB-stabilized
oil droplets through the membrane, it is clear that only at 1 mM NaCl we are
above the critical pressure. At 10 and 100 mM NaCl, oil would be expected
to permeate through the membrane. While this is clearly the case for 100 mM
NaCl, the oil retention at 10 mM however is still 89%, despite being filtered
above the critical pressure. It seems that with the theoretical critical pressure,
as calculated with Eq. (2.6), we can explain the observed trends. At the same
time, it cannot perfectly predict at which ionic strength oil will permeate.

2.3.5 TX stabilized emulsions

The flux decline of emulsions stabilized with the nonionic surfactant TX at
three different salt concentrations is plotted in Figure 2.5. As expected, the
increase in ionic strength has little influence on the flux decline. After three
hours of filtration, the flux has decreased to 23 ± 1% for 1 mM NaCl, 30 ± 4%
for 10 mM NaCl and 26 ± 12% for 10 mM NaCl. The nonionic head groups
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Figure 2.4: Flux decline of CTAB stabilized emulsions at a crossflow velocity of 0.2
m/s and a transmembrane pressure of 1 bar. Error bars represent standard deviation
after duplicates.

Salt concentra-
tion(mM)

Flux recovery
(%)

Oil retention
(%)

Critical pres-
sure (bar)

1 90 ± 9 95 1.1
10 82 ± 10 89 0.2
100 91 ± 2 3 0.2

Table 2.2: Flux recovery, oil retention and critical pressure at 48 kg/h and 1 bar
TMP for CTAB stabilized emulsions.
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on the droplet surface do not give a surface charge, so there is no electrostatic
repulsion between the droplets. This leads to a dense cake layer and therefore
more resistance.
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Figure 2.5: Flux decline of TX stabilized emulsions

The flush recovery for the membrane after filtering TX-stabilized emulsion is
in all cases around 80% (Table 2.3). This indicates that there is a substantial
amount of irreversible fouling. This can be due to a cake layer that is hard to
remove, or the fouling takes place in the pores of the membrane in addition to
the formation of a cake layer on the surface. The oil retention for TX-stabilized
emulsion is below 80% for all ionic strengths (Table 2.3). The calculated
critical pressure is however higher than the applied pressure, suggesting that
oil passes through the pores by another mechanism. At sufficient high shear
forces, droplets can break up and pass through the membrane [44]. Since oil
can pass through the membrane and the flux recovery after forward and back
washing is relatively low, the irreversible fouling of the membrane might take
place primarily inside of the pores.

2.3.6 DDAPS stabilized emulsions

Finally, we studied the flux decline upon filtration of an emulsion stabilized
by the zwitterionic DDAPS. Surprisingly, this surfactant has not been studied
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Salt concentra-
tion (mM)

Flux recovery
(%)

Oil retention
(%)

Critical pres-
sure (bar)

1 78 ± 11 77 ± 1 3.8
10 80 ± 1 69 ± 4 4.6
100 79 ± 11 74 ± 12 4.5

Table 2.3: Flux recovery, oil retention and critical pressure at 48 kg/h and 1 bar
TMP for TX stabilized emulsions.

as much as the other three surfactants, while the anti-fouling properties at-
tributed to zwitterionic species might make it very relevant for this challenging
application. The head group of a zwitterionic surfactant has no net charge,
but a positively and a negatively charged moiety. Because of this, it is capable
of forming a hydrated layer around the head group. Therefore, we expect it
to have excellent antifouling properties, because hydrophobic interactions will
be hindered [47]. The flux decline of the membrane filtration experiment at
three different salt concentrations is given in Figure 2.6. The flux decline after
3 hours of filtration is 81 ± 7% for 1 mM NaCl, 97 ± 2% for 10 mM NaCl
and 95 ± 1% for 100 mM NaCl. Especially for the higher ionic strengths, the
flux decline is so low that either no cake layer forms on the surface, or the
cake layer is extremely open. We also noted that the flux decline decreased at
increasing ionic strength. This is is line with expectations, as we expect that
the stabilizing effect of DDAPS increases with increasing ionic strength [34].

The flux recovery after forward flushing and backwashing is given in Table ??.
For all ionic strengths the flux recovery is above 96%, which indicates excellent
cleanability. Since there was virtually no flux decline, there is probably not
a lot of fouling to remove. The oil retention for DDAPS stabilized emulsions
at CMC is also given in Table ??. The oil retention decreases with increasing
ionic strength, but it is not completely clear why. There is no evidence from
the interfacial tension data that the oil droplets become more deformable at
higher ionic strength, neither does the predicted critical pressure change.
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Figure 2.6: Flux decline of DDAPS stabilized emulsions

Salt concentra-
tion (mM)

Flux recovery
(%)

Oil retention
(%)

Critical pres-
sure (bar)

1 98 ± 2 78 ± 6 1.4
10 96 ± 1 70 ± 20 1.4
100 98 ± 2 44 ± 6 1.4

Table 2.4: Flux recovery, oil retention and critical pressure at 48 kg/h and 1 bar
TMP for DDAPS stabilized emulsions.

The low fouling propensity of the zwitterionic surfactants at high salt con-
centration is very promising, but the oil retention is much too low. For this
reason we further studied the effect of surfactant concentration on both flux
decline and oil retention. In Figure 2.7, we show flux decline curves for zwit-
terionic surfactant concentrations of 0.1, 0.2 and 1 times CMC at 100 mM
NaCl, while in Table 2.5 we show flux recovery and oil retention. Decreas-
ing the surfactant concentration to 0.2 CMC translates into a slightly higher
flux decline, but strongly increases the oil retention (85 ± 6%, Table 2.5). At
lower surfactant concentration the oil droplets are less deformable due to a
higher interfacial tension (10.5 and 14.1 mN/m respectively for 0.2 and 0.1
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Figure 2.7: Flux decline of DDAPS stabilized emulsions as a function of surfactant
concentration

times CMC). If we further lower the surfactant concentration to 1/10 CMC,
we observe no flux decline over the timescale of our experiment, retaining a
high oil retention (85%).

Surfactant
concentration
(CMC)

Flux recovery
(%)

Oil retention
(%)

Critical pres-
sure (bar)

0.1 100 ± 0 85 ± 0 8.1
0.2 99 ± 1 85 ± 6 6.0
1 98 ± 2 44 ± 6 1.4

Table 2.5: Flux recovery and oil retention at 48 kg/h and 1 bar TMP for DDAPS
stabilized emulsions.

2.4 Discussion
In the previous section, we showed results of the membrane filtration of
emulsions stabilized with four different surfactants and at 3 different ionic
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strengths. In our theory section (2.1.1), we stated that according to the DLVO
theory and the Kozeny-Carman term, we expect that charged surfactants
show a change in flux decline with increased ionic strength due to a changing
porosity of the cake layer. A higher ionic strength is expected to lead to a
lower porosity of the cake layer and thus a higher flux decline. For SDS,
an anionic surfactant, this effect was very pronounced, as at higher ionic
strength the flux decline was much more severe. For CTAB however, a
cationic surfactant, the effect was less pronounced. At higher ionic strength,
the oil permeation increased substantially, especially at 100 mM (only 3% oil
retention). With more oil permeating, less oil will remain as a fouling layer.
The oil permeating, especially at high ionic strength, is in line with the very
low interfacial tension (and thus low critical pressure) of CTAB stabilized
oil droplets. For surfactants without a head group charge, we expected
no or little effect of changing the ionic strength on membrane fouling and
flux decline. Indeed for the non-ionic surfactant TX and the zwitterionic
surfactant DDAPS, the observations in membrane filtration were different
from those observed for CTAB and SDS. Changing the ionic strength did not
have a large effect on the flux decline for both TX and DDAPS, although for
DDAPS the flux decline was lower at the higher ionic strengths. The extent
of flux decline, however, was very different for these surfactants. Whereas
TX stabilized emulsions showed a very strong flux decline, DDAPS stabilized
emulsions showed almost none. We propose that this has to do with the
different stabilizing mechanisms of the head groups. TX stabilizes by steric
hindrance by a long non-ionic head group. As this is a short range interaction
(compared to ionic interactions) this leads to a cake layer with a rather low
porosity and thus a high flux decline. DDAPS however is a zwitterionic
surfactant. The positive and negative moieties on the head group are capable
of forming a hydration layer around the oil droplets, providing a very strong
inter droplet repulsion. With very low flux declines, especially at higher ionic
strengths, it seems that the high repulsion is even able to prevent a cake
layer from forming. Such behaviour is in line with the excellent anti-fouling
properties normally attributed to zwitterionic headgroups and zwitterionic
polymers, especially at increasing ionic strength [33, 47]. Furthermore,
by tuning the surfactant concentration it is possible to achieve excellent
performance. At a low DDAPS concentration, 0.1 CMC, we observed no flux
decline and good oil retention (85%), even at high ionic strength.
As our results show, the type of surfactant can have a large influence on the
fouling potential of otherwise identical oil-in-water emulsions. Moreover, the
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effects of ionic strength are different, depending on the exact type and espe-
cially charge of the surfactant. Where charged surfactants stabilize emulsions
well because of their electrostatic repulsion, factors such as interfacial tension
or interactions with the membrane surface definitely play an important role
too in determining its appropriateness for membrane filtration and should be
considered in the choice of surfactant. Especially at high salt concentrations,
often found in produced waters, the use of charged surfactants can either
lead to more fouling or to the passing of oil through the membrane. Nonionic
surfactants, which are far less influenced by a high salt concentration, did
however also not show desirable behavior. Because of a lack of electrostatic
repulsion and their short range steric interactions the cake layer becomes far
too dense, leading to a high flux decline. The zwitterionic surfactant DDAPS
showed excellent performances due to its hydration layer, with no flux decline
and 85% oil retention at the highest ionic strength tested (100 mM) and at
0.1 CMC. The zwitterionic headgroup chemistry allows for such low fouling
performances while the higher interfacial tension, due to the lower surfactant
concentration, maybe responsible for the higher oil retention. These results
make DDAPS especially promising for successful treatment of oily waste
waters at high salinity, while they are also capable of replacing the surfactants
currently used for enhanced oil recovery [48].

2.5 Conclusion

In this work, we studied membrane fouling by artificial oily waste water for
four different surfactant types, all at varying ionic strength. In this way, we
demonstrate clearly that the effects of ionic strength on performance param-
eters such as flux decline, oil rejection and flux recovery after cleaning, are
strongly linked to the type of surfactant used. For the anionic SDS, oil is
retained well, but the flux decline is much stronger at higher ionic strength.
Prolonged filtration leads to the formation of a cake layer at the membrane
surface, as shown in previous works [23, 24, 29]. We hypothesise that, at
low ionic strength, strong electrostatic repulsion between SDS stabilized oil
droplets leads to the formation of an open cake layer and a relatively low flux
decline. But at higher ionic strength the electrostatic repulsion is reduced,
leading to denser cake layers and higher flux declines. For the cationic sur-
factant CTAB, much lower flux reductions are observed including a less pro-
nounced effect of the ionic strength compared to SDS. For CTAB the oil-water
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interfacial tension at high salt is so low, that the oil droplets can be pushed
through the membrane. While at 1 mM of NaCl, 95% of oil is retained, at 100
mM of NaCl, only 3% of oil is retained. For charged surfactants, a high ionic
strength can thus lead to denser cake layers, but can also lead to a drop in oil
retention. As expected, the effect of ionic strength for the non-ionic surfactant
TX, and the zwitterionic DDAPS, are small compared to the effects observed
for CTAB and SDS. Still the extend of fouling differs greatly. For TX the flux
decline is large (around 80% for all ionic strengths), while for DDAPS low flux
decline was observed, especially at higher ionic strengths (> 10 mM), with
no flux decline at 0.1 CMC and 100 mM NaCl. The highly hydrated nature
of the zwitterionic headgroup makes this surfactant type especially promising
for successful oily streams filtration. We see a bright future for zwitterionic
surfactants in enhanced oil recovery, but more study needs to be carried out.
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Abstract
During fossil oil extraction, a complex water stream known as produced water
(PW), is co-extracted. Membrane treatment makes PW re-use possible, but foul-
ing and oil permeation remain major challenges. In this work, membrane fouling
and oil retention of Synthetic PW stabilized with a cationic, anionic, zwitterionic
or nonionic surfactant, were studied at various surfactant and salt concentrations.
We discuss our results in the framework of the Young-Laplace (YL) equation,
which predicts for a given membrane, pressure and oil-membrane contact angle,
a critical interfacial tension (IFT) below which oil permeation should occur. We
observe such a transition from high to low oil retention with decreasing IFT for
the anionic (SDS), cationic (CTAB) and non-ionic (TX) surfactant, but at sig-
nificantly higher critical IFTs than predicted by YL. On the other side, for the
zwitterionic DDAPS we do not observe a drop in oil retention, even at the low-
est IFT. The discrepancy between our findings and the critical IFT predicted by
YL can be explained by the difference between the measured contact angle and
the effective contact angle at the wall of the membrane pores. This leads to a
surfactant-dependent critical IFT. Additionally, our results point out that zwitteri-
onic surfactants even at the lowest IFT did not present a critical IFT and exhibited
low fouling and low oil permeation. .
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3.1 Introduction

During the extraction of oil, for each volume of oil an average of three volumes
of water are co-extracted [1]. This water is known as produced water (PW).
It stems not only from natural well water, but also from water used to im-
prove the extraction [2]. With the ongoing population growth and increased
environmental stress, water treatment and re-use are becoming a necessity,
especially in areas where water is already scarce.

PW is a very challenging water stream to treat due to its variable composi-
tion. Salinity, oil concentration, pH, dispersed solids and many other factors,
may vary drastically from one location to another [3] and also change with
well lifetime. Surfactants, added during oil and gas extraction to increase oil
recovery from reservoirs, and to protect equipment (e.g. corrosion inhibitors),
pose a further challenge to PW treatment. Surfactants stabilize the oil-water
emulsion by creating smaller and more stable oil droplets (<10 µm), which
makes separation by conventional methods, such as hydrocyclones and dis-
solved air flotation, much harder. These droplets can, however, be removed
by membrane filtration [4].

Independent of the type, all membranes will eventually suffer from fouling
[5]. This can be due to scaling, biofilm growth or in the case of oil-in-water
emulsions, such as PW, the formation of an oil layer on top of the membrane
surface and in its pores [6]. Fouling results in a decreased permeability, which
in some cases may be hardly reversible. The type and extent of fouling depends
on the water characteristics, membrane type and operational conditions. Be-
cause of their chemical and temperature resistance, ceramic membranes can be
cleaned with much harsher chemicals and hot fluids, which can remove fouling
without affecting the chemical stability of the membrane. In particular, SiC
membranes are increasingly used in the treatment of oily waste waters [7–10].
The suitability of SiC as a membrane material is mainly based on its high
water permeability, due to its high porosity and hydrophilicity.

When using membranes for filtration of oil-in-water emulsions, surfactant
chemistry plays a crucial role in membrane fouling [11–13]. Surfactants not
only stabilize oil droplets in water by absorbing at the oil-water interface, but
subsequently they also determine the chemistry and charge of oil droplets. In
a recent work, we investigated the effect of surfactant type and ionic strength
on membrane fouling [14]. In particular, we found that the used surfactant is
crucial in determining the extend and type of membrane fouling, especially at
high ionic strengths. While fouling can be critical in determining the successful
application of membrane filtration, it can be clear that also the permeation
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of oil is such a critical parameter. Unfortunately, clear understanding of oil
permeation for the different surfactants and under different conditions is still
missing. Surfactants not only change the chemistry and charge of the oil
droplets but an added effect is that they low the oil-water interfacial tension
(IFT), which allows oil droplets to be more deformable and easily squeeze
through the membrane pores. In this work, we use ionic strength, surfactant
type and concentration to control and manipulate the IFT. This approach
allows us to study the IFT influence on oil permeation through the pores of
the membrane during the filtration of oil-in-water emulsions, such as PW.
We compare and discuss our results in the framework of the Young-Laplace
equation, which predicts, for a given pressure and membrane, a critical IFT
below which oil permeation occurs.

3.1.1 Theory

In membrane fouling by oil-in-water emulsions, the interactions that take place
at the oil-water-membrane interface(s) play a crucial role. Due to these in-
teractions, the oil can adhere to the membrane surface, determining different
degrees of fouling. Hydrophilic surfaces are less prone to fouling by organic
compounds because the hydrophilic surface is covered by a thin layer of water
molecules loosely bound by hydrogen bonding [12]. A good indication of the
hydrophilicity of a membrane is given by the contact angle θ between the water
phase and the membrane surface. This is described by Young’s equation,

γom = γwm + γow cos θ, (3.1)

where γom (mN/m) is the oil-membrane interfacial tension, γwm (mN/m) the
water-membrane interfacial tension and γow (mN/m) the oil-water interfacial
tension. Young’s equation is, however, based on the assumption that the
surface is smooth, clean and that no chemical reactions take place.

In the case of oil-in-water emulsions stabilized with surfactants, the amount
of surfactants adsorbed at the oil-water interface affects the IFT. A measure
of the amount of moles of surfactant per droplet surface area is given by the
surface excess Γ (mol/m2), described as

Γ = − 1

RT

∂γow
∂lnC , (3.2)

where R is the ideal gas constant, T the absolute temperature, C (mol/m3)
the surfactant concentration. This equation comes from the Gibbs adsorption
isotherm and Γ is roughly equal to the areal concentration of the surfactants
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at the oil-water interface. However, this is true for relatively high surfactant
concentrations in the bulk.

From Equation (3.2), we can see that an increase in surfactant concentration
leads to lower IFT, and thus an increase in oil droplet deformability. This is
very relevant to the case of an oil droplet permeating through a membrane
pore. Effectively, oil droplets require less energy to change their shape and to
squeeze through pores smaller than the droplet size compared to a situation
where less or no surfactant is used. The pressure at which the droplets go into
and through the pores is the so-called critical entry pressure (Pcr, bar) [15].
It can be calculated with the Young-Laplace (YL) equation,

Pcr = −γowcp cos θ
Ap

, (3.3)

with cp (m) being the circumference of the pore, Ap (m2) the surface area of
the pore and θ (◦) the contact angle of the oil droplet with the membrane.
The presence of surfactants can affect the contact angle, since surfactants may
adsorb at the membrane-liquid interface and change the oil-membrane interac-
tion. Equation (3.3) is valid for a liquid layer, i.e. for a oil droplet-membrane
interface where the size of the membrane pore is very small compared with
the droplet size. Since the ratio of the droplet and membrane pore size is in
our case very large (>10), no correction is needed for Eq. (3.3) [16].

We performed all experiments at constant transmembrane pressure (∆P =
0.1 bar). Therefore, we can rewrite Equation (3.3) and we can calculate a
critical interfacial tension γcr for our membrane, as a function of the contact
angle θ between the oil droplet and the membrane in water

γcr = − Ap∆P

cp cos θ
. (3.4)

If the interfacial tension is the dominant parameter influencing oil retention,
we expect oil permeation at or below γcr.

3.2 Experimental Section

3.2.1 Materials

For the preparation of synthetic PWs, we used DI water, sodium dodecyl sul-
fate (SDS, anionic, Sigma Aldrich, ACS reagent, 99.0%), hexadecyltrimethy-
lammonium bromide (CTAB, cationic, Sigma Aldrich, for molecular biology,
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99%), Triton ™ X-100 (TX, nonionic, Sigma Aldrich, laboratory grade), N-
dodecyl-N,N-dimethyl-3-ammonio-1-propanesulfonate (DDAPS, zwitterionic,
97.0% (dried material, CHN)), n-hexadecane (Merck Schuchardt 99.0%) as
the oil, Coumarin 6/ Neeliglow Yellow 196 (Neelikon) as fluorescent dye, and
sodium chloride (NaCl, VWR, 100%). The membrane is a CoMem© asymmet-
ric silicon carbide (SiC) membrane of which characteristics are given in table
3.1. All chemicals were used without further purification steps.

Carrier material Silicon carbide (SiC)
Selective membrane material Silicon carbide (SiC)
Channels 31
Single channel diameter 3 mm
Membrane area 0.09 m2

Nominal pore size 150 nm*
Typical flux at 25◦C at 1 bar (non-fouled) 3000 Lm−2h−1

Table 3.1: CoMem© asymmetric silicon carbide (SiC) ultrafiltration membrane char-
acteristics. *Pore size analysis reported in Appendix A.

3.2.2 Emulsion preparation and characterization

We prepared artificial produced water emulsions following the protocol of our
previous work [14]. PW is an oil-in-water emulsion, where the oily phase is
dispersed in the aqueous phase, stabilized by corrosion inhibitors, biocides and
extraction enhancers, which act as surfactants [12]. For this reason, we made
each synthetic produced water by dispersing oil droplets of n-hexadecane in
water using surfactants as stabilizers.

Since PW is a complex stream, it can be difficult to mimic. Usually an-
ionic surfactants (such as SDS) or blends of different surfactants are used in
enhanced oil recovery (EOR) to achieve a low IFT and therefore improve the
extraction of oil from the well [17]. But surfactants are present in PW also as
corrosion inhibitors and biocides and even as natural surfactants. This com-
plex mixture of surfactants would not allow a more fundamental study of PW
as proposed in this work. For this reason, rather than using mixtures of sur-
factants, in our work we make artificial PW with a single surfactant. While
the zwitterionic surfactant (DDAPS) that we use in our study was less ex-
plored, all the other surfactants selected (SDS, CTAB and TX) are commonly
employed as model surfactants to mimic PW [17–19].
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To detect the amount of oil that permeates through the membrane, we
added a fluorescent dye to n-hexadecane. As fluorescent dyes bleach over
time, we prepared the colored oil freshly before each experiment. We first put
approximately 5 mg of the dye powder in a test tube together with 8 mL of
n-hexadecane, later we placed the tube in an ultrasonic bath for 10 minutes.
Afterwards, we filtered the oil with a Millipore 0.45 µm filter to remove any
remaining solid particles.

To ensure all emulsions have the same characteristics, we prepared a stock
emulsion, which we then further diluted to obtain the desired salt (1, 10 or
100 mM) and surfactant concentration. The surfactant concentrations were
all chosen to be 0.1, 0.2 and 1 times the critical micelle concentration (CMC)
value in absence of salt. We prepared the stock emulsions by dissolving a
surfactant (239.1, 478.2 or 2391 mg/L SDS; 34.6, 69.2 or 346 mg/L CTAB;
14.4, 28.8 or 144 mg/L TX; 100.6, 201.2 or 1006 mg/L DDAPS) in 1 L of
DI water in a Duran® bottle (Duran 21801545) by mixing with a dispersing
mixer (IKA® T25 digital Ultra-Turrax with S25N 18G element) for 4 minutes
at 14,000 rpm. Then, we injected 2 g of colored oil near the mixer head and
mixed for 10 minutes at 14,000 rpm. For the filtration experiment, we diluted
the prepared 1 L of emulsion with DI water in a 20 L tank in order to end up
with a 100 ppm n-hexadecane solution and the desired surfactant and NaCl
concentration. This method is proven to make emulsions with a mean droplet
size of 5 µm and distributed between 1 and 9 µm [14]. In this work no zeta
potentials were obtained of the emulsions. For similar surfactant concentra-
tions and ionic strength, oil-in-water emulsions are known to be strongly neg-
atively charged for SDS (zeta potentials of -110 to -120 mV [20, 21]), strongly
positively charged for CTAB (∼+85 mV [21, 22]), slightly negative for TX
(from -20 to -5 mV [23]) and negatively charged for DDAPS (from -35 to -45
mV [24]). SiC membranes are known to be strongly negatively charged (zeta
potentials of -20 to -35 mV [11, 25]) at neutral pH, at which all experiments
were performed .

3.2.3 Membrane filtration

Filtration experiments were performed by using an OSMO-inspector cross flow
membrane filtration system supplied by Convergence. The feed, permeate and
concentrate flows are measured by Bronkhorst M15 mass flow meters. The
emulsion is continuously stirred to minimize any creaming which was aided
by recycling of the concentrate and permeate back into the 20 L feed bottle.
Before each experiment the clean water flux was measured. The cleaning of the
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ceramic membrane is done with acid and base and extensive DI water flushing.
Each experiment is performed at least twice and all data points are reported.
A membrane filtration experiment consisted of filtering for 3 hours at a ∆P of
0.1 bar and a flow rate of 60 kg/h, which corresponds to a crossflow velocity
(CFV) of 7.6 cm/s (Re∼230). The SiC membranes that we used have a really
high permeate flux/bar (3000 LMH/bar) and for this reason a relatively low
pressure, such as 0.1 bar, already provides a high flux. The flux is the most
relevant factor in fouling as it determines the transport of foulants towards
the membrane surface. The permeability was constantly monitored. The low
CFV (7.6 cm/s) was chosen to stimulate fouling, allowing for efficient fouling
experiments. In a real PW treatment process, one would choose a higher CFV
to allow shear to reduce and slow down membrane fouling.

3.2.4 Permeate analysis

We measured the oil retention by using a fluorescent dye method already
reported in previous works [6, 14]. The oil retention R (%) is defined as

R = 1− Cp

Cf
(3.5)

where Cp and Cf are the oil concentrations (ppm) in the permeate and the
feed respectively. Therefore, we took a feed and permeate sample at the same
time and used those for analysis. We used the feed with fluorescent oil to
make a calibration line. Subsequently we measured the fluorescence of the
permeate on the same sample plate and determine the oil concentration in
the permeate using the calibration line. We measured the fluorescence of the
samples in a Perkin Elmer Victor3 Multilabel Plate Reader, using a protocol
for Fluorescein (465 nm/510 nm, 1.0 s). The dilutions for the calibration line
and permeate were injected in threefold in a 96-hole well plate. The volume
of liquid in one hole was 200 µL. We took a permeate sample every 30 min
during a filtration experiment.

3.2.5 Cleanability

The ability to clean membranes, called cleanability (CA), is given by:

CA =
JAC

J0
(3.6)

where JAC (LMH/bar) is the permeability after cleaning and J0 the perme-
ability of a completely clean membrane. Since pressure can slightly change
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during the experiments the fluxes are corrected with the actual trans mem-
brane pressure, giving the membrane permeability (LMH/bar).

We determined two different cleanabilities. The first one, water cleanability,
is based on the water flux after 15 min forward flushing (∆P = 0.5 bar), 15
min backwashing and 15 min forward flushing (∆P = 0.5 bar), all with DI
water. The second one, chemical cleanability, is instead based on the flux after
the procedure that follows. The membrane was first flushed for 30 min with
a 15 g/L NaOH solution at 85◦C and ∆P = 0.5 bar, then for 30 min with DI
water at room temperature and ∆P = 0.5 bar, later backwashed for 30 min
with DI water at room temperature, and finally flushed again for 30 min with
DI water at room temperature and ∆P = 0.5 bar. This procedure was then
repeated but starting with a 15 min membrane flush with a 10 mL/L HNO3
solution at 50◦C and ∆P = 0.5 bar, instead of NaOH solution flush.

Before starting a new experiment, we made sure the water permeability was
the same as the clean membrane water permeability (CWP). If the flux, after
the cleaning procedures reported above, differed from the CWP, the mem-
brane module was opened and the membrane cleaned with abundant water,
pressurized air and ethanol, until the initial CWP was recovered.

3.2.6 Contact angle and interfacial tension measurements

Both types of measurements were performed on a contact angle and contour
analysis instrument (Dataphysics OCA 35). The contact angle measurements
were performed in captive bubble mode, where a droplet of colored hexadecane
is captured under a SiC membrane slice in the aqueous solution with the de-
sired surfactant concentration and salt. The interfacial tension measurements
were instead performed with the pendant droplet technique, where a droplet of
solution, made of water, salt and surfactant, was suspended in n-hexadecane
from a stainless steel needle of 1.65 mm in diameter, which directly acted as
a scale bar for the calculations. Image analysis of the droplet shapes for both
contact angle and interfacial tension were performed with the apparatus soft-
ware, which makes use of Young-Laplace fitting. For each type of synthetic
PW the measurement was taken at least 5 times.

3.3 Results and Discussion

In this section, we first discuss the effect of surfactant concentration and ionic
strength on the IFT and oil-membrane contact angle. Subsequently, we discuss
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membrane performance regarding flux decline over time and oil retention per
surfactant type. We finally discuss our results in the framework of the YL
equation, where interfacial tension and contact angle can be used to predict
the degree of oil-permeation.

3.3.1 Interfacial tension

As discussed in the theory section, the interfacial tension is seen as a key
parameter in oil permeation, since it affects the deformability of oil droplets,
and thus their potential to squeeze through membrane pores. Different kinds
of synthetic PW were prepared in order to study the effect of surfactant type,
surfactant concentration and ionic strength. All these parameters influence
the interfacial tension at the hexadecane-water interface, albeit not to the
same extend for all surfactants. The NaCl concentrations used are 1, 10 and
100 mM, while the surfactant concentrations used are 0.1, 0.2 and 1 times
CMC. In Figure 3.1A we show the effect of surfactant concentration on the
interfacial tension, while in Figure 3.1B we show the effect of ionic strength.
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Figure 3.1: Interfacial tension as a function of surfactant concentration (A) at 1
mM NaCl and ionic strength (B) for CTAB (69.2 mg/L, 0.2 CMC), SDS (2391 mg/L,
CMC), DDAPS (201.2 mg/L, 0.2 CMC) and TX (144 mg/L, CMC) . With CMC
(2391 mg/L for SDS, 346 mg/L for CTAB, 144 mg/L for TX and 1006 mg/L for
DDAPS) we indicate the surfactant critical micelle concentration in absence of salt.
Symbols represent data points, while lines are based on Eq (2). Error bars were
smaller than the markers (standard deviation (SD) ≤ 0.6 mN/m, and are for that
reason not shown). All the experiments were performed 5 times.
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From Figure 3.1A, we can clearly see that the IFT for SDS is higher than
CTAB and DDAPS, whose IFTs are instead quite similar. Therefore, CTAB
and DDAPS allow for more deformable oil droplets. From Figure 3.1A it
is possible to calculate the slope ( ∂γ

∂lnC ), which is normally used to calculate
the surface excess Γ, as described by Equation (3.2). The surface excess Γ
is defined as the concentration of surfactant molecules at the interface plane,
relative to that at a similar plane in the bulk [26]. For the three surfactants,
for which the surfactant concentration was changed, namely CTAB, SDS and
DDAPS, we calculated this slope, i.e. the effect of surfactant concentration on
IFT. The surface excess Γ was estimated to be 1.9 µmol·m−2, 2.8 µmol·m−2

and 2.3 µmol·m−2, respectively for CTAB, SDS and DDAPS at CMC.
Next to the effect of surfactant concentration, there is the effect of ionic

strength. CTAB has a positive hydrophilic head group while SDS has a nega-
tive one. DDAPS has a zwitterionic head group with no net charge, while TX
has a nonionic headgroup. As a consequence, the only surfactants for which
the IFT is visibly affected by ionic strength are the ones with a net charge, i.e.
SDS and CTAB. The lowering of the interfacial tension with ionic strength in
this salt concentration range was already reported in previous studies and it
is due to the effect of charge screening, reducing the repulsion between the hy-
drophilic heads of SDS or CTAB increasing the amount of surfactant molecules
adsorbed at the oil-water interface [14, 27–29].

3.3.2 Contact angle

The contact angle was obtained from a droplet of colored hexadecane trapped
under a SiC membrane in a cuvette filled with the aqueous phase, at the desired
surfactant concentration and ionic strength. Contact angle plays a crucial role
in oil permeation. A lower value of oil-membrane contact angle translates into
lower required pressure to push the oil droplet through the membrane, see
YL (Equation (3.3)). The results of contact angle measurements are shown
in Figure 3.2. For all surfactants and ionic strenghts, there is a rather high
contact angle (>130◦), here indicating a rather hydrophilic surface and thus
little spreading of the hydrophobic oil droplet. This suggests that rather low
IFTs are required for oil to squeeze through the membrane pores. However,
the contact angle we measured proves only the colloidal interactions that occur
at the outer surface of the membranes. However, since the surface chemistry
of the SiC membrane outer surface is the same as that of its pores we do not
expect a big discrepancy between macroscopic contact angle and pore inte-
rior contact angle. For CTAB we see a slightly decreasing contact angle at
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Figure 3.2: Contact angle of oil on a slice of SiC membrane in water solution as
a function of surfactant concentration (A) at 1 mM NaCl and ionic strength (B) for
CTAB (69.2 mg/L, 0.2 CMC), SDS (2391 mg/L, CMC), DDAPS (201.2 mg/L, 0.2
CMC) and TX (144 mg/L, CMC). With CMC (2391 mg/L for SDS, 346 mg/L for
CTAB, 144 mg/L for TX and 1006 mg/L for DDAPS) we indicate the surfactant
critical micelle concentration in absence of salt. All the experiments were performed
5 times.

increasing surfactant concentration (from 144◦±6 to 136◦±5) and a slightly
increasing contact angle at increasing ionic strength (from 142◦±3 to 156◦±5).
For SDS, the contact angles slightly increase with increasing surfactant con-
centration (from 157◦±4 to 173◦±7), while it slightly decrease at high ionic
strength (from 173◦±7 to 159◦±3). For TX, we do observe little influence on
the contact angle at increasing ionic strength. The contact angle is 150◦±9 at
1 mM, 172◦±8 at 10 mM and 172◦±7 at 100 mM. This is confirmed by a pre-
vious study, where wettability of charged surfaces was found to increase with
ionic strength [30]. However, here the change is little. For DDAPS at 0.1 CMC
contact angle was lower than for all the other surfactants (106◦±23). With
increasing surfactant concentration the contact angle reached similar values
to the other surfactants. No clear effect of ionic strength was observed for
DDAPS. Overall, the surfactants seem to have little effect on contact angle,
and in all cases it remains rather high. This suggests that rather low IFTs are
required for oil to permeate the membrane.
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3.3.3 CTAB stabilized emulsions

In Figure 3.3, we show the results of fouling studies with emulsions stabilized
by the positively charged CTAB. In Figure 3.3A and Figure 3.3B, normalized
flux decline curves, and average oil retentions, are displayed as a function of
the surfactant concentration and ionic strength, respectively. The respective
oil retentions as a function of permeate volume are shown in Appendix A
(Figure S5).

CTAB shows a high flux decline for all three surfactant concentration and
ionic strengths, as shown in Figure 3.3A and Figure 3.3B. We can explain
this behavior by looking at the electrostatic attraction between the negatively
charged membrane, based on SiC [11], and the positively charged oil droplets
(zeta potential of SiC membrane and CTAB emulsions described in Experi-
mental Section (3.2.2)). This allows severe fouling to build up with limited
influence of surfactant concentration and ionic strength. The flux decline is
expected to stem from pore blocking, since we do not observe a strong influ-
ence of surfactant concentration and ionic strength that would be the main
actors of a change in the cake layer resistance [14].

For the oil permeation however, we do see a very strong effect of concentra-
tion and ionic strength. At the lower surfactant concentrations we observe a
stable high oil retention, but this drops to nearly 15% at the CMC. The same
is observed for the ionic strength, high and stable retentions at 1 and 10 mM
NaCl, but very low retentions at 100 mM. This sharp transition between high
and low oil retention is very much in line with the predictions of YL equation
(Equation (3.5)), where oil permeation can occur below a critical interfacial
tension. Both increasing the ionic strength, and increasing the surfactant con-
centration leads to a lower IFT (see figure 3.2). As shown in Appendix A
(Figure A.5B and A.5D), the PWs with the lowest interfacial tensions, 0.2
CMC at 100 mM NaCl and CMC at 1 mM show almost no oil retention (from
0 to ∼10%) during filtration. This maybe caused by their low interfacial ten-
sions, respectively 1.47 and 0.94 mN/m. This will be discussed in more detail
in section 3.3.7.

3.3.4 SDS stabilized emulsions

In Figure 3.4, we show the results for the emulsions stabilized with negatively
charged SDS.

For SDS both the effect of the electrostatic interactions and the interfacial
tension are clearly visible in Figure 3.4A. First of all, the decrease in oil reten-
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Figure 3.3: Flux decline of CTAB stabilized emulsions and average oil retention
at a crossflow velocity of 7.6 cm/s and a transmembrane pressure of 0.1 bar. Flux
decline and average oil retention (A) as a function of surfactant concentration at 1
mM NaCl and (B) ionic strength at 0.2 CMC (69.2 mg/L CTAB). CMC = 346 mg/L
is the critical micelle concentration for CTAB in absence of salt. All the experiments
were performed in duplicate, as shown.
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and average oil retention (A) as a function of surfactant concentration at 1 mM NaCl
and (B) ionic strength at CMC (2391 mg/L SDS). CMC = 2391 mg/L is the critical
micelle concentration for SDS in absence of salt. All the experiments were performed
in duplicate, as shown.
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tion follows the trend of the decrease in interfacial tension, as suggested by the
YL equation. This even leads to nearly 0 retention at the CMC. Increasing
SDS concentration from 0.1 and 0.2 to 1 time CMC, flux decline becomes less
severe, probably due to the high oil permeation. Oil rather than accumulat-
ing at the membrane surface and in its pores, goes through the membrane,
leading to less fouling. Furthermore, for this type of surfactant, the oil does
not strongly adhere to the membrane surface, thus it does not cause a big
flux decline and pore blocking, as observed for CTAB even at CMC. While
for CTAB we observe a severe flux decline at CMC it does not occur for SDS
stabilized emulsions at CMC. This effect may be related to the surface chem-
istry and charge of the surfactant. Since both membrane (SiC) and SDS are
negatively charged (see SiC membrane and SDS emulsions zeta potential in
Experimental Section (3.2.2)), the electrostatic interactions that take place at
the oil-membrane interface are expected to reduce the oil adhesion.

In Figure 3.4B we show the effect of ionic strength over fouling and average
oil retention. In particular, we can see that there is no almost oil retention at
all ionic strengths. The experiments are performed at CMC (value in absence
of salt) and supposedly, below the critical interfacial tension for SDS . The
ionic strength however has only a small effect on the flux decline. This decrease
in flux decline with increasing ionic strength can be caused by a decrease in
interfacial tension, which we displayed in Figure 3.1B. Indeed, at lower IFT
we expect a lower degree of pore blocking, since it becomes easier at low IFTs
to push the oil through the membrane. We expect the interfacial tensions
to be dominant since the increased charge screening would suggest a denser
cake layer, leading to an increase flux decline, which is opposite to our results.
Dickhout et al. showed the effect of increased ionic strength at lower SDS
concentrations, roughly 0.2 CMC, and found an increase in cake layer density
though [27]. In our case, the lower interfacial tension makes the oil droplets
more deformable and thus easier to squeeze through the membrane, reducing
the build up of oil at the membrane surface.

3.3.5 DDAPS stabilized emulsions

In Figure 3.5, we show the results for emulsions stabilized by the zwitterionic
DDAPS. The most striking result from Figure 3.5A is the relatively low flux de-
cline for all concentrations of DDAPS, compared to the flux declined of CTAB
(Figure 3.3A and 3.3B) and SDS (Figure 3.4A). Furthermore, oil retention is
relatively high. From Figure 3.5B we can conclude that ionic strength has an
effect on the flux decline, albeit not as clear as for the other ionic surfactants.
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Figure 3.5: Flux decline of DDAPS stabilized emulsions and average oil retention at
a crossflow velocity of 7.6 cm/s and a transmembrane pressure of 0.1 bar. Flux decline
and average oil retention (A) as a function of surfactant concentration at 1 mM NaCl
and (B) ionic strength at 0.2 CMC (201.2 mg/L DDAPS). CMC = 1006 mg/L is the
critical micelle concentration for DDAPS in absence of salt. All the experiments were
performed in duplicate, as shown.
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Figure 3.5C also suggests that there is an optimal ionic strength, 10 mM, at
which flux decline is minimized. Oil retention, in contrast to flux decline, does
not suffer from any ionic strength related effect and is above 85%, even at the
highest ionic strength (100 mM). In contrast to SDS and CTAB, it seems that
for DDAPS the critical interfacial tension has not been reached under these
conditions.

The excellent hydration of sulfobetaines, such as DDAPS, was already in-
vestigated in other studies and showed that almost no rearranging of wa-
ter molecules was caused by dissolving these zwitterionic molecules [31–34].
Furthermore, for zwitterionic surfactants, in contrast with ionic surfactants,
there is no counter ion release, which makes it energetically unfavorable for
the DDAPS stabilized oil droplet to adsorb on the charged membrane surface
[34]. DDAPS, thanks to its hydration properties, reduces the adhesion of the
oil droplets at the membrane surface and even at higher ionic strengths avoids
oil permeation. However, flux decline is more severe at 100 mM NaCl.

3.3.6 TX stabilized emulsions

In Figure 3.6, we show the results for the nonionic TX. Here only the ionic
strength experiments were performed.

The flux decline results are in close correspondence with those of Dickhout
et al [14]. Relatively high flux decline, is observed for all ionic strengths. The
lack of electrostatic repulsion between the droplets and the membrane, but
also between the droplets themselves, causes the rapid formation of a dense
cake layer. If droplets adhere at the membrane surface the pore blocking also
increases. Since the surfactant is not charged, no salt concentration effects
were expected. Still, we do observe a clear effect of the ionic strength on the
oil retention. In addition, the membrane seems to behave differently at high
ionic strength, showing an increased oil permeation with increasing permeate
volumes (SI, Figure S8B). In Figure 3.2 we did observe a small change in IFT
for higher ionic strengths, even for the non-ionic TX. It could be that this
small change is sufficient to get in IFT values below the critical one. This
maybe a reason why here retention drastically changes over time.

3.3.7 Critical interfacial tension, surface chemistry and clean-
ability

In the previous sections, we discussed the effect of surfactant concentration
and ionic strength for each type of surfactant. In Figure 3.7, we show oil
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Figure 3.6: Flux decline of TX stabilized emulsions and average oil retention at a
crossflow velocity of 7.6 cm/s and a transmembrane pressure of 0.1 bar as a function
of ionic strength at CMC (144 mg/L TX). CMC = 144 mg/L is the critical micelle
concentration for TX in absence of salt. All the experiments were performed in
duplicate, as shown.

retention as a function of IFT for all data collected at different surfactant
concentration and ionic strength .

We predicted the critical interfacial tension γcr by using Equation (3.5),
assuming contact angles of 130◦ ≤ θ ≤150◦ (see Figure 3.2) and we found a
γcr of 0.37 mN/m≤ γcr ≤0.58 mN/m. Based on these calculations we predict a
high oil retention for IFT values higher than 0.58 mN/m and low oil retentions
below 0.37 mN/m. However, the predicted critical IFT γcr is very low and all
the emulsions tested in this study have a higher IFT. Still, for CTAB, SDS
and TX (see Figure 3.7) we observed a clear transition from high to low oil
retention with decreasing IFT. These experimentally observed critical IFTs
are larger than the predicted one, with a critical IFT value specific to that
surfactant. For CTAB, the oil retention drops for IFT values 3 times higher
than the predicted critical value, while for SDS, the oil retention drops at IFT
values almost 40 times higher than predicted. For the nonionic TX we observe
a drop in oil retention from low to high ionic strengths at IFT∼8 mN/m, value
15 times higher than predicted. On the other hand, the zwitterionic DDAPS
was the only surfactant that did not show a critical IFT, even at the lowest
IFT. If the IFT was the only responsible for oil permeation, we should expect
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no differences between oil retentions of different surfactant at similar IFT.
Conversely, in Figure 3.7 we do observe several data points with similar IFT
but with highly different oil retention.

One would expect that the YL equation (Eq. (3.3)) would not lead to exact
predictions for oil breakthrough, but such a big difference was unexpected.
As shown in the Experimental Section, we performed contact angle measure-
ments by injecting small droplets of oil under the exact same SiC membrane
used in our filtration experiments. In addition, the contact angle measure-
ments were performed in the presence of surfactant and salt, at exactly the
same concentrations used in our filtration tests. Therefore, our experiments
took into account adsorption of surfactants at the membrane-interface as well
as surfactants adsorption at the oil-water interface. Still the very large dis-
crepancy between our findings and the predicted critical IFT clearly indicates
a substantial difference between the measured macroscopic contact angle and
the effective contact angle at the wall of the membrane pores [15, 35, 36]. This
difference would also allow the surfactant-dependent critical IFT as observed
by us.
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Figure 3.7: Oil retention of CTAB, SDS, DDAPS and TX stabilized emulsions as a
function of IFT at a crossflow velocity of 7.6 cm/s and a transmembrane pressure of
0.1 bar. All the experiments were performed in duplicate, as shown.
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In Figure 3.8, we show membrane water cleanability and chemical cleanabil-
ity, as defined in section 3.2.5, as a function of surfactant concentration and
ionic strength. For all the surfactants, the water cleanability slightly decreases
by increasing surfactant concentration from 0.1 to 0.2 times CMC, while it in-
creases from 0.2 to 1 times CMC (see Figure 3.8A). SDS and DDAPS present
a really good water cleanability, probably due to their surface chemistry (zeta
potential of these emulsions are described in the Experimental Section (3.2.2)).
SDS is negatively charged as the SiC membrane, while DDAPS has a zwit-
terionic chemistry, well known for its anti-fouling properties [31]. Conversely,
CTAB is positively charged , and may strongly interact with the negative SiC
membrane (see zeta potential of CTAB emulsions and SiC membrane in Ex-
perimental Section (3.2.2)), resulting in poor water cleanability even at the
lowest surfactant concentrations. These results are confirmed by adsorption
studies of surfactants on model silica surfaces, which have a comparable sur-
face chemistry to SiC [6, 37].

In figure 3.8B, we show the effect of ionic strength on water cleanability.
SDS presents 100% flux recovery after cleaning with DI water, at all ionic
strengths. For CTAB and TX we observe an increase in water cleanability as
a function of ionic strength, while no clear trend is observed for DDAPS.

In Figure 3.8C and 3.8D, we show the effect of chemical cleaning, with acid
and base as described in section 3.2.5, as a function of surfactant concentration
and ionic strength, respectively. We can clearly see that chemical cleaning
helps in recovering almost 100% of the original flux for all the surfactants
tested, with exception for CTAB. CTAB fouls the worst and this fouling seems
difficult to remove.

The downside of the combination of a charged membrane and a charged sur-
factant is that ionic surfactants are influenced dramatically by ionic strength
increases. This effect is shown by the poor oil retentions of CTAB and SDS
at high ionic strength and at CMC, and it is also extensively described in lit-
erature [38], where it is shown that the added salt reduces interfacial tension
and screens the electrostatic interactions. These effects become evident at the
ionic strengths we adopted. Real PW can have even higher ionic strengths
(up to 3000 mM [39]) and therefore fouling, and oil permeation, can be worse.
Such high ionic strengths lead to several issues, such as fast coalescence of oil
droplets and surfactant precipitation, also in real PW. For this reason, and in
order to study oil permeation and fouling from a fundamental point of view,
in this work we only focus on ionic strengths up to 100 mM. Nonionic surfac-
tants like TX do not show the same dependency on ionic strength but at the
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same time lack of electrostatic repulsion all together, showing very high flux
declines probably due to denser cake layers. Even though the ionic strength
does not have the same influence on TX, as with charged surfactants, it is still
capable to reduce the oil retention.

Out of the four surfactants used, our results show that DDAPS is the most
promising. At the investigated experimental conditions, DDAPS shows excel-
lent retention and maintains a high flux, although it is influenced by a ionic
strength increase. This is proved by the increased flux decline at 100 mM
NaCl, while switching from 1 to 10 mM we have a lower flux decline. DDAPS
gives high flux and high oil retention even at low surfactant concentrations.
From a membrane treatment perspective, these results imply that zwitterionic
surfactants offer the best characteristics for surfactant based oil recovery.

3.4 Conclusions

In this work, by tuning ionic strength and surfactant concentration of our PW,
we controlled the oil-water interfacial tension and investigated its influence on
oil breakthrough for a SiC CoMem© membrane. For this, we used synthetic
PW, consisting of n-hexadecane stabilized by cationic CTAB, anionic SDS,
zwitterionic DDAPS or nonionic TX. Surfactant concentrations studied were
0.1, 0.2 and 1 times CMC, while ionic strengths were 1, 10 and 100 mM NaCl.
We discuss our results in the framework of the Young-Laplace equation, which
predicts for a given membrane and pressure, a critical interfacial tension γcr
below which oil permeation should occur. We observe such a transition from
high to low oil retention with decreasing IFT for the anionic, cationic and non-
ionic surfactant, but with significantly higher critical IFTs then predicted. For
the cationic CTAB, our membrane is performing less well, since oil retention
drops for IFT values 3 times higher than the critical one. For the anionic SDS,
the oil retention drops for IFT values almost 40 times higher than expected.
For the nonionic TX we observe a relative drop in oil retention with increasing
ionic strength for IFT values 15 times higher than predicted. On the other
hand, the zwitterionic DDAPS was the only surfactant that did not show a
critical IFT, even at the lowest IFT. We propose that our simple contact angle
measurements do not take into account the complex interactions that occur
at the wall of the membrane pores. These surfactants may play a crucial role,
and as a consequence, at the pore wall we must expect a contact angle that
is different from the one we measured. We can conclude that surfactants sta-
bilized O/W emulsions have a critical IFT highly dependent on the type of
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surfactant used. Additionally, our results point out that zwitterionic surfac-
tants, that even at the lowest IFT did not present a critical IFT, are highly
interesting for future studies and applications.
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Abstract
Membrane filtration is a powerful method to remove oil from stable oil-in-water
emulsions. This is especially attractive for the field of produced water (PW)
treatment, where a complex water stream from the Oil&Gas industry, containing
dispersed oil, surface-active components and salts, needs to be treated to meet
strict environmental standards. Due to the complexity of this emulsion, the ex-
isting literature is still missing a mathematical tool that can describe the fouling
in a fully quantitative manner on the basis of relevant fouling mechanisms. Such
a model would benefit PW treatment with membranes by offering insight in the
fouling mechanism, thereby providing clear directions to mitigate fouling. In this
work, we present a quantitative model that describes cake layer formation and pore
blocking for the typical situation where emulsion oil droplets are much larger than
the membrane pore size. Here the degree of pore blocking is determined by the
membrane contact angle and the resulting surface coverage, while the cake layer
is described by a mass balance and a cake erosion flux. The model is validated
by comparison to experimental data from previous works [1, 2] where membrane
type, surfactant type and salinity were varied. Most input parameters could be
directly taken from the experimental conditions, while only four fitting parameters
were required. The experimental data can be well described by the model, using
a very limited number of fitting parameters, providing insight into the dominant
fouling mechanism. Moreover, where existing models usually assume that pore
blocking precedes cake layer formation, here we find that cake layer formation can
start and occur while the degree of pore blocking is still increasing, in line with
the more dynamic nature of oil droplets filtration. .
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4.1 Introduction

One of the most difficult technological challenges in the field of environmental
technology, with huge environmental impact, is the treatment and reuse of
produced water (PW), a massive stream of oily wastewater originated from
Oil & Gas (O&G) extraction. Globally, the ratio between the volume of water
used per volume of oil extracted is expected to reach a number beyond 10 by
2025 due to the ageing of the wells [3], with over 30 billion of m3 of produced
water estimated for 2020 only [4]. Given the massive worldwide production
of PW, the need for better PW treatment is of significant importance, espe-
cially in areas where water is already scarce and PW, if well treated, could be
immediately reused in industry or agriculture [5].

Membranes have been demonstrated to successfully tackle the challenging
separation of oil-in-water (O/W) emulsions like PW, even when the presence
of small oil droplets (<10µm in diameter) makes treatment by other technolo-
gies ineffective [6]. Especially microfiltration (MF) and ultrafiltration (UF)
membranes have been applied for the treatment of PW, as these membranes
can potentially remove a great part of the oil at high water permeability [7–9].

However, the broader use of pressure-driven membranes for produced water
treatment is still limited by membrane fouling [6, 10]. For MF and UF, fouling
during PW treatment is mainly due to the deposition of oil droplets at the
membrane interface, and it is often responsible for substantial flux declines
and increases in operating costs. Normally, membrane fouling mechanisms
can be grouped into four main categories (complete pore blocking, standard
blocking, intermediate blocking, and cake layer formation [6, 7]) that will be
later discussed in detail. Understanding and quantifying the mechanisms that
lead to oil fouling in PW treatment, including the role of the chemistry of the
emulsion and the membrane surface chemistry and pore size, are crucial for
designing better membranes and to make more effective use of chemicals and
process conditions to mitigate membrane fouling.

Many studies have investigated and tried to model fouling by O/W emul-
sions, such as PW, for MF and UF membranes. By far the largest part of these
studies are based on Hermia’s fouling model [11]. For example, Koltuniewicz et
al. studied, for a variety of membranes, in both dead-end and crossflow exper-
iments, the effect of pressure and crossflow velocity on flux decline [12]. Pan
et al. prepared a tubular coal-based carbon MF membrane for with uniform
pore structure and narrow pore size distribution and then modeled fouling
with Hermia’s model [13]. Salahi et al. employed the model to study the foul-
ing mechanism of the filtration processes of different polymeric membranes
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[14]. Abbasi et al. synthesized mullite ceramic MF membranes for treatment
of oily wastewaters and investigated their fouling mechanisms [15]. Masoudnia
et al. tested and also modeled fouling for polyvinylidene fluoride membranes
under various operating conditions [16] by using Hermia’s model. However,
while Hermia’s model is an excellent empirical model, it is only a qualitative
tool as it does not predict fouling a priori but it is limited by a pure fitting.
Moreover, an underlying assumption is that the fouling agents act as solids,
while emulsion droplets are well known to be able to deform and coalesce.

Recently, other modeling studies focused mainly on oil droplet-membrane
interactions. Salama et al. identified and modeled two basic mechanisms to
explain fouling during oily wastewater filtration, i.e. fouling due to pinning of
oil droplets and coalescence of oil droplets [17]. Tanudjaja et al. used classical
models for colloid interactions, to quantify the foulant-membrane and foulant-
foulant interactions [18]. Galvagno et al. have shown the existence of different
equilibria regions (stable, bistable and unstable) which indicate if an oil droplet
will deposit or not on a membrane surface [19]. Darvishzadeh et al. estimated
analytically the critical permeation pressure from a force balance model that
involves the drag force from the flow around the droplet and surface tension
forces as well as the pressure variation inside the pore [20]. However, what is
still missing in the existing literature is a tool that gives specific insights on the
fouling mechanisms based on measurable emulsion (feed) properties (e.g. oil
droplet size, oil permeation, oil-membrane contact angle, etc.). Such a model
would benefit PW treatment with membranes by offering more insight into
the membrane fouling, thereby indicating quantitative solutions to mitigate
fouling.

In this work, we present a quantitative but still simple model which predicts
flux decline over time in MF and UF systems based on feed and membrane
properties. By modelling pore blocking as directly connected to the mem-
brane/oil contact angle and the cake layer via a mass balance limited by an
erosion flux, as shown in Figure 4.1, we get insights on how membrane foul-
ing occurs. The model is validated by comparison to experimental data for
varying membrane type, surfactant type and salinity of the feed stream. We
find good agreement between the model and the experimental data. More-
over, where existing models usually predict that pore blocking precedes cake
layer formation, here we find that these mechanisms are expected to occur
simultaneously, due to the dynamic nature of the oil droplets.
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Permeation
(oil rejection)

Pore blocking
(CA)

Cake layer
(δ, φcl)
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(Jerosion)

Figure 4.1: Illustration of membrane fouling by oil droplets and main parameters
of cake layer, pore blocking, and erosion flux, i.e. erosion flux Jerosion, cake layer
thickness δ, volume fraction of oil in the cake layer φcl, oil-membrane contact angle
CA, and oil rejection by the membrane.
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4.2 Theory

4.2.1 Fouling mechanisms

Membrane fouling in PW treatment for MF and UF usually refers to the
deposition of substances on the membrane surface, such as oil droplets or solid
particles. This causes a flux decline of the water phase permeating through
the membrane, which indirectly allows us to determine the extent of fouling.

Fouling mechanisms are traditionally categorised into four different pro-
cesses that can take place: complete pore blocking, standard pore blocking,
intermediate blocking and cake layer filtration. In complete pore blocking, the
pore is blocked by a large particle and no more water can pass through. In
standard blocking, small particles coat the inside of the pores, narrowing the
channels and thus lowering the flux. In intermediate blocking, particles build
up on top of the membrane surface, narrowing the pore entrances. The fourth
process is cake filtration which refers to the formation of a layer of particles
on the surface of the membrane. This layer is not impermeable, but adds an
additional resistance and sometimes also additional selectivity. Dickhout et
al. proposed an additional fifth fouling mechanism which might play a role in
membrane fouling by PW [7]. In this process, oil droplets are coalescing on
the membrane surface, forming a patchy continuous oil layer on the surface.

As the oil droplets In PW are much larger than the membrane pores, in
our model we describe fouling only in terms of complete pore blocking and
cake layer filtration (processes 1 and 4 mentioned above). Fouling due to
coalescence and formation of a continuous oil layer can be modeled as a limiting
situation when the cake layer porosity is extremely low. The modelling of the
combination of complete pore blocking and cake layer filtration is carefully
described in the following sections.

4.2.2 Model hypotheses

In this work, a key assumption is to assume the cake layer porosity as constant,
or in other words, of the volume fraction of the droplets that constitute the
cake. We assume that in the cake layer we have a fixed volume fraction, which
we call φCL, that is relatively constant across the cake. Of course, droplets
could be squeezed, so φCL will be depth-dependent. Indeed, when they are
deformable, and can be ‘squeezed’ to a more pancake-like structure, then the
following scenario is possible. Namely, that with water flowing through the
layer, then deepest in the layer, thus nearest to the membrane, the droplets
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will be tightly squeezed, and the porosity (open fraction) in the layer will go
down. This reduced porosity will increase the water velocity (in the remaining
open space) even more and can lead to even more deformation. Beyond some
point droplets will likely coalesce and/or be pushed through the pores of the
membrane. These effects related to deformation of the droplets can be signifi-
cant, especially for relatively large droplets with low surface tensions. If these
phenomena do occur, we assume that such deformations take place during the
first minutes of filtration. This allows us to assume a cake layer porosity that
is constant over time and across the cake.

4.2.3 Equation for complete pore blocking

In this section we derive, to the best of our knowledge, a new formula to
describe complete pore blocking by oil droplets, where we correlate the number
of blocked pores directly to a measurable physical parameter, the oil-membrane
(in water) contact angle.

Due to complete pore blocking, the resistance of the membrane, Rm, will
increase with the permeate volume as more and more droplets are transported
to the membrane surface. However, we can expect that an oil droplet in
contact with the membrane surface will cover more or less pores depending
on its affinity for the membrane material. This affinity results in a specific
oil-membrane contact angle, CA, in water. For an oil droplet in contact with
the membrane surface, the contact area Acont can be expressed by

Acont = π

(
dp
2

sin (π − CA)

)2

. (4.1)

If we consider the pores of the membrane fully blocked for CA<90◦ (high
affinity between oil and membrane) we can then write the the area of the
membrane Amemb covered because of oil adhesion Acov as

Acov = sin2 (π − CA) ·Amemb. (4.2)

At steady state, when all the oil droplets have been transported to the
membrane surface and there is no room for more droplets on top of the same
surface, the membrane resistance due to pore blocking will only depend on
the contact angle, with Rm= R0

1−sin2 (π−CA)
. A low contact angle allows for

more membrane pores to be open. A high affinity between oil droplets and
membrane surface translates into lower contact angles and, as droplets spread
more over the membrane surface, more pores will be "blocked".
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With this in mind, and assuming that the membrane resistance goes expo-
nentially to its steady state value, we can write how the membrane resistance
Rm changes with pore blocking by

Rm =
R0

1− sin2 (π − CA)
· (1− sin2 (π − CA) · e−τpbv) (4.3)

where R0 (m−1) is the resistance of the clean membrane, CA is the oil contact
angle measured for an oil droplet in contact with the membrane surface in
water, v (L) is the permeate volume, and τpb (L−1) a model parameter which
indicates how fast the droplets adhere to the membrane surface. The equation
is independent of the droplet size.

4.2.4 Equations for Cake Layer Filtration

In this section, we derive a new model for the dynamics of cake layer growth
in crossflow filtration relevant for MF/UF of oily wastewaters, such as PW.
The new model is here derived for the erosion rate Jerosion of a cake layer, i.e.
flow rate of oil leaking from the cake layer per unit membrane area. We derive
a result that shows how Jerosion depends on the thickness δ and water flow
rate Jw through the membrane at any moment in time. Field et al. previously
modified Hermia’s expressions to account for a removal term [21, 22] in the
calculation of the flux decline. However, we are not aware of an expression for
erosion flux similar to the one we derive that can be directly used in a cake
layer mass balance and which thereby allows for a self-consistent calculation
of the growth of the cake layer and the resulting decline of water flux.

The expression we will derive for Jerosion is part of a total model that has
two additional equations. These two additional equations are as follows. The
first one is an expression for the flow rate Jw versus membrane resistance Rm,
cake layer permeability k, and thickness δ

Jw =
∆P

µ(Rm + kδ)
(4.4)

with ∆P (Pa) the pressure applied across the membrane, k =
150δφ2

CL
D2

p(1−φCL)3

(m−1) is a permeability parameter that derives from the KozenyCarman equa-
tion, φcl the volume fraction of oil in the cake layer, and Dp (m) is the average
diameter of the oil droplets. The second equation is a mass balance for the
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total amount of material in the cake (e.g. oil droplets)

φcl
dδ

dt
= Jw · (φ∞ − φperm)− Jerosion, (4.5)

where φcl, φ∞ and φperm are the volume fractions of oil in the cake layer, in the
bulk of the feed, and in the permeate, respectively. For a constant cake layer
volume fraction, φcl, this mass balance can be expressed as a time dependence
of thickness. This mass balance includes the erosion rate and also advective
‘addition’ of fresh material into the cake, and ‘leakage’ of droplets from cake
through the membrane to the permeate side.

Though this full model consists of three equations, they can be combined
into one long ordinary differential equation (ODE), but for numerical modeling
(e.g., using commercial spreadsheet softwares) this is not necessary, and the
several required equations can be solved ‘side by side’. It is useful to rewrite Eq.
(4.5) such that it does not explicitly depend on time, t, but that it depends on
the permeated volume, v. Differentiating with respect to the permeate volume
v and taking into account that dv

dt = Jw ·Am, where Am (m2) is the membrane
area, we can rewrite Eq. (4.5) to

Amφcl
dδ

dv
= φ∞ − φperm − Jerosion

Jw
. (4.6)

In solving this model, we can ‘step through time’ using an explicit or implicit
(Euler) scheme. Interestingly, to arrive at an analytical equation for water flow
as function of time t or volume v, actually quite stringent simplifications must
be made, and in this paper we will not discuss that research direction. Instead
we only present results of the full numerical analysis based on Eqs. (4.3), (4.4),
and (4.6). All parameter settings are described in Appendix B, Table B1.
We solve the new model dynamically, for a one-dimensional geometry, for a
given applied pressure. But in future work, also other simulations are possible
where the setpoint for transmembrane pressure is changed (e.g., stepwise),
and we follow in time the change of cake layer thickness and flow rate as they
respond to the change in pressure. Our mathematical model can describe these
situations as well.

The erosion flux serves to limit the growth of the cake layer, i.e., the thicker
it gets, the larger will be the erosion flux. Therefore, there will always be
a finite cake layer thickness, not growing indefinitely. The erosion flux also
depends on the transmembrane water flow rate, Jw, because the higher Jw, the
more it is the case that particles are pushed on one another, i.e., the stronger,
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the more resilient, will be the structure, better able to withstand a certain
shear force.

How to derive an expression for the erosion flux, Jerosion, that depends on
water flow rate and on cake layer thickness? The following approach leads
to a simple but insightful expression for Jerosion. We define coordinate x to
start at the membrane surface, directed towards the top of the cake layer,
which is located at x = δ, i.e., δ is the cake layer thickness. The model
is based on the following approach. At each position in the layer particles
(droplets) are ‘jammed’ into place, i.e., they are more or less strongly ‘locked’
in place between upper and lower layers. And the more strongly they are
locked in place, the less likely will it be for an ‘erosion event’ to occur, for
droplets to make a certain shift in position along one another, similar to layers
sliding past one another. This moment of force is proportional the force by
which all upper layers push on a certain layer of particles [23]. Here ‘upper’
refers to all material (droplets) between position x and position δ. The water
flowing through the layer pulls on each ‘differential layer’, dx, by a force that is
proportional to Jw and is inversely proportional to the cake layer permeability,
k. This is Darcy’s law. Thus the force acting on the particles at position x
equals the pressure drop over the layer on top, due to water flow, i.e.,

lock-in force ∝ Jw (δ − x) /k . (4.7)

The next step is to assume that the likelihood, or frequency, of an ‘erosion
event’, a stochastic process, depends by an exponential power on the sum of
forces that act on a layer of particles or droplets. One contribution is the shear
force that is applied to the cake layer. The fluid that passes the cake layer
drags on it by a force that is counteracted by shear stresses that develop inside
the cake layer. For a planar cake layer, this stress that is exerted in a direction
parallel to the membrane, τ , is independent of depth x, i.e., at each position in
the layer the particles are subjected to the same stress, in the direction along
the membrane. It is not the case that deeper layers are cushioned somehow
from this effect. This statement is the result of a force balance on an elastic
layer that is clamped (fixed in space) on one end, and subjected to a shear
force on the other end: the stresses in the layer are everywhere the same,
independent of depth. This term τ is what drives the erosion process. This
tendency to erode can be reduced by the earlier-described moments of force
or lock-in effect. These two effects are now combined into an expression for
the frequency of an erosion event, which we describe by

F = exp (τ − α · (δ − x) Jw) (4.8)
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where we introduce a factor α, which is inversely proportional to permeability
k, multiplied by an unknown factor to translate from force to an ‘transition
energy’ for an erosion event to occur. A similar prefactor could also be placed
in front of τ and another one in front of the entire exp-term, but they will
ultimately be combined with the unknown τ anyway, so there is no need to
add them at this stage.

Thus, the above equation predicts the likelihood of an erosion event at a
certain position x. We can assume that the total erosion at that position in the
layer, i.e., the relative movement of material past one another, is proportional
to this likelihood. And we can assume that the erosion of the full layer, is then
given by this term, integrated over the full layer thickness. We then arrive at

Jerosion =

∫ δ

0
Fdx =

β

αJw
(1− exp (−αδJw)) (4.9)

where β = exp (−τ). We could have implemented additional prefactors, in
the transformation from likelihood to total erosion flux, but these factors all
simply end up in β.

For low thickness or low water flow rates, the expression for erosion flux
simplifies to

Jerosion = βδ (4.10)

irrespective of water flow rate. In this limit, there simply is no ‘stabilization’
at all, and the erosion likelihood is exp(τ), equal at all positions in the (thin)
layer. Thus, the ‘amount of’ erosion scales linearly with layer thickness. In
any calculation, even at high τ , with this expression for Jerosion, the theory
predicts there always is a cake layer, with at least a fleetingly small thickness.
The other limit is that of a thick layer or large water flow rate, and in that
case the erosion flux levels off at Jerosion = β/ (αJw), i.e., now the erosion flux
has become independent of thickness, only of water flow rate. In this case,
inner layers are so strongly pushed on one another, the likelihood of an erosion
event deep in the layer is vanishingly small, and erosion events can only occur
in the top of the cake layer, and the more of them, thus more erosion, at
low values of the stabilizing force, which is the transmembrane water flow.
Because this water flow decreases when the layer grows, the theory will lead
to a finite steady-state layer thickness.

This finalizes our explanation of the new expression for Jerosion which can be
used in the full model for the dynamics of cake layer growth, Eq. (4.6). Note
that our calculations make use of the full numerical equation for Jerosion of Eq.
(4.9), and we do not use any of the simplifications just discussed. However, in
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the experimental condition modeled, our results were independent from α (see
table B1, Appendix B) and therefore we could have referred to the simplified
equation for Jerosion, i.e. Eq. (4.10).

4.2.5 Model implementation

In this section we explain how to use and apply the attached spreadsheet model
to describe and gain a better understanding of experimental data collected
for crossflow filtration of O/W emulsions. For this, it is important that the
experimental data are of high quality, and that flux of water through the
membrane, Jw, is given as a function of permeate volume. Moreover, the
applied pressure, , oil content in both feed and permeate, oil-membrane contact
angle in surfactant aqueous solution, CA, and feed emulsion properties, such
as droplet size, Dp, and viscosity, µ, need to be measured and provided. We
first discuss the measured experimental parameters essential as input to the
model calculations, while subsequently we discuss the four fitting parameters
that were used to obtain a better understanding of the previously discussed
fouling mechanisms.

The measured process and physical parameters from experimental data used
to numerically solve Eq. (4.6), and therefore calculate the cake layer thickness
δ (m), are the applied pressure (Pa), the membrane surface area Amemb

(m2), the feed viscosity µ (Pa·s), the average diameter of the oil droplets
Dp (5 /microm [1, 2]), and the oil volume fraction in the retentate, φ∞ −
φperm, ratio between oil retention (from our previous work [1, 2]) and density.
The experimental parameters that we measured to calculate the membrane
resistance due to pore blocking Rm (m−1) via Eq. (4.3) are the oil-membrane
contact angle CA (◦), reported in Table B1 (Appendix B), and the resistance
of the clean membrane R0 (m−1). In all cases the permeate volume v (L) is
variable.

On the other hand, some parameters need to be assumed in order to fit the
experimental data. To calculate the membrane resistance due to pore blocking
Rm (m−1) the only fitting parameter is τpb (Eq. (4.3)), which accounts for how
fast droplets adhere and block (spread over) the membrane pores. To calculate
the cake layer thickness δ (m), three parameters need to be fitted. One is the
volume fraction of oil in the cake layer φcl, while the other two are used to
calculate the cake erosion flux Jerosion, and they are α and β (see Eq. (4.6)
and Eq. (4.9)).
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4.3 Results and Discussion

In this section we compare our model predictions with experimental data from
our previous work [1, 2]. We show how our model, described in the previous
section, allows for quantitative prediction of membrane fouling as a function
of membrane type, surfactant type and feed salinity, and provides an excellent
description of the experimental data. The results of our model offer to the
reader the opportunity to link quantitatively the main fouling phenomena
during filtration of oily wastewater (i.e. pore blocking and cake layer) to
experimental evidence of such phenomena for MF/UF systems. The results
of this section open up new pathways for membrane fouling understanding,
prevention and control.

4.3.1 Effect of membrane type

The type of membrane used during filtration will be quite important in its
fouling behaviour. Membrane surface chemistry, roughness, pore size, and
charge can all influence the interaction with and retention of oil droplets and
thereby fouling [10]. In this work, we modeled the fouling behaviour for two
different types of membrane. One is a commercially applied ceramic membrane
based on silicon carbide (SiC) [2].The other one is a regenerated cellulose (RC)
membrane [1, 24].

Figure 4.2 shows the flux decline for SiC and RC membranes during cross-
flow filtration of CTAB-stabilized O/W emulsions with 1 mM NaCl as back-
ground salt. Further details on the experimental conditions are reported in
our previous work [1, 2], while the model parameters used are reported in Ta-
ble B1 of Appendix B. The results are expressed in terms of normalized flux
as a function of permeate volume per unit of membrane area (L/m2).

Figure 4.2A shows that indeed surface chemistry plays a crucial role in
membrane fouling, as the RC membrane reports a lower flux decline compared
to the SiC membrane. While we do observe only a ∼20% flux decline for the
RC membrane, fouling is more severe for the SiC membrane with ∼50% flux
decline. The model describes the experimental data very well, and can provide
us with insights that we cannot simply obtain from pure experimental data, i.e.
by only looking at the reported flux decline curves of Figure 4.2A. Figure 4.2B
shows the trend of cake layer thickness and areas of the pores blocked (due
to pore blocking) by the oil as a function of permeate volume. Pore blocking
is the main mechanism responsible for the flux decline, with up to ∼50% of
blocked area for SiC membrane and only ∼20% for the RC membrane. This
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Figure 4.2: A) Flux decline and B) cake layer thickness, δ, and Area of blocked
pores (%), for CTAB (345 mg/L, 1 mM NaCl) stabilized emulsions for SiC and re-
generated cellulose (RC) membranes. For SiC membrane: pore size = 150 nm, water
permeability = 3000 Lm−2h−1bar−1, crossflow velocity = 7.6 cm/s, TMP = 0.1 bar.
For RC membrane: pore size = 40-80 nm, water permeability = 200 Lm−2h−1bar−1,
crossflow velocity = 20 cm/s, TMP = 1 bar. Symbols represent data points from our
previous experiments [1, 2], while lines are generated by the present model. All the
experiments were performed in duplicate, as shown.

is in line in with the values that we observed from the flux decline curves,
as the decrease in flux is proportional to the area of the membrane where
the pores are blocked. Additionally, our model points out that pore blocking
occurs faster for SiC than for the RC membrane. The cake layer remains
thin and does not constitute the main resistance to the water flux, we can
see that the cake layer thickness is higher for SiC than for the RC membrane,
in agreement with the higher crossflow velocity applied in the experiments
with the RC membrane. A higher crossflow velocity translates into a higher
erosion flux which decreases the thickness of the cake layer. Another reason
behind the higher cake layer thickness for SiC can be found in the higher
water permeability, and therefore drag force acting on the oil droplets and
pushing them to the membrane interface. Overall our model thus confirms
that the different fouling behaviour of two membranes with different surface
chemistries (by identical emulsions), can be well explained by the way that
the oil droplets spread over the membranes surface. SiC has a high negative
surface charge, while the emulsion was stabilized by cationic surfactant, likely
leading to a lower contact angle compared to the lesser charged RC membrane
(Table B1, Appendix B).
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Figure 4.3: A) Flux decline and B) cake layer thickness, δ, and Area of blocked pores
(%), for stabilized emulsions filtered by a SiC membrane as a function of surfactant
type for SDS (2390 mg/L), CTAB (345 mg/L), DDAPS (1005 mg/L) and TX (145
mg/L) in presence of 1mM NaCl. Pore size = 150 nm, water permeability = 3000
Lm−2h−1bar−1, crossflow velocity = 7.6 cm/s, TMP = 0.1 bar. Symbols represent
data points from our previous experiments [2], while lines are generated by the present
model. All the experiments were performed in duplicate, as shown.

4.3.2 Effect of surfactant type

Surfactants have strong effects on membrane fouling by oily-wastewater, as
these molecules adsorb at the oil-water and membrane-water interface, influ-
encing the mutual interaction between the droplets in the fouling layer and as
well the membrane surface chemistry [1, 7, 25, 26].

Figure 4.3 shows the effect of surfactant chemistry on flux decline during
crossflow filtration with the SiC membrane of surfactant-stabilized O/W emul-
sions. Anionic SDS, cationic CTAB, zwitterionic DDAPS, and nonionic TX
were used to stabilize the emulsions. All the experiments here reported were
performed at low salinity (1 mM NaCl) to better show the effect of surfactant
chemistry on flux decline. In Figure 4.3A we can observe that nonionic TX
fouls the most, while the zwitterionic DDAPS fouls the least. The cationic
CTAB fouls more than SDS, in agreement with their respective charges com-
pared to that of anionic membrane.

The model again really well describes the flux decline curves. Moreover,
it provides us with interesting results that can help us to better understand
the specific fouling mechanisms and reasons hidden behind the observed flux
decline. Figure 4.3B shows that while for the cationic CTAB pore blocking
is the dominating mechanism, with a ∼50% of pores blocked area, for the
anionic a rather dense oil layer prevails (∼0.93, table B1, Appendix B). On
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the other hand, while for DDAPS we do not observe any pore blocking, in line
with the known antifouling property of zwitterions, we do observe a relatively
thick (∼25µm) cake layer, although with a low resistance and thus a very
limited effect on the flux. For TX both fouling mechanisms are quite strong,
with around 25% blocked area and highest cake layer thickness ∼35µm. Ad-
ditionally, it is important to that for TX the layer is quite dense. Without
charges the oil droplets are likely not as well stabilized by TX as by the other
surfactants leading to a dense cake layer and possibly to droplet coalescence.

Finally, we can attribute the high thickness of the cake layer obtained for
TX and DDAPS O/W emulsion to the lower erosion flux (see table B1), which
is in line with the neutral net charge of these surfactants. It is expected that
if surfactants are not charged, the repulsive forces between the surfactants
and therefore the droplets are way lower than for charged surfactants. This
makes the cake layer more resistant and more difficult to erode, compared
to a CTAB or SDS stabilized cake layer where repulsive forces between the
droplets dominate as a consequence of the fact that surfactant of same charge
(positive or negative) are stabilizing the oil droplets.

Our model thus describes in a very nice way how the fouling mechanisms
can change when the emulsion droplets are stabilized by different surfactant
types.

4.3.3 Effect of salinity

Salinity is know to have substantial effects on oil droplets stability and mem-
brane fouling, especially in the case of charged surfactants [1, 7, 10, 27]. Figure
4.4 shows the effect of salinity on both SiC and RC membranes for anionic
SDS based emulsions. While in the case of SiC an increase in salinity trans-
lates into reduced fouling, for the RC membrane it is the opposite. Here the
model gives us insights on such behavior.

The main reason for the lower flux decline observed for the SiC membrane is
the fact that nearly all the oil passes through the SiC membrane [2], and there-
fore it does not block the membrane pores or lead to the formation of a cake
layer. On the other hand, the oil is mainly retained by the RC membrane, and
therefore we do observe both pore blocking and cake layer mechanisms. This
difference in oil permeation is mainly due to the fact that the SiC membrane
was tested at higher concentrations of SDS (2390 mg/L) than RC membrane
(460 mg/L), which translates into higher droplet deformability and therefore
increased oil passage.

For the SiC membrane filtrating SDS stabilized emulsions, higher ionic
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strengths translate into lower decline of the water flux through the membrane.
At higher salinity, the interfacial tension of the droplets becomes even lower
further increasing oil permeation and thus reducing the amount of oil that can
foul the membrane.

For the RC membrane, where the oil is retained a thicker cake layer is
observed for all ionic strengths (∼13-40µm), an some pore blocking is observed,
∼20% of blocked pores area for 1 mM, which then increases to ∼30% for 10
mM, to finally fall to zero for 100 mM. However, it is the cake layer resistance
that dominates as the porosity is low. Moreover, the density of the cake layer
increases with salinity, again suggesting the presence of a rather dense oil
cake layer on top of the membrane. At a higher salinity the charge repulsion
between the emulsion droplets will be smaller, allowing a smaller distance
between the droplets, moreover coalescence also become much more likely.

To conclude, the model can also provide a good description for for the com-
plex effects on membrane fouling at different salinities. Higher oil permeation
with increasing salinity reduces the amount of oil that can foul the membranes
as observed for the SiC membrane. For the RC membrane where the oil is well
retained the density of the cake layer becomes the key in understanding the
increasing fouling at higher salinities, where a reduction in charge repulsion
between droplets allows a more compact cake layer.

4.4 Conclusions

In this work, we have presented and validated a new quantitative fouling model
able to describe cake layer formation and pore blocking for membrane fouling
of porous membranes during PW treatment. The model is used to describe
experimental data of previous works [1, 2] where membrane type, surfactant
type and salinity of the feed stream were varied. Most input parameters
could be directly taken from the experimental conditions, while only four
fitting parameters were required. In our model the degree of pore blocking is
determined by the membrane contact angle and the resulting surface coverage,
while the cake layer is described by a mass balance and a cake erosion flux.

Overall our model confirms that the different fouling behaviour of two mem-
branes with different surface chemistries (by identical emulsions), can be well
explained by the way that the oil droplets spread over the membranes surface
thereby blocking the membrane pores. Our model also describes in a very nice
way how the fouling mechanisms can change when the emulsion droplets are
stabilized by different surfactant types, and can provide a good description



4444

96 Chapter 4. Theory of Oil Fouling for MF and UF

0

50

100

150

200

250

0 50 100 150 200 250 300 350 400

Pe
rm

ea
te

 F
lu

x 
(L

M
H/

ba
r)

Permeate volume (L/m2)

10 mM

100 mM

1 mM

C) RC Membrane

0

500

1000

1500

2000

2500

3000

0 50 100 150 200 250 300

Pe
rm

ea
te

Fl
ux

 (L
M

H/
ba

r)

Permeate volume (L/m2)

A) SiC Membrane

10 mM
100 mM

1 mM

1.E-09

1.E-08

1.E-07

1.E-06

1.E-05

0 50 100 150 200 250 300
0

20

40

60

80

100

Ca
ke

 la
ye

rt
hi

ck
ne

ss
δ

(m
)

Permeate volume (L/m2)

Ar
ea

 p
or

es
bl

oc
ke

d
(%

)
1.E-07

1.E-06

1.E-05

1.E-04

0 50 100 150 200 250 300
0

20

40

60

80

100

Ca
ke

 la
ye

r t
hi

ck
ne

ss
 δ

(m
)

Permeate volume (L/m2)
Ar

ea
 p

or
es

bl
oc

ke
d

(%
)

100 mM

100 mM

100 mM

10 mM

1 mM

1 mM

10 mM

10 mM

1 mM

B) SiC Membrane

D) RC Membrane

Figure 4.4: Flux decline and cake layer thickness, δ, and Area of blocked pores (%),
respectively, of SDS stabilized emulsions for A)B) SiC and C) D) regenerated cellulose
(RC) membranes as a function of salinity (1, 10 and 100 mM NaCl). A) and B): pore
size = 150 nm, water permeability = 3000 Lm−2h−1bar−1, crossflow velocity = 7.6
cm/s, TMP = 0.1 bar, and 2391 mg/L SDS. C) and D): pore size = 40-80 nm, water
permeability = 200 Lm−2h−1bar−1, crossflow velocity = 20 cm/s, TMP = 1 bar, and
463 mg/L SDS. Symbols represent data points from our previous experiments [1, 2],
while lines are generated by the present model. All the experiments were performed
in duplicate, as shown.
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for the complex effects on membrane fouling at different salinities. Higher oil
permeation with increasing salinity reduces the amount of oil that can foul
the membranes as observed for the SiC membrane. For the RC membrane
where the oil is well retained the density of the cake layer becomes a pre-
dominant factor in understanding the increasing fouling at higher salinities,
where a reduction in charge repulsion between droplets allows a more com-
pact cake layer. These results open up new pathways for membrane fouling
understanding, prevention and control.
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Abstract
Produced water (PW) constitutes a massive environmental issue due to its huge
global production as well as its complexity and toxicity. Membrane technology
could, however, convert this complex wastestream into an important source of
water for re-use, but new and more efficient membranes are required. In particu-
lar, in the last years, polyelectrolyte multilayers established themselves as a very
powerful method to prepare hollow fiber based NF membranes, and this mem-
brane type and geometry would be ideal for PW treatment. Unfortunately, the
presence of surfactants in PW can affect the stability of polyelectrolyte multilay-
ers. In this work, we investigate the stability of polyelectrolyte multilayers towards
different types of surfactant, initially on model surfaces. We find that chemi-
cally stable multilayers, such as Poly(diallyldimethylammonium chloride)(PDAD-
MAC)/Poly(sodium 4-styrene sulfonate)(PSS), based only on electrostatic inter-
actions, are substantially desorbed by charged surfactants. For Poly(allylamine
hydrochloride)(PAH)/PSS multilayers, however, we demonstrate that chemical
crosslinking by glutaraldehyde, leads to surfactant stable layers. These stable
PEM coatings can also be applied on hollow fiber support membranes to create
hollow fibre NF membranes dedicated for PW treatment. Increased crosslinking
time leads to more stable and more selective separation performance. These newly
developed membranes were subsequently studied for the treatment of synthetic
PW, consisting of freshly prepared oil-in-water emulsions stabilized by Hexade-
cyltrimethylammonium bromide (CTAB) and Sodium dodecyl sulfate (SDS), in
the presence of a mixture of ions. For both types of produced water, the mem-
branes show excellent oil removal (∼ 100%) and organics removal (TOC reduced
up to ∼ 97%) as well as good divalent ion retentions (∼ 75% for Ca2+ and up to
∼ 80% for SO2−

4 ). Moreover, we observe a high flux recovery for both emulsions
(100% for CTAB and 80% for SDS), with especially for the CTAB emulsion a
very low degree of fouling. These stable PEM based hollow fibre membranes thus
allow simultaneous de-oiling, removal of small organic molecules, particles, and
divalent ions in a single step process, while also demonstrating excellent membrane
clean-ability. .
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5.1 Introduction

Water scarcity is a major global problem, and is expected to only worsen
because of world population growth and global warming [1, 2]. One of the
essential steps to be taken is to find effective and efficient methods to allow
wastewater re-use [3]. In oil producing areas, such as the Middle-East, Africa
and the US, a lot of wastewater is produced during oil extraction, counting
only in the US already 3.3 million m3 in 2007 [4]. This so-called produced
water (PW) stems from water naturally contained in the well, but also from
additional water pumped into the reservoir to facilitate the extraction of oil [5].
Since this process generally results in 3 barrels of wastewater per barrel of oil
extracted [6], produced water treatment could be an important source of water
for various beneficial re-uses, for example irrigation.

Unfortunately, PW is a very challenging stream to treat; its composition
varies widely from one location to another and typically includes dispersed oil,
organic and inorganic contaminants, treatment chemicals from the oil produc-
tion process (e.g. corrosion and scale inhibitors, surfactants, biocides, etc.),
produced solids, bacteria, metals and naturally occurring radioactive materi-
als [4, 7]. Currently, PW is treated with a wide variety of physical, chemical
and biological techniques in which, hydrocyclones, evaporation and different
types of filters are employed [8, 9]. In such large treatment processes, mem-
brane technology is especially interesting as it is one of the few techniques
that can successfully remove the smallest (< 10 µm) and most stable oil
droplets [10]. For this purpose microfiltration (MF) and especially ultrafil-
tration (UF) have been shown to be very suitable techniques, with UF also
being well suitable to remove small suspended particles and even part of the
dissolved hydrocarbons [11]. But membrane technology can do much more.
Reverse osmosis (RO) can be used to desalinate produced water and to re-
move final traces of dispersed and dissolved oil [12]. Unfortunately, the low
permeability and high pressure associated with RO, translate into a larger
footprint and amount of energy consumed [13]. Here nanofiltration (NF) can
be seen as a very interesting alternative. NF membranes can be used at ac-
ceptable permeability for de-oiling while simultaneously removing multivalent
ions, dissolved organics and part of the monovalent salts [14].

Membrane technology also has clear downsides, and in PW treatment mem-
brane fouling can be considered the most serious problem. In the complex mix-
ture that is produced water, many of its components can foul the membrane
leading to very substantial decreases in the flux of treated water. Fouling is
especially a problem for RO and NF membranes that, due to their typical
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spiral wound configuration, can only deal with relatively clean feed streams.
As a result, a very substantial pre-treatment, such as MF or UF, is needed
before RO and NF can be applied.

The need for a pre-treatment step excludes the possibility of the proposed
one step NF membrane operation to simultaneously de-oil and control the
salinity. If, instead, hollow fiber (HF) nanofiltration membranes could be
employed, those problems can be overcome because of their ability to with-
stand much higher fouling loads. This is partly because HF membranes can
be cleaned much better by physical cleaning than their spiral wound counter-
parts [15], e.g. by allowing backwashing at higher pressures [16]. An equally
important argument is that HF based membrane modules do not require a
spacer, while for spiral wound modules spacer fouling is a much bigger prob-
lem than membrane fouling [15].

In the past decade, polyelectrolyte multilayers (PEMs) have really estab-
lished themselves as a very powerful method to prepare hollow fibre based NF
membranes. Moreover, PEMs have significant advantages, that might make
them especially well-suited to design membranes for produced water treat-
ment. First of all, NF membranes based on PEMs are highly versatile, as the
separation layer properties, such as inner molecular structure and charge, can
be controlled by the choice of the polyelectrolytes, the number of layers, the
pH and the ionic strength of the coating solution [17, 18]. Thus, it becomes
possible to tune the separation performance of these membranes for a specific
application or feed stream. A second advantage is the thin separation layer
allowing membrane permeabilities to be relatively high compared to commer-
cial NF membranes with comparable separation performance [19, 20]. Finally,
polyelectrolyte multilayers coated on top of UF supports, have been shown
to be stable both against physical (e.g. backflushing) and chemical cleaning
(Hypochlorite (NaOCl)) [16]. In contrast, conventional NF membranes based
on polyamide thin film composites showed a significant drop in performance
after prolonged exposure to Hypochlorite [21]. It is highly likely that chemical
cleaning is a necessity for the treatment of produced water by any membrane
type.

But also polyelectrolyte multilayer based membranes have weaknesses. The
main challenge for PEM based membranes, especially regarding produced wa-
ter treatment, is that the multilayer stability can be compromised by the
presence of charged organic molecules in the feed stream. In particular, work
carried out recently showed that surfactants (naturally present in PW but
also added in extra-quantities to inhibit pipe corrosion and to increase oil
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recovery) can affect the stability of common PEMs [22]. As polyelectrolyte
multilayers are prepared through electrostatic assembly, the major forces in-
volved in keeping those layers together are electrostatic ones. Exposure to
wastewater containing surfactant molecules, especially at high salinity, can
allow the charged surfactant molecules to complex with the polyelectrolyte
layers, thereby compromising the stability of the multilayer.

In recent years, some studies have focused on covalent layer-by-layer films to
achieve improved polylectrolyte multilayer stability. Exploiting the chemistry
of the chosen polyelectrolytes it becomes possible to make stable multilayers
by introducing chemical bonding via chemical crosslinking [23]. Crosslinking
of multilayers has been studied before, especially to increase membrane selec-
tivity [24] and sometimes also to increase chemical stability (hypochlorite) [25]
as well as stability in extremely saline conditions. Unfortunately, all this previ-
ous work has focused on flat sheet membranes, rather than hollow fiber based
membranes, where techniques such as UV crosslinking [23, 24] and multilayer
spray-assisted assembly [25] cannot be applied.

In this work, we report on the development of PEM based hollow fiber
NF membranes specifically for the challenging treatment of produced water.
First the focus is on the active layer stability, and we study on model surfaces
how two types of multilayer (PDADMAC/PSS and PAH/PSS) are affected by
exposure to surfactants with a variety of properties (cationic, anionic, zwitte-
rionic and non-ionic). We then study how different crosslinking approaches,
concentration and time can lead to PAH/PSS based PEM coatings stable in
surfactant solutions. The effect of crosslinking time is subsequently studied
for PEM based hollow fiber NF membranes, where the retention of variety of
salts is studied before and after surfactant exposure. Finally, through filtra-
tion experiments carried out with synthetic produced water, we demonstrate
that hollow fibre based NF membranes are able to simultaneously remove oil
droplets, surfactants and divalent ions from the wastestream in a single sepa-
ration step.

5.2 Experimental procedures

5.2.1 Materials

Poly(allylamine hydrochloride) (PAH, Mw = 50 kDa), poly(sodium 4-
styrene sulfonate) (PSS, Mw = 70 kDa), an aqueous solution of 20
wt% poly(diallyldimethylammonium chloride) (PDADMAC, Mw = 400-
500 kDa), an aqueous solution of 25 wt% glutaraldehyde (Grade II), N-
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methylpyrrolidon and glycerin were purchased from Sigma-Aldrich (The
Netherlands). Polyethersulfone (PES) (Ultrason 6020) and SPES (sul-
fonated polysulfone) were both kindly obtained from BASF (Germany).
Sodium dodecyl sulfate (SDS, Sigma-Aldrich), Hexadecyltrimethylammo-
nium bromide (CTAB, Sigma-Aldrich), N-dodecyl-N,Ndimethyl-3-ammonio-1-
propanesulfonate (DDAPS, Sigma-Aldrich) and TritonTM X-100 (TX, Sigma-
Aldrich) were the four types of surfactant used (Figure 5.1). N-hexadecane
(Merck Schuchardt) was used as the oil, Coumarin 6/ Neeliglow Yellow 196
(Neelikon) as fluorescent dye to allow accurate measurements of the oil con-
centration. All other chemicals were purchased from VWR (The Netherlands).

Anionic Cationic 

Zwitterionic Non-ionic 

SDS 

Triton-X 

CTAB 

DDAPS 

Figure 5.1: Surfactants used in this study: Sodium dodecyl sulfate (SDS), Hex-
adecyltrimethylammonium bromide (CTAB), N-dodecyl-N,Ndimethyl-3-ammonio-1-
propanesulfonate (DDAPS) and TritonTM X-100 (TX)

5.2.2 Polyelectrolyte multilayer coating on SiO2 Model Sur-
faces

Silicon wafers were first cleaned with piranha solution, made of a 3:1 mix-
ture of concentrated sulfuric acid (H2SO4) with hydrogen peroxide (H2O2), in
order to remove any organic residues. Then, the wafers were coated via a sim-
ple dipcoating procedure. In particular, (PAH/PSS) and (PDADMAC/PSS)
multilayers were coated on top of silicon wafers with 84 nm and 121 nm SiO2
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top layers (δSiO2) respectively. These SiO2 layers are required as an optical
spacer in reflectometry (see 2.3). For a single bilayer coating, the negatively
charged silica wafer was completely immersed in a 0.1 g·l−1 polycation solu-
tion with 50 mM NaCl. After 15 min, the surfaces were rinsed in a 50 mM
NaCl solution for 15 min. To finally complete the bilayer coating, the surfaces
were subsequently immersed in a 0.1 g·l−1 polyanion solution (pH=5.4) with
50 mM NaCl for 15 min and then rinsed in a 50 mM NaCl solution, again for
15 min. The same procedure was repeated four more times to realize 4.5 and
5.0 bilayers on top of the wafers. Every coating step was executed at room
temperature. For crosslinked (PAH/PSS) multilayers, a crosslinking step was
added to the procedure written above. In particular, after every PAH coating
step, starting from the second bilayer, the wafers were rinsed in 50 mM NaCl
and then completely immersed in aqueous solutions with various GA concen-
trations (2.5, 5, 7.5, 10 and 15 mM) for 15 min at room temperature, keeping
the concentration of NaCl to 50 mM. After this step, the wafers were carefully
rinsed in 50 mM NaCl for 15 min, and then the PSS layer was applied to com-
plete the bilayer, following the procedure described before. Surfaces coated
with 4.5 bilayers (PAH/PSS) at different crosslinking times were realized first
via dip coating, and then they were dipped in a 7.5 mM GA solution for dif-
ferent times: 1, 5, 15, 60, 180, and 300 min. In this last approach, membranes
were thus crosslinked in a single step, rather than after every PAH step as was
done in the first approach.

5.2.3 Reflectometry

The multilayer desorption from silicon wafers, due to the interaction with sur-
factants, was monitored by means of reflectometry [26]. Cationic (CTAB, 346
mg·l−1 ), anionic (SDS, 2391 mg·l−1), zwitterionic (DDAPS, 1006 mg·l−1) and
non-ionic (TX, 144 mg·l−1) surfactant solutions, approximately at their critical
micelle concentration (CMC) and with 5 mM NaCl as background electrolyte,
were prepared. These solutions were flushed, under a stagnation point flow, to
a silica surface, pre-coated with a PEM (see procedure above), several times,
with 5 mM NaCl rinsing step in between, until a steady state desorption was
reached. The use of a stagnation point flow cell allows for very well-controlled
hydrodynamics during the multilayer desorption. Polarized monochromatic
light (HeNe laser, 632.8 nm) hits the wafer around the Brewster angle and is
reflected towards the detector. The reflected light is split into its p- and s-
polarized components. The ratio between these two components is defined as
S (-), and the change in this ratio (∆S) is directly proportional to the amount
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of mass desorbed from the wafer:

Γ =
∆S

S0
Q (5.1)

where Γ is the amount of mass adsorbed or desorbed from the wafer (mg·m−2),
S0 is the starting output signal of the bare silicon wafer (-), and Q is the sen-
sitivity factor for the system (mg·m−2). To calculate the sensitivity factor,
we used an optical model based on the following values: θ = 71◦, nsilica =
1.46, ñsilicon = (3.85, 0.02), nH2O = 1.33, dn/dcPDADMAC = 0.18 mL·g−1,
dn/dcPAH = 0.16 mL·g−1, dn/dcPSS = 0.18 mL·g−1, δSiO2 = 84 nm for
(PAH/PSS) and 121 nm for (PDADMAC/PSS). The sensitivity factor, Q,
obtained to calculate the actual mass desorption for all experiments is 30
mg·m−2 for (PAH/PSS) and 40 mg·m−2 for (PDADMAC/PSS). Furthermore,
we defined the stability of the multilayer as given by

PEMstability =

(
1− Γdes

mtot

)
(5.2)

where Γdes is the quantity in mg·m−2 of PEM desorbed from the wafers and
monitored via reflectometry, while mtot is the amount (mg·m−2) of PEM con-
tained in the multilayer prior desorption, measured via reflectometry [17]. All
experiments were perfomed at least twice.

5.2.4 Membrane Fabrication, Modification and Characteriza-
tion.

Hollow fiber membranes were produced by a spinning process based on non-
solvent induced phase separation. For this, a dope was prepared by mixing
140 g PES, 70 g SPES and 120 g glycerin in 650 g NMP. The clear dope
was then filtered through a 5 ţm metallic mesh and deaerated overnight. The
hollow fiber membranes were spun by extruding the dope solution through a
hollow fiber spinneret at 70◦C (see Figure 5.2). A mixture of 10% glycerin in
water was used as the bore liquid. After an airgap of 0.3 m, the partly already
solidified membrane is immersed in the coagulation bath, containing the water
at 60◦C. Here the phase inversion is completed. After the coagulation bath, the
fiber is fed through a washing bath with water at room temperature. Finally
the fiber is collected on an uptake winder.

These hollow fiber membranes are designed for inside-out filtration, hav-
ing the smallest pores at the inside of the fiber. Scanning electron microscope
(SEM) pictures of the membrane are reported in Appendix C (Fig. C1). These
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Gear pump

Polymer solution 

Storage tank

Washing bath
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Uptake winder

Coagulation bath

Air gap

Figure 5.2: Diagram of the spinning setup. The insert shows the non-solvent induced
phase separation process in detail.
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HF membranes have a water permeability of 150 L·m−2·h−1·bar−1, an inner
diameter of 0.7 mm and a molecular weight cut-off (MWCO) of 7.5 kDa. The
MWCO was determined by using a polyethyleneglycol (PEG) mixture with
various molecular weights (6, 10, 20 and 35 kDa) and by analyzing the molec-
ular weight above which a 90% retention is obtained. For this, permeate and
retentate samples were analyzed using size exclusion chromatography (SEC).
After fabrication, the membranes were stored in demi-water.

Polyelectrolyte multilayers were coated on top of the prepared UF mem-
branes. As we immerse the fibers completely in the coating solution, the de-
position of polylectrolyte is not limited to the inner surface of the membrane
only and the whole porous structure can be coated by the polyelectrolytes.
However, only at the inner surface, where the pores are smallest, does the
PEM layer form a dense separation layer on top of the membranes [16–18].
Before proceeding with the coating, we first immersed the fibers for 15 min
in a 50 mM NaCl solution. The membranes were then coated via a simple
dipcoating procedure. For the bilayer coatings, the fibers were completely im-
mersed in a 0.1 g·l−1 PAH solution with 50 mM NaCl at room temperature.
After 15 min, the fibers were rinsed in a 50 mM NaCl solution for 15 min.
The fibers were subsequently dipped for 15 min in 0.1 g·l−1 PSS solution with
50 mM NaCl, and then rinsed for other 15 min in a 50 mM NaCl solution.
After this first bilayer, the described procedure was repeated until 4.5 and
5.0 bilayers had been coated on the membranes (taking samples for those two
steps). In the case of crosslinked multilayers, fibers coated with 4.5 bilayers
were immersed in a 7.5 mM GA solution for 1, 3 and 5 hours, keeping same
ionic strenght of the other steps, i.e. 50 mM NaCl. After this crosslinking
step, the fibers were rinsed in 50 mM NaCl, and part of them were dipped
in a 0.1 g·l−1 PSS solution with 50 mM NaCl. This way it was possible to
obtain fibers with 4.5 (PAH terminated) and 5.0 (PSS terminated) bilayers at
different crosslinking times. After being rinsed in demi-water, all membrane
samples were put in a glycerol/water (15/85 wt%) mixture for 4 h and dried
overnight under ambient conditions.

For water permeability and ion retention experiments, single PEM-coated
fibers were potted in modules with a fiber length of approximately 150
mm. Every module contains only one fiber. The water permeability
(L·m−2·h−1·bar−1) was calculated by normalizing the measured pure water
flux with the trans membrane pressure (TMP). The pure water flux was
measured at 20◦C with demi-water in a cross-flow configuration at a trans-
membrane pressure of 3 bar. For the salt retention measurements, a cross-flow



55555

5.2. Experimental procedures 113

through the fibers was also applied. To reduce the effect of concentration po-
larization, we set the cross-flow velocity of the feed through the fibers at 1.7
m·s−1. This corresponds to a Reynolds number of approximately 1200. The
salt concentrations of the feed and permeate were measured with a WTW
Cond 3210 conductivity meter. The retention was based on the ratio between
the permeate and feed concentrations. All experiments were performed at
least in triplicate.

5.2.5 Membrane stability

Single PEM-coated membrane fibers with 4.5 and 5 bilayers of (PAH/PSS),
prepared at different crosslinking times (0h, i.e. not crosslinked, 1h, 3h and
5h) were potted in modules with a fiber length of approximately 150 mm.
Every module contains only one fiber. After flushing each fiber for three
times with alternating SDS and CTAB solutions, (at their CMC, with 5 mM
NaCl as background electrolyte), the fibers permeability and ion retention were
measured using the same flow and pressure conditions previously described.
Each single surfactant flush lasted 5 min. All experiments were performed at
least in triplicate.

5.2.6 Artificial produced water: preparation and filtration

To detect the amount of oil that permeates through the membrane, n-
hexadecane was colored with a fluorescent dye (Coumarin 6). As fluorescence
decays over time, the colored oil was freshly prepared before each experiment.
Around 10 mg of the dye powder was added to 8 mL of n-hexadecane and put
in an ultrasonic bath for few minutes. Afterwards, the oil was filtered with
a Millipore 0.45 µm filter to remove any residual solid particles. To prepare
our artificial PW, we follow a procedure set out by Dickhout et al. [27]. To
ensure all emulsions have the same characteristics, a stock emulsion was pre-
pared under standard conditions, which was then diluted with carefully chosen
concentrations to obtain the desired oil, salt and surfactant concentration for
the filtration experiments. The surfactant concentrations were all chosen to
be approximately at CMC. The stock emulsions were prepared by dissolving a
surfactant (346 mg/L CTAB or 2391 mg/L SDS) in 1 L of DI water in a Du-
ranő bottle by mixing with a dispersing mixer (IKAő T25 digital Ultra-Turrax
with S25N 18G element) for 4 minutes at 14000 rpm. Then, 2 g of colored
oil was injected near the mixer head with a long syringe needle and mixed for
10 minutes at 14000 rpm. The stock emulsion was diluted to contain 1 g/L
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n-hexadecane and the desired surfactant and salts concentration to make up
1L of feed emulsion with 1000 mg/L n-hexadecane, 346 mg/L CTAB or 2391
mg/L SDS, 5 mM NaCl, 5 mM CaCl2 and 5 mM Na2SO4. Surfactant solu-
tions used for cleaning were prepared the same as the emulsions, but without
adding n-hexadecane. In each experiment, the concentrations of surfactant
and salts in the rinsing solution were identical to the emulsion used.

For the membrane crossflow filtration experiments, single PEM-coated fibers
with 4.5 bilayers were potted in modules with a fiber length of approximately
80 mm. Every module contains only one fiber. The clean water flux of every
fiber was measured before filtrating the O/W emulsion. New modules were
used for each experiment. The concentrate was recycled to the feed bottle
while the permeate was instead collected. Since the permeate flow-rate was
small compared to the concentrate flow, this was not expected to affect the feed
composition. This was checked by analyzing the feed ion concentration, TOC
and oil content at the start and end of some experiments, and indeed negligible
changes in feed composition were observed. A membrane filtration experiment
consisted of filtering the O/W emulsion for 3 hours at a TMP of 3 bar and a
flow-rate of 0.75 kg/h, which corresponds to a cross-flow velocity of 0.55 cm/s
and a Reynolds number around 380. The permeate flux was measured between
2 h and 3 h. Samples of the permeate were collected at the same time and
their ionic content and TOC were analyzed by ion chromatography (Metrohm
Compact IC 761) and by a TOC analyzer (Shimadzu TOC-L) respectively.
The oil retention was measured trough a fluorescent dye method already used
in previous work [28]. Feed samples were taken at the same time as the
permeate samples, and analyzed with same methods. To clean the membranes,
the modules were flushed one time with a surfactant rinsing solution for 15
min at a 4 kg/h flow-rate, without applying trans membrane pressure. After
cleaning, the water flux was measured again to determine the flux recovery.
Each experiment was performed in triplicate.

5.3 Results and Discussion

The results and discussion section is split into three distinct sections. In
the first section, we apply model surfaces to study PEM stability against a
variety of surfactant types and demonstrate that crosslinking can lead to stable
PEM coatings, even in the presence of surfactants. In the next section, we
demonstrate this stability also for PEM based hollow fibre NF membranes,
where ionic retentions are studied before and after crosslinking. In the final
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section we show that with these membranes we can, in a single step, remove
surfactants, de-oil and partially desalinate a synthetic PW stream based on a
surfactant stabilized O/W emulsion.

5.3.1 Multilayer stability against surfactants

While it is known that surfactants can de-stabilize PEMs [22], much less is
known about how different surfactant types affect different types of PEM. Here
we study the stability of PEMs adsorbed on model surfaces via optical flow-
cell reflectometry. A wafer, pre-coated with a PEM, is exposed several times
to a surfactant solution at the CMC until a stable plateau in the desorption is
obtained. Examples of these experiments are shown in Figure 5.3, for exposure
of a PDADMAC/PSS based PEM to the anionic SDS (A) and the zwitterionic
DDAPS (B), the outcomes of which will be discussed in detail below. The
desorption plateau is taken after rinsing with a rinsing solution, to ensure that
no adsorbed surfactant remains, as indicated in figure 5.3A. All surfactant and
rinsing solutions contain 5 mM background electrolyte. Finally the desorbed
amount (in mg·m−2) can be compared to the original amount of multilayer
adsorbed on the model surfaces as discussed in section 5.2.3. The stability of
the PEM layer is thus defined as the percentage of the remaining mass of the
original PEM coating after surfactant exposure.

We first studied the stability of a PEM based on PDADMAC/PSS, a strong
polyelectrolyte multilayer couple, really well known in the membrane field for
its high chemical stability [16]. In Figure 5.4, we show the PEM stability after
exposure to surfactants for PEMs of 4.5 bilayers (terminated with PDAD-
MAC) and 5.0 bilayers (terminated with PSS). Here the stability (%) of the
multilayers is reported after exposure to four types of surfactant: anionic
(SDS), cationic (CTAB), zwitterionic (DDAPS) and non-ionic (TX). The ef-
fect of both a positive and a negative top layer (4.5 and 5.0 bilayers) on the
stability was investigated as the charge of the top layer could affect the ad-
sorption of the surfactant and how it interacts with the multilayer.

The results depicted in Figure 5.4, clearly demonstrate that charged sur-
factants, such as the anionic SDS and the cationic CTAB, compromise the
stability of PDADMAC/PSS multilayers significantly. In particular, only 40%
of a PDADMAC/PSS multilayer prepared at 50 mM NaCl [17] remains after
exposure to SDS, and only 60% remains after exposure to CTAB. On the other
hand, surfactants carrying no net charge, such as the zwitterionic DDAPS and
the non-ionic TX, do not affect the stability of the multilayer.

It is well known that charged surfactants can interact with oppositely
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single data points, while bars represent the average of these points.
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charged polyelectrolytes to form complexes in solution [29]. Polyelectrolyte
multilayers are mainly based on electrostatic interactions, which can be sup-
ported by other interactions such as hydrogen bonding and hydrophobic-
ity [30]. After the addition of a charged surfactant, the small surfactant
molecules can diffuse into the multilayer [22] and screen the electrostatic in-
teractions between the oppositely charged polyelectrolytes. In particular, the
cationic CTAB could form a complex with the anionic PSS, while the anionic
SDS may complex with the cationic PDADMAC. This results in competi-
tive behaviour, where complexation of the surfactant with one polyelectrolyte
weakens and possibly disrupts the polyelectrolyte complexation. We do find
that no surfactant can completely desorb the multilayer, thus we expect that
if the desorption of one polyelectrolyte is favoured, then a strong charge will
build up in the multilayer. For example if negative SDS would desorb the
positive PDADMAC, a significant excess of negative charge would form in the
multilayer. This excess charge would then prevent more surfactant molecules
from approaching the remaining PEM coating.

As PDADMAC/PSS based multilayers are clearly not stable against des-
orption by charged surfactants, we moved to PSS/PAH based multilayers.
PSS/PAH is also a very well studied PEM system known to give dense (low
hydration) layers with an excess of positive charge (PAH). Another advantage
of this system is that the primairy amine groups of PAH can be crosslinked
by application of glutaraldehyde [23]. In Figure 5.5, we show the stability
of a PAH/PSS based PEM without crosslinking (0 mM) and after crosslink-
ing with various crosslinker concentrations. Here we crosslinked after every
bi-layer coating step and we focus on the stability after exposure to both
charged surfactants, SDS and CTAB. The experiments were again performed
by using reflectometry. This time, a multilayer coated on top of a silicon wafer,
was first exposed to one charged surfactant, and then, after rinsing with 5 mM
NaCl, to the other charged surfactant, both at their CMC, for at least three
times. If the multilayer was terminated with a cationic PAH layer the experi-
ment started with exposure to the anionic SDS, while for a PEM terminated
with anionic PSS the expoure started with cationic CTAB.

From Figure 5.5, it is clear that without crosslinking, also the PAH/PSS
system is not stable in surfactant solution, with 85-100 (%) of the layer
being removed after consecutive exposure to SDS and CTAB. But even at
very low crosslinker concentration, nearly complete stability is observed for
all crosslinked layers. These GA concentrations are much lower (and thus
safer) [31] compared to the concentrations used by Cho et al.(0.25 M - 2.5
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Figure 5.5: Stability (%) as a function of GA concentration of a PAH/PSS based
PEM with 4.5 bilayers (orange) or 5.0 bilayers (blue) after flushing with SDS and
CTAB solutions at their CMC for three times. These results were obtained by using
reflectometry. Points represent single data points.

M) [25]. What might come as a suprise, is that typically no complete stability
is observed, and that even at higher crosslinker concentrations some material
is desorbed. It is important to remember that only the PAH chains become
crosslinked by glutaraldehyde, and some more loosely bound PSS chains, es-
pecially from the top layers, could still be desorbed.

The quality of crosslinking can certainly also be affected by the crosslinking
time. Since crosslinking after every step (Figure 5.5) may not be needed, it
would be very beneficial to do the crosslinking in a single final step. In Figure
5.6, we show the stability of a PAH/PSS multilayer, sequentially exposed to
SDS and CTAB, as a function of crosslinking time. Here crosslinking is applied
in a single final step with a crosslinker concentration of 7.5 mM and studied
using the same optical reflectometry approach.

By looking at Figure 5.6, we can indeed see that, given sufficient crosslinking
time, a single crosslinking step works just as well as multiple steps. This is
underpinned by the later work performed on membranes (see Figure 5.7 and
Figure 5.8). We also conclude that longer crosslinking times lead to more
stable layers and more reproducible results.
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Figure 5.6: Stability (%) as a function of crosslink time for a PAH/PSS based PEM
of 4.5 bilayers after flushing with SDS and CTAB solutions at their CMC for three
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5.3.2 Stable PEM based NF membranes

In the previous section, we have shown that PAH/PSS based PEM coatings
can be made stable by a single crosslinking step at a low crosslinker concen-
tration. Here, we prepared hollow fiber based NF membranes by applying
PSS/PAH multilayers on top of negatively charged hollow fiber support mem-
branes. The membranes were coated under identical conditions as the model
surfaces, and were subsequently crosslinked for different times, using a safe
gluteraldehyde concentration (7.5 mM) [31]. In Figure 5.7, we show the mem-
brane performance for PAH/PSS membranes of 4.5 (7A, PAH terminated) and
5.0 (7B, PSS terminated) bi-layers in thickness. Overall, longer cross-linking
times lead to a denser membrane with a lower water permeability and a higher
ion retention. Similar effect were observed by Park et al. [32]. The increase in
retention is especially strong for Na2SO4. We expect that here the retention
is dominated by the di-valent SO2−

4 . Overall PSS/PAH membranes tend to
have an excess of positive PAH [25], and a more positive charge would allow
more easy permeation of this ion. But crosslinking of glutaraldehyde with the
primary amines of PAH can decrease the positive charge and even induce a
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negative charge in the membrane [25]. This would lead to a stronger Donnan
based repulsion [33] between SO2−

4 and the crosslinked membrane, increasing
retention significantly.
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The stability of these membranes is studied in Figure 5.8. The membranes
were consecutively exposed to an anionic and cationic surfactant solutions for
at least 3 times, exactly as was done for the model surfaces studied in Figure
5.5 and Figure 5.6. Also here, if the multilayer terminates with a positive top
layer the experiment started with SDS flushing, while if the multilayer ended
with a negative top layer the experiment started with CTAB. Figure 5.8, shows
the retention of (5 mM) CaCl2 and Na2SO4 tested and compared with the re-
tentions obtained before the surfactant flush. For the uncrosslinked PEM
based membranes (0h), retentions decrease to nearly 0 in line with the sub-
stantial desorption observed for PAH/PSS coatings on model surfaces (Figure
5.5). However, with an increase in crosslinking time the reduction in retention
decreases, until at 5h of crosslinking really stable performance is observed.
Clearly, the stability that was observed at high crosslinking times on model
surfaces (Figure 5.6), is also found for PEM based membranes. For shorter
crosslinking times for the PAH terminated membrane (8A) we observed a de-
crease in retention of both Na2SO4 and CaCl2. A strange observation is that
for shorter crosslinking times for the PSS terminated membrane (8B) Na2SO4

retention decreases and CaCl2 retention increases. Most likely the surfactant
exposure does remove some of the PSS from the PSS terminated membrane
making the layer more positively charged, leading to an increase in CaCl2
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retention and a decrease in Na2SO4 retention.
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Figure 5.8: Retentions of 5 mM CaCl2 and Na2SO4 as a function of crosslinking
time for membranes coated with (PAH/PSS)4-PAH (A) and (PAH/PSS)5 (B) before
and after three times consecutive rinsing with SDS and CTAB solutions at their CMC.
Data are represented by points, while lines represent the average of these points.

5.3.3 Produced water treatment

A stable hollow fiber NF membrane would be highly beneficial for produced
water treatment, as one could de-oil, and remove particles, small organic
molecules (surfactants) and multi-valent ions in a single step. Two artifi-
cial produced water emulsions stabilized either by SDS or CTAB, with as oil
1000 ppm n-hexadecane (dropletsize ∼5 µm [27]), and 5 mM NaCl, 5 mM
CaCl2 and 5 mM Na2SO4, were treated in a crossflow system by using HF
membranes based on 4.5 bilayers of PAH/PSS crosslinked for 5 hours in 7.5
mM glutaraldehyde. The crossflow velocity was set at 0.55 cm/s and the TMP
was kept constant at 3 bar.

In Figure 5.9A, we show the retentions stemming from filtrations using the
cationic CTAB as surfactant to stabilize the O/W emulsion. We observe an
excellent oil retention (100%), as well as a very high TOC retention (96.5%),
implying that also nearly all of the free surfactant molecules are retained.
Furthermore, higher Ca2+ (75%) and Cl− (36%) retentions were obtained
compared to the retention values obtained for the same ions in conditions
were no oil and surfactant were present (Figure 5.7). At the same time, lower
SO2−

4 retentions than for the pure solutions are observed. This change in
retention behaviour likely stems from interaction of the cationic surfactant
with the multilayer. This may lead to an increase in Ca2+ rejection and a
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decrease in SO2−
4 retention. The increase in Cl− retention is a consequence of

the electroneutrality principle, if more Ca2+ is retained, then also more of it’s
counterion is retained.

When the anionic SDS is used as surfactant (Figure 5.9B), the membranes
still show excellent oil retention (98%), and good TOC retention (83%). This
time, we can observe a SO2−

4 retention similar to the values obtained without
surfactant and previously shown in Figure 5.9, while we have higher Ca2+
(73%) retention. SDS is smaller than CTAB. This possibly allows SDS easier
diffusion into the multilayer than CTAB, as supported by a lower TOC re-
tention for SDS. Diffusion into and adsorption of SDS to the multilayer not
only brings a change in membrane surface charge, but it could also densify
the layer, reducing the effective multilayer pore size, thereby also increasing
di-valent ion retention.
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Figure 5.9: Retentions of Ca2+, Na+, SO2−
4 , Cl−, TOC and oil from membranes

coated with (PAH/PSS)4-PAH in experiments performed with O/W emulsions stabi-
lized by A) CTAB and B) SDS. Emulsions were made of 5mM CaCl2, 5 mM NaCl,
5 mM Na2SO4, 1000 ppm of n-hexadecane (oil) and surfactant at its CMC. Points
represent single data points, while bars represent the average of these points.

Table 1 contains a summary of the results obtained by filtrating artificial
PW emulsions with our HF membranes. For CTAB stabilized PW, the mem-
branes showed a low flux decline (just 19%). Furthermore, after cleaning with
a CTAB solution at its CMC for 15 min, the membranes were able to com-
pletely recover their original flux. This demonstrates that fouling was not
severe and that it was 100% reversible. For SDS the situation was a bit dif-
ferent. Flux decline was much higher, reaching a value of 90%. Still, it was
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possible to recover 80% of the original flux. The non-reversible part of the
fouling could stem from SDS penetrating the PEM layer as discussed above.
It is also important to mention that cationic surfactants are good corrosion
inhibitors and are much more commonly found in PW than anionic surfactants
such as SDS [34]. Overall, these results clearly show that these newly devel-
oped membranes would be highly suitable to treat PW stabilized by cationic
surfactants, such as CTAB, and would still be suitable to treat PW stabilized
by anionic surfactants. The difference in fouling behaviour could stem from
the easier diffusion of SDS into the multilayer, as discussed above. In both
cases, the membrane clean-ability was extremely good, proving that PEM de-
position can lead to surfaces were fouling is less severe and easier to remove.
These membranes allow to de-oil, remove most of the surfactants and divalent
ions from the wastestream and even some of the monovalent ions in only one
step. All these factors together make them highly suitable for treatment of
PW.

Surfactant used Flux after fouling Flux recovery

CTAB (+) 81 % 100 %

SDS (-) 10 % 80 %

Table 5.1: Remaining membrane flux after fouling and flux recovery after cleaning
of the artificial produced water experiments. Emulsions were made of 5mM CaCl2,
5 mM NaCl, 5 mM Na2SO4, 1000 mg/L of n-hexadecane (oil) and surfactant at its
CMC.

5.4 Conclusions

Membrane technology can be considered a promising technology for PW
treatment. By using membranes it becomes possible to convert a complex
wastestream, such as PW, into a source of water for re-use. In particular,
polyelectrolyte multilayer deposition is one of the methods that established
itself as an effective technique to prepare hollow fiber based NF membranes.
Hollow fiber membranes can withstand a much higher fouling load compared
to their spiral wound counter-parts and would thus be especially promising for
PW treatment. Unfortunately, surfactants, naturally present in PW but also
added in extra-quantities to inhibit pipe corrosion and to increase oil recovery,
can affect the stability of polyelectrolyte multilayers. In this work, we studied
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the stability of polyelectrolyte multilayers towards different types of surfac-
tant (anionic, cationic, zwitterionic and non-ionic), and demonstrate that it is
possible to produce stable multilayers, resistant towards surfactants, on model
surfaces as well as on membranes. This is, however, only true for the crosslink-
able PAH/PSS system, and not for chemically stable PDADMAC/PSS system.
The effect of crosslinking time for PAH/PSS was also studied for PEM based
hollow fiber NF membranes. With increased crosslinking time more stable
membranes are produced with better separation properties, but at a lower
water permeability. Novel HF membranes based on 4.5 bilayers of PAH/PSS
and crosslinked for 5h with a 7.5 mM glutaraldehyde solution, showed excel-
lent stability towards charged surfactants. These membranes were tested with
two artificial PW emulsions stabilized either by the cationic CTAB or the an-
ionic SDS. For CTAB stabilized PW, the membranes showed a low flux decline
(just 19%) and high surfactant removal (TOC retention 96.5%). Furthermore,
after cleaning with a CTAB solution at its CMC the membranes were able to
completely recover their original flux. For SDS flux decline was much higher,
reaching a value of 90%, and surfactant removal lower (TOC retention 83%).
Still, it was possible to recover 80% of the original flux after cleaning with SDS
solution at its CMC. SDS is smaller than CTAB and this possibly allows SDS
easier diffusion into the multilayer than CTAB, as supported by a lower TOC
retention for SDS and its higher flux decline. In both cases, the membranes
also showed excellent oil removal (∼ 100%) and divalent ion retention (∼ 75%
for Ca2+ and up to ∼ 80% for SO2−

4 ). In conclusion, these membranes not
only show good stability and clean-ability but they also allow de-oiling, and
removal of small organic molecules (such as surfactants) and divalent ions in
a single step process.
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Abstract
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 gen-
erally 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 sur-
face chemistry exhibits excellent fouling resistance and thus stable performance
during filtration. .
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6.1 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, flocculation, sedimentation, flota-
tion, and sand filtration [1, 2]. This is especially due to their versatility:
membranes allow the removal of a wide spectrum of components, ranging
from suspended solids (microfiltration) 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 treatment [3]. NF allows
the removal of humic substances [4, 5], micropollutants [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 ef-
fects) [11]. Humic acids, proteins, polysaccharides 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
properties [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]. Mem-
brane 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 roughness thus become very
important [23]. A much investigated approach to reduce membrane fouling is
to minimize the attractive interactions between the surface of the membrane
and the foulants contained in the feed [24, 25]. For this reason, surface modifi-
cation of existing membranes is considered an effective tool to reduce foulant-
membrane interactions and indeed to design low fouling membranes [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) tech-
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nique [29–32]. In LbL, a charged membrane is coated alternately with positive
and negative polyelectrolytes, which overcharge the surface 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 ad-
ditionally to reduce membrane 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 nega-
tive charge, due to the presence of acid groups (e.g. carboxyl, sulfonic and
hydroxil), most commercial membranes are designed with a negative surface
charge to reduce fouling [44]. Hydrophilic and negative 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 un-
precedented fouling resistance during the filtration of proteins [49].

Surface water

PMPC-co-AA (+-) PSS (-)

+ + + + - - - - - - - - - -+ - - + - + - + - --- -
-- - - -

PAH (+)

Figure 6.1: Illustration of a hollow fiber membrane with the same multilayer, except
from the final adsorbed layer that determines the membrane surface chemistry.

In this work, we investigate the effect of membrane surface chemistry on
fouling in surface water treatment for polyelectrolyte multilayer based nanofil-
tration 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 pre-
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pared 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 zwitteri-
onic poly(2-methacryloyloxyethyl phosphorylcholine-co-acrylic acid) (PMPC-
co-AA)) affects the subsequent adsorption of five different model foulants (Hu-
mic 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 (Figure 6.1). Through filtration experiments carried out with
synthetic and real surface water, we demonstrate that especially the zwitteri-
onic 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.

6.2 Materials and Methods

6.2.1 Chemicals

Poly(allylamine hydrochloride) (PAH, Mw = 50 kDa), poly(sodium 4-styrene
sulfonate) (PSS, Mw = 70 kDa), an aqueous solution of 25 wt% glutaralde-
hyde (GA, Grade II), acrylic acid (AA), 2-methacryloyloxyethyl phosphoryl-
choline (MPC, 295.27 Da), N-(3-Dimethylaminopropyl)-N-ethylcarbodiimide
hydrochloride (EDC), N-Hydroxysuccinimide (NHS), ammonium persulfate
((NH4)2S2O8) and glycerin were purchased from Sigma-Aldrich (The Nether-
lands). Our model foulants, Alginic acid sodium salt from brown algae
(Sodium alginate), Bovine Serum Albumin (BSA, chromatographically pu-
rified, ≥ 98 %), LUDOX® (AS-30 colloidal silica 30 wt% suspension in H2O)
and Lysozyme (from chicken egg white powder, crystalline 70000 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 Polypropy-
lene 25/1 20) was supplied by Pentair (The Netherlands). All other chemicals
were purchased from VWR (The Netherlands).
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6.2.2 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 copolymer,
was adapted from a recipe used for the synthesis of PSBMA [53]. 100 ml of
demi water was flushed with nitrogen for 1 hour 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 minute, 0.228 g (1 mmol)
(NH4)2S2O8 was added. The mixture was left to react under nitrogen atmo-
sphere at room temperature for 23 hours and then heated up to 50°C and
left reacting for 2 hours more. Finally, the mixture was cooled down to room
temperature and mixed with 400 mL of 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 mole ratio of MPC/acrylic acid (see Figure D.1, Ap-
pendix D, for further details). This ratio allows for an adequate polymer
charge excess, making the build-up of the multilayer easier.

6.2.3 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 temperature. First,
negatively charged SiO2 wafers were cleaned with piranha solution to remove
possible contaminants. Subsequently, the wafers were dipped for 15 minutes
in a polycation (PAH in 50 mM NaCl) solution and then rinsed with a 50 mM
NaCl aqueous solution for at least 15 minutes to remove any polyelectrolyte not
well attached to the surface. To complete the first bilayer, the wafers were then
immersed in polyanion (PSS in 50 mM NaCl) solution for 15 minutes. 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
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crosslinked to improve their stability. In case of PAH and PSS as top layers, the
surfaces were immersed in a 7.5 mM glutaraldehyde for 5 hours, 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 hour
to crosslink just the top layer [55, 56] and later in a 7.5 mM glutaraldehyde for
5 hours. We apply the same coating procedure on membranes (see paragraph
2.5).

6.2.4 Fouling study on model surfaces via reflectometry

Several compounds are present in typical surface water, including proteins,
polysaccharides, humic acids, extracellular polymeric substances and solid par-
ticles. These fouling agents tend to adsorb on membrane surfaces and form
a gel layer which can significantly promote bacterial growth and cause sig-
nificant 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 re-
flectometry as investigation tool [58]. In order to determine the quantity of
fouling agent adsorbed at the surface, we flushed different fouling agents in ar-
tificial 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 adsorption/desorption here occours under well control hydrody-
namic conditions, 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 polar-
ized components. S (-) is the ratio between the two polarized components,
and ∆S the change in this ratio, used calculate the mass of foulant adsorbed
or desorbed from the model surface

Γ =
∆S

S0
Q. (6.1)

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 surface (-), and Q is
the sensitivity factor (mg/m2). To calculate Q, we used an optical model based
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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

Table 6.1: Reflactive index increments (dn/dc) and sensitivity factors for the fouling
agents

on the following values: θ=71°, nSi=1.46, ñSiO2=(3.85, 0.02), nH2O=1.33,
δSiO2=90 nm and refractive index increment dn/dc (mL/g), shown in Table
6.1. The calculated sensitivity factors Q for all fouling agents are also shown
in Table 6.1. All experiments were performed at least in duplicate.

6.2.5 Hollow fiber membranes coating

Polyelectrolyte multilayers were coated on sulfonated polysulfone (SPES) hol-
low 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 solu-
tion 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 rins-
ing 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 hours. In the case of zwitterionic terminated layer, the
fibers were first immersed in a 5 mM NHS and 25 mM EDC solution for 1
hour, and then dipped in a 7.5 mM glutaraldehyde solution with 50 mM NaCl
for 5 hours. 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 (Figure S2 and Figure S3, SI), were tested
in order to measure water permeability and ion retention. We calculated the
water permeability (LMH/bar, Figure S4) as ratio between the pure water
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flux and the transmembrane pressure (TMP). Fluxes were measured at room
temperature using demi-water at a transmembrane pressure of 3 bar. In or-
der to measure the salt retention, 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.

6.2.6 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 set of experiments. We recycled the
concentrate stream to the feed tank while we collecting the permeate for 1
hour. We checked the pH, ionic concentration and TOC of the feed at every
start and end of each experiment, to ensure that no siginificant 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 hours 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 be-
tween 2 h and 3 h after the start of the experiment. We collected permeate
samples and analyzed their ionic concentration and TOC by ion chromatog-
raphy (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 permeability to calculate the flux recovery. Each experiment
was performed at least in triplicate.



666666

138 Chapter 6. The effect of a zwitterionic final layer on surface water fouling

Concentration (mg/L)
Ca2+ 52.8 ± 3.2
Na+ 81.7 ± 2.8
Mg2+ 15 ± 0.6
SO2−

4 68.4 ± 2.6
Cl− 136 ± 5.3

TOC 8.4 ± 1.6

Table 6.2: Composition of the pre-filtered surface water (IJsselmeer, Afsluitdijk,
The Netherlands), feed water of the membrane crossflow experiments.

6.2.7 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 below:

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 experiments. 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 hours, 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 dis-
cussed 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 transmembrane pres-
sure. Finally, we measured again the water permeability to calculate the flux
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recovery. Each experiment was performed at least in triplicate.

6.3 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 investigate 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 mem-
branes for real surface water treatment, and analyze our previous results in
terms of overall membrane performance and stability.

6.3.1 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 ad-
sorption 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 irre-
versible 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 Ap-
pendix D.

In Figure 6.2 we show the adsorption of the five model foulants, previously
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
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Figure 6.2: 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.

normally reported in literature. BSA adsorption was found to be ∼10 and 25
mg/m2, respectively for negatively 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 Figure 6.2 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 (Figure 6.2A), in comparison to the negatively
charged PSS (Figure 6.2B). On the other side, positively charged foulants,
such as lysozyme, adsorb more on negatively 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 membrane 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
Figure 6.2B), while negative LUDOX® nanoparticles lead to high adsorbed
amounts on the zwitterionic PMPC-co-AA (see Figure 6.2C). BSA may ad-
sorb better on negatively charged PSS due to charge regulation, an effect that
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can lead to a charge inversion of the protein [68]. In addition, this adsorp-
tion may also be driven by the fact that BSA is a patchy protein, having at
pH=6.5 a small region that is positively charged [77]. This region of the pro-
tein could complex with the negatively 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 phosphoryl-
choline groups and silica hydroxyls [78].

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

6.3.2 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 hours 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.

6.3.2.1 Ion retentions for clean membranes

In Figure 6.3, we show ion retentions for clean hollow fiber membranes
when synthetic surface water (without addition of foulants) is used. Figure
6.3A, 6.3B and 6.3C respectively show ion retentions for nearly uncharged
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crosslinked PAH, negatively charged PSS and zwitterionic PMPC-co-AA top
layers. In particular, we show retentions of Ca2+, Na+, Mg2+, SO2−

4 and Cl−.
For each top layer, we can see that the rejection of ions is probably deter-
mined by both Donnan and dielectric exclusion [81]. We show high rejection
of sulfate ions, in particular for anionic PSS (Figure 6.3B) and zwitterionic
PMPC-co-AA (Figure 6.3C) 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, Figure
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 SO2−

4 , as already shown in previous works [54]. Since mem-
branes 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 respon-
sible for ion retention, we would expect lower retentions of Ca2+ and Mg2+
respect to Na+. But other ions exclusion mechanisms, such as dielectric exclu-
sion [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 propor-
tionally to their ionic charge. Differences in dielectric constants of the water
between bulk solution and membrane separation layer contribute to an exclu-
sion energy, which is proportional 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 sim-
ilar salt retentions for the three membranes where only the final outer layer is
different.

6.3.2.2 Filtration of Lysozyme

In Figure 6.4, we show ion retentions and flux decline for crossflow filtra-
tion experiments carried out on synthetic surface water with positively charge
Lysozyme as a model foulant. Specifically, Figures 6.4A, 6.4B and 6.4C, show
ion retentions, as well as lysozyme retention, and flux decline respectively 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, Figure S6.
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Figure 6.3: Retentions of Ca2+, Na+, Mg2+, SO2−
4 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.

For PAH (Fig.6.4A) and PSS (Fig.6.4B) top layers, we do observe a sig-
nificant increase in divalent cations retention (Ca2+ and Mg2+) compared to
Figures 6.3A and 6.3B, respectively. Contrarily, no significant changes in re-
tention are observed for PMPC-co-AA surface chemistry (Figs.6.4C and 6.3C).
In addition, Figures 6.4A and 6.4B show ∼30% and ∼45% flux decline, respec-
tively for PAH and PSS top layers, while almost no flux decline is observed
for PMPC-co-AA chemistry (Fig.6.4C).

The flux decline observed for PAH and PSS, together with the increased
retention in divalent cations, strongly suggest the build-up of a lysozyme foul-
ing 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, SO2−

4 , 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
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Figure 6.4: Retentions of Ca2+, Na+, Mg2+, SO2−
4 , 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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is a small protein, with a molecular 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 (Figure 6.2) were rather low. This could indicate a more
dominant role of foulant-foulant interactions in the observed fouling. In reflec-
tometry experiments we do see a small lysozyme adsorption on PMPC-co-AA
surfaces (Fig.6.2C), but it does not influence the flux, probably due to the for-
mation 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.

6.3.2.3 Filtration of BSA

Figure 6.5 shows the results of our crossflow filtration tests where BSA, as the
model foulant, is added to our synthetic surface water. Here, Figures 6.5A,
6.5B and 6.5C, show ion retentions, BSA retention and flux decline respectively
for PAH, PSS and PMPC-co-AA top layers.

For PAH (Fig.6.5A) and for PSS (Fig.6.5B) surfaces, we mainly observe
a small (∼10%) increase in sulphate SO2−

4 retention compared to filtration
without foulants (Figures 6.3A and 6.3B). Contrarily, for our polyzwitterionic
top layer, made of PMPC-co-AA, we observe almost ∼10% decrease in all
divalent ions retention (see Figs. 6.5C and 6.3C). Again, PAH and PSS present
flux decline (respectively ∼20% and ∼45%, see Figs. 6.5A and 6.5B), while
no flux decline is observed for PMPC-co-AA surface chemistry (Fig.6.5C).

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 rela-
tively 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 SO2−

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

Figure 6.5 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 6.3.1, Fig.6.2). 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
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Figure 6.5: Retentions of Ca2+, Na+, Mg2+, SO2−
4 , 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.
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charge inversion [68].

6.3.2.4 Filtration of Humic Acids and Alginates

In Figure 6.6, we show the results obtained for Humic Acids as fouling agent.
For PAH (Fig.6.6A) and PMPC-co-AA (Fig.6.6C) we observe ∼10% increase
in sulphate SO2−

4 retention compared to filtration without foulants (Figures
6.3A). For membranes with PSS top layers, we have no significant changes in
ion retentions (Fig.6.6B). PAH shows ∼25% flux decline (Fig.6.6A), PSS ∼15%
(Fig.6.6B), but again no flux decline is observed for PMPC-co-AA (Fig.6.6C).

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 exclusion, increases the re-
tention of SO2−

4 . 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, Figure S7). For both HA and
alginates with PSS we observed flux decline but little adsorption (Figure 6.2).
This may be due to foulant-foulant interactions which could dominate in the
observed fouling. For PMPC-co-AA top layer, we 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 molecular 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 phos-
phorylcholine (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 polysaccharides adsorption.

6.3.2.5 Filtration of LUDOX Colloidal Silica

In Figure 6.7, we show the results for LUDOX® colloidal silica. For LUDOX®

particles, we do not observe significant differences in retention for all top layers
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Figure 6.6: Retentions of Ca2+, Na+, Mg2+, SO2−
4 , 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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(Fig.6.7A, Fig.6.7B and Fig.6.7C). However, such a low retention is unexpected
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.

6.3.3 Treatment of Real Surface Water and Stability of Mem-
branes Performance

6.3.3.1 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 organics and mul-
tivalent ions from water at lower energy consumption.

In Figure 6.8, we show ion (Ca2+, Na+, Mg2+, SO2−
4 , Cl−) and organics

(TOC) retentions for HF membranes with different top layers (PAH, PSS and
PMPC-co-AA, respectively Figs. 6.8A, 6.8B and 6.8C). The ion retentions of
the three different top layers do not differ significantly from the experiments
we carried out with synthetic surface water (Fig. 6.3). Differently, the three
membranes present quite different retention values for organics, which do not
reflect the experiments carried out with our model foulants. 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 Fig. 6.8 and Fig. 6.3, 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. Dif-
ferently, organics are able to permeate through the membrane, 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
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Figure 6.7: Retentions of Ca2+, Na+, Mg2+, SO2−
4 , 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
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from all individual measurements.
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< 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). Membranes 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 additional crosslinking of the carboxyl-amine
groups [55, 56]. We can conclude that our zwitterionic surface chemistry per-
formed really well, since it did not exhibit fouling and additionally it retained
70% of the organics in the feed.
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Figure 6.8: Retentions of Ca2+, Na+, Mg2+, SO2−
4 , Cl− and TOC from membranes

coated with A) PAH, B) PSS and C) PMPC-co-AA top layers in experiments per-
formed 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.

6.3.3.2 Overall Performance stability

Fouling compromises the stability and selectivity of membrane separations
[96], as it leads to an increase in hydraulic resistance during filtration, addi-
tional 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 constant 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, commercial membranes are usually
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charged, and as investigated in section 6.3.2, this charge excess can lead to
fouling.

Collecting the results of the experiments shown in section 6.3.2, we stud-
ied the performance of our membranes in all our experiments and analyzed
their stability. In Figure 6.9, we show the stability of our membranes in terms
of normalized flux (Figure 6.9A) and deviation, ∆, in divalent ions retention
(Figure 6.9B), i.e. the percentage of deviation in Ca2+, Mg2+ and SO2−

4 re-
tention. This parameter is calculated for each ion by subtracting the retention
of the divalent ion for a clean membrane from the actual retention, and then
dividing the result by the clean membrane retention.
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Figure 6.9: Membranes performance, for PAH, PSS and PMPC-co-AA top layer, in
terms of A) Normalized flux (%) and B) Deviation ∆ in divalent ion retention (%).
Markers represent the average of Figs.6.4-6.7 data points, while shapes enclosing these
markers darken on the average for each top layer.

From Figure 6.9, 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 Figure 6.9A, 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 moieties, mainly due to strong electrostatic interactions and hy-
drogen bonding, leads to a large energy barrier which prevents the adsorption
of foulants [49].

On the other side, Figure 6.9B shows how fouling affects the retention prop-
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erties 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 bene-
ficial 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 sup-
port [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 termi-
nated 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 roughness 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 membranes
are still commercially available only as flat sheets, as it is quite 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, hollow fiber membranes have
the large advantage compared to flat sheet (spiral wound) configurations that
spacer fouling is not a problem.
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6.4 Conclusions

Charged interfaces, usually present in commercial membranes, have the down-
side 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 sur-
face water treatment for polyelectrolyte multilayer based nanofiltration mem-
branes. 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 foulants (Hu-
mic Acids, Alginates, Silica Nanoparticles, negatively and positively charged
Proteins). Later, we studied fouling of the same model foulants on our poly-
electrolyte 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 experi-
ments, carried out with synthetic and real surface water, demonstrated that
our bio-inspired zwitterionic phosphatidylcholine surface chemistry exhibits
excellent fouling resistance and stable performances during filtration. The sta-
ble 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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Abstract
Large volumes of water become contaminated with hydrocarbons, surfactants,
salts and other chemical agents during Oil & Gas exploration activities, resulting
in a complex wastewater stream known as produced water (PW). Nanofiltration
(NF) membranes are a promising alternative for the treatment of PW to facili-
tate its re-use. Unfortunately, membrane fouling still represents a major obstacle.
In the present work, we investigate the effect of surface chemistry on fouling
of NF membranes based on polyelectrolyte multilayers (PEM), during the treat-
ment of artificial produced water. To this end, oil-in-water (O/W) emulsions
stabilized with four different surfactants (anionic, cationic, zwitterionic and non-
ionic) were treated with PEM-based NF membranes having the same multilayer,
but different top layer polymer chemistry: crosslinked poly(allylamine hydrochlo-
ride) (PAH, nearly uncharged), poly(sodium 4-styrene sulfonate) (PSS, strongly
negative), poly(sulfobetaine methacrylate-co-acrylic acid) (PSBMA-co-AA, zwit-
terionic) and Nafion (negative and hydrophobic). First, we study the adsorption
of the four surfactants for the four different surfaces on model interfaces. Second,
we study fouling by artificial produced water stabilized by the same surfactants on
PEM-based hollow fiber NF membranes characterized by the same multilayer of
our model surfaces. Third, we study fouling of the same surfactants solution but
without oil. Very high oil retention (>99%) was observed when filtering all the
O/W emulsions, while the physicochemical interactions between the multilayer
and the surfactants determined the extent of fouling as well as the surfactant
retention. Unexpectedly, our results show that fouling of PEM-based NF mem-
branes, during PW treatment, is mainly due to membrane active layer fouling
caused by surfactant uptake inside of the PEM coating, rather than due to cake
layer formation. Indeed, it is not the surface chemistry of the membrane that
determines the extent of fouling, but the surfactant interaction with the bulk of
the PEM. A denser multilayer, that would stop these molecules, would benefit PW
treatment by decreasing fouling issues, as would the use of slightly more bulky
surfactants that cannot penetrate the PEM. .
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An achemso demo] Fouling of Polyelectrolyte Multilayer based Nanofiltra-
tion Membranes during Produced Water Treatment: The Role of Surfactant
Size and Chemistry

7.1 Introduction

One of the main environmental challenges in the Oil & Gas (O&G) field is the
sustainable management of produced water (PW). This wastewater consists
of water already present in the drilled geological formation together with an
aqueous solution of chemical agents that is injected into the formation dur-
ing the hydrocarbon recovery process [1]. PW is the largest waste stream
formed during oil and gas recovery, representing in some cases more than 90%
of the O&G liquid waste [2]. The volume of PW generated is expected to
increase further in the future due to the growing share of hydrocarbons that
are recovered using water-intensive methods. Moreover, as older O&G fields
get depleted, larger volumes of injected water will be required to extract the
remaining resources [3].

PW can be considered an oil-in-water (O/W) emulsion in which different
molecules (corrosion inhibitors, biocides and extraction enhancers) act as sur-
factants, stabilizing the oily-phase and keeping it dispersed [4]. The amount
and type of compounds present in PW will differ depending on the well from
which the hydrocarbons are extracted, as well as on the chemical agents added
to the water during the recovery process. After treatment, PW could be re-
injected to extract further resources, reducing the freshwater demand of the
O&G industry. Ideally, if higher quality standards are met, treated PW could
also be reused in other sectors such as agriculture, livestock raising and indus-
trial processes [2].

Conventional treatment of PW mainly includes physical processes, as for
example adsorption, media filtration and cyclones, and chemical methods,
such as de-emulsification and chemical precipitation [5]. Even though it is
possible to remove most of the contaminants present in PW by a combination
of conventional treatment methods, these processes often involve the use of
large volumes of chemical agents, require a large installation space and can
be energy-intensive [6]. Consequently, the development of novel, energy and
resource-efficient technologies is needed to ensure that treated PW complies
with increasingly strict water quality standards for its reuse [7].

Over the past decades, researchers have shown the potential of membranes
to effectively treat O/W emulsions [8, 9]. Although conventional physical,
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chemical and biological treatment processes can remove free-floating oil as
well as oil present in unstable emulsions, these methods are not sufficiently ef-
fective in separating well-stabilized emulsified oil droplets from water, mainly
due to their small size (<10 ţm) and high stability [9, 10]. Membranes, rang-
ing from microfiltration (MF) to nanofiltration (NF), have been proven to be
extremely effective in the removal of such small and stable droplets, providing
higher quality effluents with a series of advantages in terms of environmental
impacts, space requirements and easy to automate operation when compared
to traditional methods [11]. Here, NF membranes have an array of added
advantages as they can be used at acceptable permeability for de-oiling while
simultaneously removing multivalent ions, dissolved organics and part of the
monovalent salts [12, 13], providing higher quality effluents than MF and ul-
trafiltration (UF) with lower use of energy than reverse osmosis (RO).

Several studies have obtained promising results for the use of NF in PW
treatment. Muppalla et al. tested the performance of a NF membrane pre-
pared by applying a pentablock copolymer (PBC) active layer on top of a
polysulphone UF membrane and obtained high oil rejection (∼99.5%) from
oil-water emulsions [14]. Xu & Drewes observed high permeability, salt and
total organic content (TOC) removal when treating PW with commercially
available NF membranes on a bench-scale [15], while Visvanathan et al., af-
ter conducting a pilot-scale experiment, concluded that NF was a suitable
option for the pre-treatment of PW before applying a reverse osmosis (RO)
step, thanks to its stable efficiency and low-fouling performance [16]. Besides,
Alzahrani & Mohammad reviewed the application of membrane technologies,
including NF, for the treatment of PW [12]. Despite the favorable outcomes,
previously mentioned, they stressed the need of considering NF as part of a
PW treatment train, consisting of several steps. The complexity of PW makes
single-step solutions impossible [5], especially if the quality of the effluent is
expected to meet strict beneficial reuse standards. Further research and de-
velopment is required on several aspects of NF application [17], including the
important topic of membrane fouling [4, 18].

Fouling is a major drawback common to all filtration technologies, leading to
a decrease in permeate quantity and quality over time, which in turn translates
into lost operation periods and higher costs due to membrane cleaning or
even replacement [19]. Several of the organic compounds present in PW,
such as oil, dissolved organics and surfactants, can easily lead to fouling [10,
12]. Physicochemical interactions between organic molecules and membrane
surface lead to adsorption, which is considered the main mechanism for organic
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membrane fouling [20]. Surfactants are a type of organic foulant that requires
special attention in the case of PW treatment by NF since they are responsible
for the stability of the emulsion and can interact in several ways with the
membrane [4]. While the extent of fouling for charged surfactants is mainly
related to electrostatic interactions [21], for nonionic surfactants it seems to be
related to the membrane hydrophilicity and pore size [22]. Researchers have
therefore suggested that in order to minimize fouling it is recommended to
use membranes with a more hydrophilic, smoother surface, and same charge
as the fouling agents [23, 24]. As membrane charge and surface chemistry are
believed to be the main parameters able to affect fouling [25], a zwitterionic top
layer could prevent fouling by decreasing the interaction between membrane
surface and foulants [26]. However, the role of membrane charge and surfactant
chemistry remains still unclear, especially in PW treatment, and needs further
investigation.

In the past decade, we have seen a major breakthrough in the production
of polyelectrolyte multilayer (PEM) based hollow fiber (HF) nanofiltration
membranes. The excellent separation properties of these systems, coupled with
very good chemical stability, has led to many publications [17, 27–30], but also
to very rapid commercialization [31]. Additionally, PEM-based NF membranes
have a key advantage over commonly used thin film composite (TFC) NF
membranes. As TFC membranes are still commercially available only as flat
sheets, as it is quite difficult to make TFC membranes via IP in a hollow fiber
configuration [32]. Here, our PEM based membranes have the advantage that
hollow fiber manufacturing is very straightforward and HF-based membrane
modules do not require a spacer, in contrast to spiral wound modules, where
spacer fouling is a much bigger problem than membrane fouling [33]. However,
a rather unexplored area of PEM based membranes is their fouling behavior.
This is worth mentioning since the chemistry of these systems very naturally
lends itself to a large deal of control over the membrane surface chemistry
[34–36]. As such, PEM based HF membranes could easily be designed with
good separation properties, combined with anti-fouling properties optimized
towards PW treatment.

In this manuscript, we study the effect of top layer polymer chemistry,
as well as surfactant type, on fouling by PW for PEM-based nanofiltration
membranes. As surface chemistry is believed to be the main factor that reg-
ulates the interactions between membrane and foulants, it is ideal to inves-
tigate such effects on PEM, where we can create very similar membrane ac-
tive layers, and apply a different top layer to change the membrane surface
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chemistry. First, we focus on surfactant adsorption on PEM coated model
interfaces to investigate the effect of different top layer polymer chemistry
(nearly uncharged crosslinked poly(allylamine hydrochloride) (PAH), strongly
negative poly(sodium 4-styrene sulfonate) (PSS), zwitterionic poly(sulfobe-
taine methacrylate-co-acrylic acid) (PSBMA-co-AA) and negative hydropho-
bic Nafion) on the adsoption of four different surfactants (anionic SDS, cationic
CTAB, zwitterionic DDAPS and nonionic TX). Subsequently, we study foul-
ing by artificial PW (prepared with various surfactants) on NF membranes
having the same multilayer chemistry of the model interfaces. The same ex-
periments are also carried out with aqueous solutions of just the surfactant to
better understand the underlying fouling mechanisms. While we expected the
top layer chemistry to play a major role in membrane fouling by surfactants,
our experiments surprisingly demonstrate that it is not the top layer chemistry
that determines the degree of fouling, but rather the surfactant size and type
and their interaction with the inner part of the PEM. These results indicate
clear pathways to reduce fouling of PEM based NF membranes during PW
treatment.

7.2 Materials and Methods

7.2.1 Chemicals

O/W emulsions were prepared by mixing N-hexadecane (Merck Schuchardt
99.0%) in a solution containing one out of four surfactants, namely
sodium dodecyl sulfate (SDS, Sigma-Aldrich, ACS reagent, 99.0%), hexade-
cyltrimethylammonium bromide (CTAB, Sigma-Aldrich, for molecular biol-
ogy, 99%), Ndodecyl-N, N-dimethyl-3-ammonio-1-propanesulfonate (DDAPS,
Sigma-Aldrich, 97.0% (dried material, CHN)) and TritonTM X-100 (TX,
Sigma-Aldrich, laboratory grade). Figure 7.1 shows the chemical structure
of the surfactants used in this work as well as their molecular weight (MW,
Da).

PEM-based NF membranes were prepared by coating sulfonated poly(ether
sulfone) (SPES) UF-HF membranes (inner diameter of 0.7 mm, molecular
weight cut-off (MWCO) of 7.5 kDa, and water permeability of 150 LMH/bar
[13]) with four types of polyelectrolytes: PAH (Mw = 50 kDa), PSS (Mw = 70
kDa), Nafion (75wt.% of 1100 EW Nafion) and PSBMA-co-AA. All of the poly-
electrolytes used for membrane coating were purchased from Sigma Aldrich
except for PSBMA-co-AA, which was synthetized by following the procedure
described by de Grooth et al. [37]. Using 1H-NMR (spectra reported in Figure
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Figure 7.1: Surfactants tested in this work and their characteristics: anionic SDS
(288.4 Da), cationic CTAB (364.5 Da), nonionic TX (625 Da) and zwitterionic
DDAPS (335.6 Da).

E.1, Appendix E), the monomer distribution of PSBMA-co-AA was estimated
to be approximately 10:1 molar ratio of SBMA/AA. For the crosslinking of the
PEM, a 25% aqueous solution of glutaraldehyde was purchased from Sigma-
Aldrich. Coumarin 6/ Neeliglow Yellow 196 (Neelikon) fluorescent dye was
used to measure oil content by means of fluorometry. Silicon wafers were pur-
chased from WaferNet Inc. (San Jose, CA, USA). We purchased all other
chemicals from VWR, the Netherlands. All chemicals were used without fur-
ther purification steps.

7.2.2 Model surface coating with PEM

Polyelectrolyte coating solutions were prepared by dissolving 0.1 g/L poly-
electrolyte in a 50 mM NaCl solution without adjusting pH (with pH∼5.5).
All the steps (coating, rinsing and crosslinking) step were performed at room
temperature and each of them lasted 15 min. First, negatively charged Silica
(SiO2) wafers were cleaned with piranha solution (3:1 mixture of concentrated
sulfuric acid (H2SO4) with hydrogen peroxide (H2O2)) to remove possible or-
ganic contaminants. Then, the wafers were dipped in a polycation (PAH)
solution (50 mM NaCl) and subsequently rinsed with an aqueous solution
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containing only NaCl (50 mM). The model interfaces were then immersed in
a polyanion (PSS) solution (50 mM NaCl), followed by another rinsing step,
to finally complete the fist bilayer. A crosslinking step, in which the model
surfaces were immersed in a 7.5 mM glutaraldehyde solution (50 mM NaCl),
was applied after coating each PAH layer to guarantee layer stability in sur-
factant solutions [13]. The procedure was repeated until 4.5 and 5 bilayers,
respectively for PAH and the other top layers (i.e. negative PSS, zwitterionic
PSBMA-co-AA and negative hydrophobic Nafion), were coated on top of the
wafers. While PSS and PSBMA-co-AA coating solutions contained 50 mM
NaCl and 0.1 g·L−1 of the respective polyelectrolyte, the Nafion coating solu-
tion consisted of 0.1 g·L−1 Nafion dispersed in ethanol 70%. The same coating
procedure is applied on hollow fiber membranes (Section 2.4).

7.2.3 Surfactant adsorption on model interfaces via reflectom-
etry

PW can be considered an oil-in-water emulsion in which different molecules
(corrosion inhibitors, biocides and extraction enhancers) act as surfactants,
stabilizing the oily-phase and keeping it dispersed. Surfactants are a type of
organic foulant that requires special attention in the case of PW treatment by
NF since they are responsible for the stability of the emulsion and can adsorb
at the membrane interface [21, 38].

We initially investigated the adsorption of four different surfactants on
model interfaces via reflectometry [39]. To quantify the adsorbed amount of
surfactant at the interface, we flushed the surfactant solutions (0.1 times the
critical micelle concentration (CMC) of the surfactant and 100 mM NaCl) to
the silica wafers, previously coated with PEMs (above described). For simplic-
ity we have taken the CMC value in absence of salt, being aware that especially
for the charged surfactants the CMC will decrease at higher salinities. When
we reach steady state in surfactant adsorption, we rinse our interfaces with a
simple salt solution (100 mM NaCl). The use of a stagnation point flow cell
allows to study the surfactant adsorption under well controlled hydrodynamic
conditions. We calculate the amount of surfactant, Γ (mg/m2), adsorbed on
the model interface as follows

Γ =
∆S

S0
Q. (7.1)

where ∆S is the change in the ratio (S (-)) between the two polarized compo-
nents originated from the reflection and splitting of the monochromatic light
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Surfactant dn/dc (mL/g) Q (mg/m2)
SDS 0.108 [40] 45

CTAB 0.150 [40] 35
DDAPS 0.146 30

TX 0.154 [41] 30

Table 7.1: Refractive index increments (dn/dc) and sensitivity factors for the sur-
factant solutions.

(HeNe laser, 632.8 nm) used in the system, S0 is the initial output signal of the
model interface (-), and Q is the sensitivity factor (mg/m2). The last parame-
ter (Q) is calculated by using an optical model based on the following system
parameters: θ=71°, nSiO2=1.46, ñSi=(3.85, 0.02), nH2O=1.33, δSiO2=90 nm
and refractive index increment dn/dc (mL/g) for every surfactant (reported
in Table 7.1). The refractive index increment of DDAPS was calculated after
measuring the refractive index (at 20◦C and 590 nm) of different DDAPS so-
lutions (50, 500, 1000, 5000, 10000, 50000 mg/L) with an ATR-BR Schmidt
Haensch refractometer. We calculate and report the sensitivity factor Q for
each surfactant in Table 7.1. We performed all experiments at least in dupli-
cate.

7.2.4 Membrane coating and characterization

The UF support membranes were coated following the same procedure adopted
for the model surfaces (Section 2.2). Initially we coated the UF membranes
with one PAH-PSS bilayer by submerging the fibers in a solution (50 mM
NaCl) containing 0.1 g·L−1 PAH, then moving them into a rinsing solution
(50 mM NaCl) and finally into a solution (50 mM NaCl) with 0.1 g·L −1

PSS. Three additional bilayers were added to the membrane by repeating this
process, including crosslinking steps in which the membranes were immersed,
after adding each PAH layer, in a 7.5 mM glutaraldehyde solution with 50
mM NaCl. Once the first four PAH-PSS bilayers were added to the fibers, an
additional PAH coating was performed followed by a final crosslinking step.
After this, the membranes were split into four groups. One of these groups
was not coated any further, leaving it with a 4.5 bilayer PEM terminated with
a PAH top layer. The other three groups were each coated with a different
top layer, namely PSS, PSBMA-co-AA and Nafion, for a total of 5 bilayers.
For the case of PSS and PSBMA-co-AA, the coating solutions contained 50
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mM NaCl and 0.1 g·L−1 of the respective polyelectrolyte, while the Nafion
coating solution consisted of 0.1 g·L−1 Nafion dispersed in ethanol 70%. Ev-
ery step (coating, rinsing and crosslinking) lasted 15 minutes and was carried
out at room temperature. After all the desired layers were coated, the mem-
branes were rinsed in demineralized water, and then stored for 4 hours in a
glycerol-water solution (15/85 wt%). Finally, the membrane fibers were left to
dry overnight at room temperature. We refer from this point onwards to the
coated membranes according to their terminating layer, namely PAH, PSS,
PZWT (PSBMA-co-AA) and NAF (Nafion). Individual modules were pre-
pared by assembling single PEM-coated fibers into transparent plastic tubes
of 8 mm diameter and approximately 170 mm length. For the evaluation
of the membranes permeability, the clean water flux (CWF) was determined
by pumping demineralized water through the fibers in a cross-flow configura-
tion for 1 hour, at room temperature and constant transmembrane pressure
(TMP) of 3 bar. The cross-flow velocity through the fibers was maintained at
approximately 1.7 m·s−1 (Reynolds number around 1200) in order to minimize
the effects of concentration polarization. Figure 7.2 shows a schematic of the
experimental set-up used in this study. Water permeability was then calcu-
lated in terms of LMH/bar with the measured CWF and TMP values (Figure
S2, SI). All our PEM-based NF membranes have a negative zeta potential.
Specifically, we find the zeta potentials for PAH, PSS, PSBMA-co-AA and
Nafion polymer coatings to be respectively -10.9, -22.9, -25.8 and -14.6 mV
(Figure S3, SI). Ion retention was determined by performing 1-hour crossflow
experiments, at the same TMP and temperature conditions as water perme-
ability experiments, with 5 mM solutions of four different salts: NaCl, CaCl2,
Na2SO4 and MgSO4. The results are reported in Figure S4 (SI).

Conductivity was measured in the feed and permeate samples using a Met-
tler Toledo SevenExcellenceTM pH/Conductivity meter. Ion retention was
calculated based on the obtained data as a ratio between conductivity mea-
sured in the permeate samples and the feed solution. Since the concentrate
outflow was recirculated into the feed solution while permeate volumes were
collected as samples, the conductivity of the feed was measured before and
after the ion retention experiments in order to detect changes in the feed com-
position. These changes in feed composition were negligible since the collected
permeate volume was much smaller than the total feed volume. Four fibers
were tested in every experiment to obtain at least a triplicate set of results for
each set of experiments.
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Figure 7.2: Schematic of the experimental set-up for membrane filtration experi-
ments.

7.2.5 Artificial Produced Water preparation and filtration

Fouling experiments were performed on PEM-coated fibers using O/W emul-
sions (artificial PW) prepared by mixing 1 g·L−1 of N-hexadecane in a solution
containing 100 mM NaCl and an amount of surfactant equivalent to 1/10 of its
critical micelle concentration at 0 salt (CMC), which corresponds to 34.6 mg/L
for CTAB, 239.1 mg/L for SDS, 100.6 mg/L for DDAPS and 14.4 mg/L for
Triton-X. Each emulsion contained only one type of surfactant. The procedure
followed to prepare the artificial PW was the same as described in previous
works [13, 42, 43]. In order to measure oil retention, N-hexadecane was first
energetically mixed with the fluorescent dye in 15 mL sample tubes. The re-
sulting mixture was then filtered through a Millipore 0.45 ţm filter to remove
any solid residuals. The dyed oil was then injected with a long syringe needle
into a 1L Schott-Duran bottle in a solution containing 100 mM NaCl and 1/10
CMC of surfactant, and mixed using a IKA® T25 digital Ultra-Turrax® with
S25N 18G element element for 10 minutes at 14000 rpm. In this work no zeta
potentials were obtained for the emulsions. For similar surfactant concentra-
tions and ionic strength, O/W emulsions are known to be strongly negatively
charged for SDS (zeta potentials of -110 to -120 mV [44, 45]), strongly posi-
tively charged for CTAB (∼+85 mV [45, 46]), slightly negative for TX (from
-20 to -5 mV [47]) and negatively charged for DDAPS (from -35 to -45 mV [48]).

Before each fouling experiment, the water permeability of clean membranes
was measured as described in Section 7.2.4. Afterwards, the residual water
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remaining in the tested modules was removed and the same cross-flow config-
uration was used to run the fouling experiments with artificial PW. Pressure
and temperature conditions were kept the same as during the water permeabil-
ity tests (3 bar TMP and room temperature), while the flow velocity was set
to 0.43 m·s−1 (Reynolds number ∼ 300) to enhance fouling. The artificial PW
was treated by the membranes for 3 hours. Permeate volumes were collected
from each fiber after the first 2 hours of the experiment to estimate perme-
ate flux in terms of LMH/bar. After running each fouling experiment, pH
of the filtered PW was measured using a Mettler Toledo SevenExcellenceTM

pH/Conductivity meter. The fibers were then rinsed by running a solution
containing 100 mM NaCl and the respective 1/10 CMC of surfactant, same
concentrations of the artificial PW but without oil. The rinsing step lasted 15
minutes and was performed without applied pressure at 1.7 m·s−1 crossflow
velocity. Finally, the water permeability through the fiber was measured to
assess the residual fouling. The ratio between the permeability measured dur-
ing PW filtration and the initial clean water permeability was used to estimate
the flux decline due to irreversible and reversible fouling. We refer to the ra-
tio between the water permeability after cleaning and water permeability for
clean membrane (before fouling experiments) as "flux recovery. This term is
an indication of the extent of irreversible fouling on the fibers.

The feed and permeate composition during the filtration of PW were ana-
lyzed in terms of ion retention and TOC content by means of ion chromatogra-
phy (Metrohm Compact IC 761) and a TOC analyzer (Shimadzu TOC-L), re-
spectively. Oil retention was determined by using a Perkin Elmer Victor3TM V
1420 Multilabel Counter spectrophotometer to measure the fluorescence of dif-
ferent dilutions of the feed solution with known oil concentration. Given that
the artificial PW used in the experiments contains two main fouling agents,
namely oil droplets and surfactant molecules, additional fouling experiments
were conducted by running solutions containing 1/10 CMC of surfactant and
100 mM NaCl without oil to show the relative contribution of free surfactants
to membrane fouling. The fouling tests with these surfactant solutions were
performed under the same conditions as the ones performed with PW, with
no flushing step and 30 min experiment instead of 2 hours. Indeed, while
fouling by oil-in-water emulsions for NF membranes can take up to few hours
to reach steady-state [49], in our experiments we noticed that, for PEM-based
NF membrane, fouling by surfactants is a fast process, reaching already the
steady state in 30 min. Flux ratio and flux recovery after fouling were also
measured for all top layers and surfactants in the same way as in the fouling
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experiments with O/W emulsions. In order to assess the extent of fouling due
to the adsorption of oil droplets, we compared flux recovery measured after
fouling with PW with the results after fouling with surfactant solutions. For
each type of surfactant and top layer, the difference between the average flux
recovery after filtering surfactant solutions and PW is an indicator of the flux
decrease related to oil adhesion on the membrane.

7.3 Results and Discussion

The Results and Discussion of this manuscript is divided into three major sec-
tions. In the first section, we investigate the adsorption of different surfactants
(i.e. anionic, cationic, zwitterionic and nonionic) on model interfaces coated
with the same PEM but with different top layer charge and chemistry. In the
second section, we study fouling from simple surfactant solutions and from
the corresponding artificial PWs on HF membranes coated with same PEM.
Based on the results from both sections we finally discuss the expected fouling
mechanisms, with a focus on the role of surfactant size and chemistry.

7.3.1 Surfactant adsorption on model interfaces

Membrane fouling during the filtration of O/W emulsions, such as PW, is
highly affected by the chemistry and charge of the surfactant that stabilizes
the emulsion [42, 43, 50–52]. Surfactants do not only affect fouling by giving
charge and stability to the oil droplets of the emulsion but additionally adsorb
at the membrane surface [21, 38].

The adsorption of surfactant at the membrane surface is expected to be
influenced by both membrane surface chemistry and charge, as well as by
multilayer composition. In order to study the interactions that take place at
the feed-membrane interface, here we investigated the adsorption of the four
different surfactants (anionic SDS, cationic CTAB, zwitterionic DDAPS and
nonionic TX) on model PEM surfaces.

Optical reflectometry allowed us to study the adsorption of surfactant on
model interfaces, previously prepared with same multilayer ((PAH/PSS)4.5),
but terminating with four different polymer chemistries. Even if the water
content, and therefore water permeability, of PEM can change according to the
applied top layer [53], chemical crosslinking allowed for very similar multilayers
with similar water permeability (see Figure S2, SI). Every model interface was
flushed with a surfactant solution until its adsorption reached steady state.
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Figure 7.3: Adsorption (mg/m2) of surfactants on model surfaces coated with
PAH, PSS, Nafion and PSBMA-co-AA top layers. Results obtained via reflectom-
etry. Points represent single data points, while bars represent the average of these
points. Negative values correspond to multilayer desorption caused by surfactant
complexation. All the experiments were performed at least in duplicate, as shown.

The steady state value represents the total amount of surfactant adsorbed
on the PEM. We also evaluated the fraction of reversible (and irreversible)
adsorption, for each surfactant, by flushing the coated model interfaces with
a rinsing solution having same pH and salinity of the surfactant solution.
We report the irreversibility of surfactant adsorption on model interfaces in
Appendix E (Table E.1).

Figure 7.3 shows the adsorption of the four surfactants on multilayer coated
with different polymer chemistry (nearly uncharged crosslinked PAH, neg-
atively charged PSS, hydrophobic Nafion and zwitterionic PSBMA-co-AA).
However, changes caused by concentration polarization that can occur in the
vicinity of the membrane surface during filtration are not taken into account
by Figure 7.3. As a consequence, changes in steady-state adsorption values
may occur during filtration, as shown by our adsorption isotherms (see Figure
S5, SI).

On all our PEM model surfaces, we observed relatively high adsorption val-
ues (2-2.5 mg/m2) for the cationic CTAB. This is in agreement with literature,
as the adsorption of CTAB on negative surfaces, with formation of a monolayer
or bilayer, has been widely corroborated [54, 55]. CTAB is positively charged
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while all the multilayers we investigated have a net negative charge mainly
due to chemical crosslinking (via GA) [56]. The observed behavior is thus due
to electrostatic interaction, responsible at first for CTAB adsorption, but also
hydrophobic interactions, which lead to attraction between the hydrophobic
surfactant tails and the formation of surfactant micelles or a bilayer on top of
the negative surface [55]. Slightly lower values of adsorption are observed for
PSBMA-co-AA surfaces [57–59]. A reduced amount of DDAPS (∼0.5 mg/2)
adsorbed on PAH, Nafion and PSBMA-co-AA surfaces but not on PSS. This
is an unexpected result as DDAPS was previously found to interact more
with anionic moieties rather than cationic moieities, similarly to nonionic sur-
factants containing polyoxyetylene units, such as TX [60]. As expected, TX
adsorbed on PSS and Nafion, which are more negatively charged than PAH,
with almost no adsorption observed for PAH and PSBMA-co-AA top layers
[24].

Differently, SDS in our studies adsorbed on all the top layers and, in some
cases (like for PAH and PSS), partially removed the multilayer from the sub-
strate, as we can observe from the negative values. This is in agreement with
our previous study [13]. If this phenomenon occurs also on membranes, we
should notice worse performances and higher water and salt permeability dur-
ing filtration (see Section 7.3.2 for further details).

7.3.2 Membrane fouling during produced water treatment

As already mentioned, surfactants play a crucial role in membrane fouling not
only because they adsorb at the membrane surface but also because they sta-
bilize the oil droplets of PW, determining this way the charge of the stabilized
droplets.

In the previous section, we studied surfactant adsorption on model interfaces
via reflectometry, but membrane fouling is certainly not only determined by
surface adsorption. In this section, we investigate fouling by monitoring the
flux decline of our membranes during filtration. The procedure is carefully
described in Section 7.2.5. Sodium chloride, TOC and n-hexadecane (oil)
retention are measured in each of the experiments. In all the cases, NaCl
retention was found 5-15%, oil retention >99% and the pH did not change
during filtration.
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Figure 7.4: Normalized membrane flux of PAH membranes after fouling with O/W
emulsions (dark columns) and surfactant solutions (light columns) stabilized by dif-
ferent surfactants (SDS, CTAB, DDAPS and TX). O/W emulsions were made of 100
mM NaCl, 1000 mg/L of n-hexadecane (oil) and surfactant at 1/10 CMC (239.1 mg/L
for SDS, 34.6 mg/L for CTAB, 100.6 mg/L for DDAPS and 14.4 mg/L for TX). Sur-
factant solutions had same salt and surfactant composition of O/W emulsions but did
not contain oil. Marks represent single data points while bars their average. All the
experiments were performed at least in triplicate, as shown.

7.3.2.1 Fouling of crosslinked PAH terminated membranes

In Figure 7.4, we show the normalized flux for nearly uncharged PAH mem-
branes after fouling with O/W emulsion and only surfactant solutions. The
degree of fouling is clearly affected by the surfactant used in the emulsion or
solution filtrated. In particular, the magnitude of fouling follows the order
SDS > CTAB > DDAPS > TX.

Although for negatively charged membranes one might not expect fouling by
anionic surfactants [21], the presence of a multilayer makes this more complex.
Anionic surfactants were previously found to easily complex with the cationic
polyelectrolyte (PAH) of the multilayer [13, 61], and this effect could lead to
the observed fouling.

On the other side, the cationic CTAB also induces a relevant flux decline,
probably due to the fact that CTAB can easily complex with the anionic poly-
electrolyte (PSS) and adsorb inside the multilayer (see Figure 7.3). DDAPS
and TX, probably due to their charge and size respectively, foul less, in agree-
ment with our adsorption studies (see Figure 7.3).
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7.3.2.2 Fouling of PSS,PSBMA-co-AA and Nafion terminated
membranes

Figure 7.5 shows the normalized flux for negative PSS, zwitterionic PSBMA-
co-AA (PZWT) and negative hydrophobic Nafion terminated membranes after
fouling with O/W emulsion and only surfactant solutions. The results are quite
surprising, as for all surface chemistries, the degree of fouling is determined
mainly by the surfactant used in the emulsion or solution filtrated, with SDS
> CTAB > DDAPS > TX. If the membranes surface chemistry would be
responsible for foulant-membrane interactions, we should have expected big
differences between the four top layers. But, fouling follows the same trends
for all the top layers with only small differences between them. The only
differences we can actually attribute to the different top layer chemistry are
the ones we do see in absolute values.
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Figure 7.5: Normalized membrane flux of membranes with A) PSS, B) PZWT and
C) Nafion top layers after fouling with O/W emulsions (dark columns) and surfactant
solutions (light columns) stabilized by different surfactants (SDS, CTAB, DDAPS
and TX). O/W emulsions were made of 100 mM NaCl, 1000 mg/L of n-hexadecane
(oil) and surfactant at 1/10 CMC (239.1 mg/L for SDS, 34.6 mg/L for CTAB, 100.6
mg/L for DDAPS and 14.4 mg/L for TX). Surfactant solutions had same salt and
surfactant composition of O/W emulsions but did not contain oil. Marks represent
single data points while bars their average. All the experiments were performed at
least in triplicate, as shown.

In our previous work, we studied the fouling of PEM based membranes with
three similar surface chemistries with relevance to surface water treatment [26].
For the tested foulants, including BSA, LUDOX, Lysozyme, humic acids and
alginates, a very clear effect of membrane surface chemistry was observed. In
that case especially the zwitterionic surfaces were demonstrated to be very
low-fouling [26]. So why is such an effect not observed for the fouling of
artificial produced water as studied here? The key difference lays on the size
of the foulants that here seems to completely dominate the fouling behaviour.
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Surfactants molecules are much smaller and cannot just adsorb on top of the
PEM, but also inside of it.

7.3.3 Effect of surfactant size and chemistry on PEM mem-
brane fouling

As mentioned in the previous section, surfactant chemistry and size seem to
be determinant in multilayer fouling. It has been observed in the filtration of
pharmaceuticals that NF membranes with bigger pore size suffer more from
fouling [62]. Adsorption plays an important role in pore blocking, especially
when the pores of the membrane are already restricted due to adsorption of
a foulant which is small enough to penetrate into the pores (pore narrowing)
[19]. In this case, the size of the surfactant plays a crucial role. Surfactants,
especially SDS and CTAB, can easily diffuse in the (PAH/PSS)4.5 multilayer
and even adsorb in it.

Interestingly, surfactants are typically used as model foulants for ion ex-
change (IEX) membranes [63–65]. In those systems it is well established that
negative surfactant molecules can bind to positively charged sites in an anion
exchange membrane (AEM), thereby replacing the anionic counter-ion such
as Cl− or OH−. The adsorbed surfactants densify the membrane and block
transport pathways, leading to reduced membrane performance.

Our results demonstrate that surfactant fouling is a big issue also for PEM
based NF membranes. This fits well with the internal chemistry of the PEM
separation layers. Similarly to IEX membranes described above, the PEM sep-
aration layers will contain charged moieties bound to an oppositely charged
counter-ion (extrinsically compensated charges [66]). But in contrast to the
IEX membranes, the PEM separation layer will contain both anionic and
cationic charges. In particular, anionic SDS and cationic CTAB were the sur-
factants that fouled the most, independently of the chemistry of the outer
layer. If surfactants are small enough to diffuse in the multilayer, they can lo-
cally adsorb, by complexing with the free charges in the PEM layer, densifying
the layer and increasing the resistance to water permeation.

7.3.3.1 To the roots of PEM based NF membranes fouling during
filtration of PW

Even if cake layer build-up is typically considered one of the main causes
of membrane fouling, especially for PW treatment, our work shows that for
these NF membrane internal multilayer fouling is dominant. In this context,
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Figures 7.4-7.5 allow us to discriminate between multilayer fouling and cake
layer fouling. The first, as mentioned above, can be mainly attributed to
surfactant adsorption in the membrane active layer, which causes increased
resistance to the water transport. The second, is due to the build-up of a cake
layer of oil droplets on top of the membrane surface [4]. While we should be
able to see both effects of fouling when filtering O/W emulsions, we see only
multilayer fouling when filtering surfactant solution. The contribution of the
cake layer resistance should therefore be observed in the difference between
normalized flux due to fouling by surfactant solutions and fouling by O/W
emulsions. The cake layer resistance is generally low for TX, while quite
relevant for DDAPS. On the other side, for SDS and CTAB we do observe
more fouling when filtering only surfactant, which could appear unexpected.
Here, the build-up of a cake layer on top of the membrane could slow down,
via electrostatic repulsion, the diffusion of SDS and CTAB molecules into the
membrane. Moreover, the free surfactant concentration in the oil-in-water
emulsion may be lower, as many surfactant molecules are bound to the oil-
water interface.

One may think that if the retention of salt during filtration drastically
increases due to the layer densification caused by the surfactant interaction
with the multilayer, we could observe a reduced flux because of an increased
osmotic pressure at the membrane interface and therefore misinterpret fouling.
However, we did observe low rejection of NaCl retention during O/W emulsion
filtration and report these values in tables E.2-E.5 of SI.

Figure 7.6 shows the TOC retention of our PEM membranes for the dif-
ferent surfactants tested. The observed retention values (lower than 100%)
demonstrate that our surfactants can indeed penetrate the multilayer. Two
factors, the size of the surfactant and its specific interaction with the mul-
tilayer, are expected to affect their retention during filtration as well their
fouling behaviour. Previously, Figure 7.3 showed that cationic CTAB and an-
ionic SDS interact the most with the multilayer, and Figures 7.4-7.5 showed
that they foul it the most. Contrarily, DDAPS and TX interact less with the
multilayer and even foul it less. On the other hand, smaller surfactants (SDS
(288.4 Da) < DDAPS (335.6 Da) < CTAB (364.5 Da) < TX (625 Da)) are
expected to diffuse easier through the multilayer.

In Figure 7.7 we show the flux recovery for both experiments, with and
without oil, in presence of surfactant for all our membranes. High flux re-
coveries are found, as would be expected if the surfactant adsorption indeed
dominates the fouling, since surfactant adsorption is highly reversible. We can
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Figure 7.6: TOC retention of PEM hollow fiber (nearly uncharged PAH, negatively
PSS, zwitterionic PSBMA-co-AA and negatively hydrophobic Nafion) membranes
during experiments with O/W emulsions stabilized by DDAPS, SDS, TX and CTAB.
Marks represent single data points while bars their average.

conclude that fouling was mostly reversible for all the solutions tested.
From our results, we can easily conclude that fouling is highly affected by

not only specific interactions but also size of the surfactant. While TX gave
the most severe fouling issues in UF [42], in NF it is the surfactant that fouls
the least as, due to its size, it cannot easily penetrate into the membrane
to cause internal fouling. In addition, in contrast with recent interpretations
from literature findings [49], in NF, cake layer fouling is not found to be a
big issue. The oil droplet cake layer is likely so open that the main resistance
to water permeation stems from the PEM separation layer, especially when
densified by internal uptake of surfactants. The fouling of our PEM base NF
membranes is schematically illustrated in Figure 7.8.

SDS is the smallest surfactant, and its negative charge can easily interact
with free cationic groups in the PEM. For that reason, it is SDS that fouls
our PEM membranes the most. DDAPS has a slightly lower size than CTAB,
but it does not give extremely high fouling issues in our filtration experiments,
as the zwitterionic surfactant interacts less strongly with internal charges of
the PEM. At steady-state, CTAB hardly permeates into the PEM separation
layer, probably because of its strong interaction with free anionic groups which
could cause a significant layer densification. Finally, the uncharged and largest
surfactant, TX, hardly fouls the membrane as it does not permeate into it and
lacks interaction with the internal charges. These observations provide clear
directions on how to improve PEM based NF membranes for the treatment of
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Figure 7.7: Average of flux recovery (%) of nearly uncharged PAH, negatively PSS,
zwitterionic PSBMA-co-AA and negatively hydrophobic Nafion membranes for every
different set of fouling experiments (with O/W emulsions and only surfactant solutions
for SDS, CTAB, DDAPS and TX). Single data points values and SD are reported in
tables E.6-E.7.
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Figure 7.8: Illustration of NF fouling by surfactant stabilized oil-in-water emulsions.
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PW. For example, a denser multilayer would be beneficial for PW treatment, as
it could stop even the smallest surfactant molecules, preventing the possibility
of internal fouling. Another opportunity is to select more bulky and uncharged
surfactant molecules such as TX for enhanced oil recovery and more bulky
cationic surfactants as corrosion inhibitors to further decrease the negative
impact of fouling.

7.4 Conclusions

The sustainable management of produced water is one of the main environ-
mental challenges in the Oil & Gas field. Membrane technology can tackle such
a challenge, but fouling still remains a major issue and its causes are not yet
well understood. In this work, we highlight surfactants as the dominant fouling
species when treating produced water with PEM based NF membranes. We
prepared HF NF membranes based on PEMs and studied membrane fouling by
only surfactant as well as the corresponding O/W emulsions. Our membranes
exhibited high oil retention (>99%), while the physico-chemical interactions
between the multilayer and the surfactants determined the extent of fouling,
as well as the surfactant retention. While surfactants in MF and UF mainly
affect fouling by conferring chemistry to the oil cake-layer, our results prove
that in PEM based NF surfactant adsorption into the active layer should be
considered as the main cause of fouling in PW treatment. In addition, while
we expected different top layers applied on top of the same multilayer to show
a different fouling behaviour, it was instead really similar, clearly indicating
that for small molecules such as SDS, CTAB and DDAPS, it is not the outer
layer chemistry that determines the extent of fouling but the active layer, i.e.
the internal multilayer, chemistry. A denser multilayer [67, 68], able to stop
these surfactant molecules, would highly benefit PW treatment by decreasing
fouling issues of NF membrane modules, while allowing de-oiling and organic
molecules removal in one-step process. Alternatively, the use of larger, and
preferentially uncharged, surfactant molecules [69], or even polymers [70, 71],
in enhanced oil recovery would also substantially reduce the impact on mem-
brane fouling. Finally, as the presence of surfactants can affect the rejection of
divalent ions [13], future research should also focus on the interplay between
surfactants and divalent ions in membrane fouling and ions retention.
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Abstract
Nanofiltration (NF) is nowadays used in a wide range of commercial applications
in water desalination, especially to separate divalent from monovalent ions (e.g.,
in water softening, water reclamation, etc.). The interaction between ions in
multi-component electrolyte solutions and the membrane is important and must
be studied. In NF, the solution and membrane chemistry determine the charge
of the membrane, and therefore the electrostatic repulsion of ions. Membrane
charge reversal can take place when divalent ions bind to the membrane and
modify its surface charge, which may explain some puzzling results, where the
rejection of divalent ions increases with higher concentration in the feed. To model
charge reversal and accurately predict the rejection of ions with NF membranes
a recent study argued against the suitability of conventional mean-field theory.
However, our work emphasizes the suitability of conventional mean-field models
which can be extended to account for the interaction between the membrane and
divalent counterions. By using a Langmuir equation with two model parameters,
we consider the adsorption of divalent ions (e.g. Ca2+ and Mg2+) in the polyamide
(PA) active layer of the membrane and describe how this adsorption process affects
membrane charge. Based on experimental data from two different studies we
show that mean-field theory can predict the rejection of all types of ions in a
multi-component electrolyte solution when the effect of divalent counterions on
the membrane charge is included. These results provide evidence that adsorption
of counterions plays a fundamental role in the performance of nanofiltration. .
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8.1 Introduction

Nowadays, membrane technologies, such as nanofiltration (NF), play a vital
role in providing solutions to complex problems in water treatment [1]. Par-
ticularly, in the last decade, the technological interest in NF has increased
[2], with NF being widely used in numerous applications. To mention some
examples, reclamation of wastewater from textile industries [3–5], resource
recovery and re-use in agro-food industry [6], removal of harmful pollutants,
such as pesticides and arsenic, in the production of drinking water [7, 8], and
pretreatment for desalination processes [9–12].

In NF, a pressure gradient is the main driving force and a semi-permeable
membrane acts as a barrier for solutes [13]. In terms of rejection, NF is in
between ultrafiltration (UF) and reverse osmosis (RO) [12, 14]. In some ap-
plications, such as desalination pretreatment, NF presents several advantages.
For instance, lower operating pressure, higher water permeability, and lower
energy consumption than RO. Despite the lower pressure applied, NF can still
achieve high retention of multivalent ions and dissolved organic matter [15].
In addition, using NF as pre-treatment for RO improves overall desalination
performance because the frequency of chemical cleaning can be reduced, water
recovery increased, and energy consumption decreased [16].

In desalination, polyamide (PA) thin-film composite (TFC) membranes are
the most commonly used because of their high selectivity and permeability [17].
PA-TFC membranes consist typically of a low resistance support layer and a
functionally active top layer, which plays the main role in the separation and
rejection of ions [18]. The top polyamide layer in these membranes contains
carboxylic and amine groups that normally, at neutral or alkaline pH, give
a strong negative surface charge to the membrane [19], which also serves to
reduce organic fouling [20].

During NF operation, the removal of contaminants and ions from water is
the consequence of a combination of phenomena, such as steric and Donnan
exclusion. Donnan exclusion is the main reason why the net charge, resulting
from the dissociation of functional groups in the membrane, strongly influences
filtration performance [20, 21]. In addition, other transport effects, such as
hindered diffusion in the pores of the membrane, play an important role [22].

We next provide a brief overview of literature on transport of mixed solu-
tions in NF. Mean-field theories such as the extended Nernst-Planck (ENP)
equation, which include diffusion, advection, and electromigration [23], have
been widely used [24–27]. For instance, Peters et al. used the extended Nernst-
Planck equation to study the rejection of different single salts and compared
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their prediction with experimental data [28]. Moreover, models based on the
ENP equation can be easily extended to include, besides ion transport, physi-
cal and chemical phenomena, such as chemical equilibrium of amphoteric ions
[29] and acid-base reactions inside the membrane [13, 30].

Besides the mean-field theory, phenomenological models that are based on
the Nernst-planck equation have been proposed. For instance, Fridman et
al.[31] studied and theoretically described the rejection of ions prevalent in
seawater (Cl–, Na+, Ca2+), and concluded that, to accurately predict ion
concentrations in the permeate, one has to account for the presence of divalent
ions [31]. Bason et al. found that ion adsorption and binding of counterions
to the charged groups of an NF membrane can radically affect ion retention,
and suggested that it needs to be included for accurate model predictions [32].
Recently, from these phenomenological approaches, objections were raised to
the applicability of mean-field theory to describe transport in NF membranes
and include ion binding or association to the membrane [33]. However, we
believe these objections can be resolved. Therefore it is the aim of the present
study to show that mean-field theory (ENP) together with suitable models for
ion adsorption, can accurately predict ion retention by NF membranes from
multi-ionic solutions that contain both monovalent and divalent cations. We
compare our theoretical model with experimental data by Fridman et al.[34]
and by Deon et al. [35].

In NF with PA-TFC membranes, it is important to consider the interaction
between counterions (cations for negatively charged membranes) and func-
tional groups of the membrane. This interaction can be an important factor
affecting the membrane charge, especially when multivalent ions, such as Ca2+

and Mg2+, are present in solution [36–39]. Such interactions can even lead to
reversal of the membrane charge and influence the transport properties of each
individual ion [21, 40].

The binding mechanism between polyamide functional groups and multiva-
lent ions has previously been studied [41]. For instance, Tangara et al. already
described how cations adsorb on polyamide resins and how PA acts as a poly-
meric chelate, adsorbing metal ions through a covalent bond [42]. Bruni et al.
developed a model for single salt solutions to describe competitive adsorption
and site-binding of counterions in NF [38]. Similarly, Hall et al. studied and
modeled a reverse osmosis process for a multi-electrolyte solution considering
the adsorption of cations and their effect on the membrane charge [40].

In Figure 8.1, we illustrate the model problem of a multi-component elec-
trolyte solution with three ions, Ca2+, Na+, and Cl–, where Ca2+-ions bind
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Figure 8.1: General illustration of binding between Ca2+ and the carboxylic groups
in a PA top layer of a nanofiltration (NF) membrane. With high enough Ca2+ con-
centration, the net charge of the membrane is reversed from negative to positive.

to negative carboxylic groups of the membrane. Therefore, when the concen-
tration of Ca2+ is high enough, the surface charge of the membrane becomes
positive (charge reversal), as we also show in Figure 8.2.

In our model we include the adsorption of cations in the membrane by
describing the membrane charge as function of the local cation concentration.
We assume that only Ca2+- or Mg2+-ions can affect the membrane charge. In
addition, hindrance, membrane porosity, and pore tortuosity, are all included
in a reduction factor for diffusion. We will show how we can include in an ENP-
based transport model the adsorption of counterions and arrive at a very good
model fit to experimental data from literature. Besides, with the proposed
model, we can explain some puzzling results, such as rejection of ions increasing
with concentration or controlled by counter-ions, in such experiments that
previous models could not predict [33, 34].

8.2 Theory
In the present section, we describe general theory, based on the extended
Donnan Steric Partitioning Pore model (ext-DSP model), to calculate the
concentration difference that develops between the feed (influent solution) and
the permeate (treated water) in NF. The ext-DSP model is based on the ENP
equation, which includes advection, diffusion and migration, and in addition
describes the partitioning of ions, Φi, between solution and membrane pores.
Within this model, a Donnan balance applies at both edges of the membrane
to include effects of steric hindrance and electric potential on the partitioning
of ions. In the one-dimensional model proposed in this study, we only consider
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three types of ions, Cl–, Na+ and a divalent cation, either Ca2+ or Mg2+, and
neglect reactions between them [43] while we also neglect any involvement
of H+ or OH–. We include in the model how the local membrane charge is
dependent on the adsorption of Ca2+ or Mg2+. Only divalent cations are
considered to adsorb to the negatively charged membrane groups, because
they have a much stronger binding energy than monovalent cations.

The transport theory makes use of the ENP equation to describe the trans-
port of ions through the membrane

Ji = vFKc,ici −Kd,iεDi

(
∂ci
∂x

+ zici
∂φ

∂x

)
(8.1)

where the ionic flux through the membrane, Ji, is a function of advection,
diffusion and migration, respectively. The factor Kc,i accounts for a hindrance
effect by which advection is reduced, and likewise Kd,i is a reduction factor
for diffusion and migration. The water velocity through the membrane is
given by vF, ci is ion concentration in the membrane pores, Di is the diffusion
coefficient in bulk solution, ε is a reduction factor due to membrane porosity
and tortuosity, and x is the coordinate across the membrane.

Inside the membrane, mass conservation of every ion, without chemical
reactions, is given by

∂ci
∂t

= −∂Ji
∂x

(8.2)

which for steady-state can be combined with Eq. (9.1) to arrive at

0 = vFKc,i
∂ci
∂x

− ζiDi
∂

∂x

(
∂ci
∂x

+ zici
∂φ

∂x

)
(8.3)

where the reduction factor ζi is given by ζi = Kc,i · ε. We solve Eq. (8.3) at
each position x in the membrane, from the membrane-feed solution boundary,
x = 0, to the membrane-permeate boundary, x = δ, where δ refers to the
thickness of the PA top layer.

At both membrane-solution interfaces, we apply the Donnan equilibrium
for each ion

c∗i = cout,iΦie
−zi∆φD (8.4)

where c∗i is the ion concentration in the membrane at the membrane-feed
solution boundary, or on the membrane-permeate boundary, and cout,i is the
corresponding concentration in solution just outside the membrane. The ion
partitioning coefficient, Φi, accounts for a steric hindrance effect at the edges
of the membrane [44], and ∆φD is the Donnan potential. In this study, for



88888888

8.2. Theory 205

simplicity, we assume the steric effect Φi of all ions to be the same, which
reduces the number of parameters in the model.

We consider local electroneutrality and zero electric current at all positions
in the membrane, according to∑

i

zici +X = 0 (8.5)

and ∑
i

ziJi = 0 (8.6)

where X is the charge density in the membrane, which can be constant, or
can be variable, in that second case dependent on local concentrations, chem-
ical interactions between ions and membrane material, and on acid-base reac-
tions [30]. In this study, we make X a function of the local Ca2+- or Mg2+-
concentration using the equations reported by Hall et al. [40], without includ-
ing a direct effect of other ions. Even though Na+ might also interact with the
negative carboxylic groups of the membrane, divalent cations have a stronger
interaction and higher site-binding constant [45], which translates into a larger
impact on the membrane charge. Therefore, the membrane charge is defined
as function of the local concentration of divalent cations, c2+, according to

X = −X0
1−Kb · c2+

1 +Kb · c2+
(8.7)

with Kb the membrane-c2+ binding constant, and X0 the bare membrane
charge, i.e., the charge in absence of divalent cations in solution. The deriva-
tion of this adsorption model is explained in section F.1 of Appendix F. In the
adsorption model, we assume that divalent cations bind to a single membrane
group (1:1 interaction). This model allows the membrane charge to flip sign,
from negative, in the absence of divalent cations, to positive when sufficient
numbers of divalent cations are present. An alternative membrane charging
model is discussed in Appendix F (Figure F.1), where we present results for
the case when divalent cations bind to two membrane groups at the same time
(1:2 interaction).

Another important variable is the rejection of ions, Ri, which is given by

Ri = 1− cp,i
cf,i

(8.8)

where cp,i and cf,i are the concentration of ions in permeate and in feed. In
the model, we define a reference Peclet number, Peref. The Peclet number is
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the ratio between convective and diffusive transport, and shows how the same
model results are obtained for different combinations of δ and vF values. The
Peclet number is defined as

Peref =
υFδ

Dref
. (8.9)

8.3 Results and Discussion

8.3.1 Membrane charge

In this section, we study the effect of divalent cation adsorption on membrane
charge. Generally, polyamide composite membranes have a negative surface
charge when the solution pH is above pH 5 [46]. However, a high enough
concentration of divalent counterions in the feed solution leads to charge re-
versal [34]. In Figure 8.2, we show how membrane charge is affected by the
feed Ca2+ concentration. We present results of calculations for two solutions
with constant [Na+]feed of 100 and 500 mM, while changing [Ca2+]feed. Other
parameters used to obtain the results in Figure 8.2 are given in Table 8.2, Case
I.

Results in Figure 8.2 show that the membrane charge density ranges from -
400 to 400 mM. For a solution with low [Ca2+]feed the membrane is negatively
charged (as low as X = -400 mM) but it becomes positively charged at a
higher [Ca2+]feed. Outside the point of zero membrane charge, [Na+]feed also
influences membrane charge.

In Figure 8.2, for 100 mM and 500 mM [Na+]feed, the curve of charge vs
divalent cation concentration becomes quite steep when [Ca2+]feed increases
to beyond 2.0 or 25 µM respectively, showing in that range a pronounced
effect of the adsorption of counterions on the membrane charge. For both
solutions, 100 mM and 500 mM [Na+]feed, at a concentration of 8 and 9 mM
[Ca2+]feed respectively, the membrane charge is zero (point of zero charge).
These concentrations are often reached in practice, and are sometimes even
higher [47, 48], and thus membrane charge reversal must certainly be consid-
ered. Above the point of zero charge (8 or 9 mM), the charge reversal takes
place, with membrane charge ultimately reaching X = 400 mM. The value of
the binding constant, Kb, that we find in our study by fitting theory to the
data, is comparable to values reported in literature [42].
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Figure 8.2: Membrane charge as a function of [Ca2+]feed for two solutions with
different [Na+]feed, 100 mM (blue) and 500 mM (red). Model parameters are given in
Table 8.2, Case I.

8.3.2 Model predictions

In this section we show results of comparing our model with experimental
data. In Table 8.1, the general transport parameters used are reported. The
Nelder-Mead method [49] was used to find model parameters that make the
theory fit closely to data from two studies [34, 35]. Detailed information about
the Nelder-Mead procedure is given in section F.3 of SI. The Nelder-Mead
procedure was successful and gave us a good fit of the theory to experimental
data, and provided realistic parameter settings that we report in Table 8.2.

Dref=1·10−9 m2/s DMg2+/Dref =0.706
DNa+/Dref =1.334 δref=100 nm
DCl−/Dref =2.031 Peref=0.0015
DCa2+/Dref =0.791 Kc,i=1 for all ions

Table 8.1: Transport parameters used in theory. Diffusion coefficients from Ref. [30]

The data from Fridman et al. [34] was the first set of data used to develop
and evaluate the model. The description of the experimental protocol is sum-
marized in SI. These data correspond to two solutions with a total feed Cl–
concentration, [Cl–]tot, of 100 mM and of 500 mM, while the concentration of
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Case I Case II
X0 400 mM X0 36 mM
Kb 2.28 mM−1 Kb 1.57 mM−1

ΦCl− , ΦNa+ , ΦCa2+ 0.19 ΦCl− , ΦNa+ , ΦMg2+ 0.13
ζCl−/ζref 0.46 ζCl−/ζref 0.77
ζNa+/ζref 3.14 ζNa+/ζref 2.77
ζCa2+/ζref 1.43 ζMg2+/ζref 0.14

Table 8.2: Model parameters calculated to fit the experimental data for Case I based
on Fridman et al. [34], and for Case II based on Déon et al. [35], with the reference
value of reduction factor for diffusion ζref =1·10−2

cations was varied. The equivalent Na+ fraction in the feed, θ, is defined as

θ =
[NaCl]feed

[Cl–]tot
=

[NaCl]feed
[NaCl]feed + 2 · [CaCl2]feed

. (8.10)

In Figure 8.3 we show experimental data and model predictions for the re-
jection of Na+ (Figure 8.3a) and Ca2+ (Figure 8.3b) as function of feed com-
position, θ. Blue and red lines are our model predictions that considers Ca2+

adsorption on the membrane. The grey dashed line shows an earlier calcula-
tion result by Fridman et al. for [Cl–]tot = 100 mM [34], in which adsorption of
Ca2+-ions to the membrane was not considered. In Figure 8.3a, we can observe
how Na+ rejection decreases to negative values, when its concentration in the
feed is less than θ ∼ 0.4. This special situation will be discussed in section
8.3.3.1. In contrast, Figure 8.3b shows how Ca2+ rejection is relatively stable
and only at very low [Ca2+]feed, i.e., high θ, drops off, in agreement with the
findings of C. Mazzoni et al.[50]. This steep decay in rejection of Ca2+ at high
θ is found both in theory and experiments. As expected for NF, the rejection
of divalent ions is much higher than of monovalent ions. Comparing this result
with the model prediction by Fridman et al.[34] (grey dashed line) shows that
including the adsorption of Ca2+-ions to the membrane significantly improves
the prediction of ion rejection. Therefore, contrary to what is reported in
literature [33], in this study we conclusively demonstrate that it is possible
to rationalize the puzzling behavior, such as rejection of ions increasing with
concentration or controlled by counter-ions, of three ions in solution by using
an extended Nernst-Planck model (mean-field theory) in which the adsorption
of counterions in the membrane is included.

In a second exercise we analyzed experimental data from a second study to
further validate our model [35]. In this second study, ternary ion mixtures were
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tions, θ, and [Cl–]tot [34]. Model parameters in Table 8.2, Case I.

tested with different membranes and experimental conditions. We analyze
their data for one membrane (AFC40), tested with a ternary salt mixture of
Na+, Mg2+ and Cl–. We used data reported for a solution of 50 mM Na+ and
25 mM Mg2+ feed concentration. Despite the different membranes and the
use of Mg2+ instead of Ca2+, the principle of cation binding to the carboxylic
groups of the polyamide layer is expected to be the same.

By using the membrane charge reported by Déon et al. [35]. and by slightly
adapting the values of the reduction factors for diffusion, ζi, for each ion,
we can again reproduce the data for rejection of ions. For this case, the
general transport parameters are given in Table 8.1, and the values of the
model parameters are reported in Table 8.2, Case II. In Figure 8.4, we present
experimental data [35] and model predictions for the rejection of Mg2+ and
Na+ as function of the permeate flux Jv, which is equivalent to the water
velocity through the membrane, vF.

The gradual increase of ion rejection with water flux is clearly shown. In this
data set again negative rejections for Na+ are observed, now at low water flux,
which are perfectly reproduced by our model. Indeed, the accurate reproduc-
tion of these experimental data with our model shows again that adsorption
of divalent cations in the membrane is an important element in theoretical
descriptions of NF.

8.3.3 Analysis
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8.3.3.1 Limiting Cases

There are two interesting situations in the limits of θ ∼ 0 and θ ∼ 1 in Figures
8.3a and 8.3b. In the first region, when θ ∼ 0, the model and the experimen-
tal data show a rejection below zero, RNa+ < 0, which can be considered a
quite unexpected result. However, this situation has already been reported
in literature, especially for multi-component electrolyte solutions in the pres-
ence of multivalent ions [39, 51–55]. Yaroshchuk et al. studied the different
cases and reasons behind the negative rejection [56]. The membrane properties
(e.g., charge and material), the ions in the solution and the operating condi-
tions are some of the parameters that can lead to Ri < 0. In this particular
case, when a counterion with lower valence (Na+) is a trace ion and a highly
charged membrane is used, the electroneutrality principle is the main reason
for Ri < 0. When multiple counterions with different mobilities and valencies
are in solution, due to the electric field, the counterion with a single charge is
accelerated, especially when there is a low passage of multivalent ions through
the membrane.

The second limit is in the region close to θ = 1. This limit is illustrated in
Figure 8.5, which is a magnification of Figures 8.3a and 8.3b. Blue and red
lines represent the case for [Cl–]tot of 100 mM and 500 mM, respectively. In
this region, there is a sharp increase in the rejection of both ions, RNa+ and
RCa2+ . To explain the increase in RCa2+ , we need to consider that, in this
region, Ca2+ is present as a trace ion. When a trace ion has a higher charge,
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Figure 8.5: Close-up of theoretical results of Figure 3 in the limit close to θ = 1.

and its sign is the same as the faster dominant ion, there is an increase in the
rejection of the trace ion [57].

On the other hand, there are no effects of the trace ion on the membrane
characteristics and on the transport mechanisms of the dominant ions [58].
Thus, the membrane charge is not affected and the co-ion, in this case Cl–,
determines the rejection. The lower the Ca2+ concentration in the feed, the
more negative the membrane charge and the lower the Cl– concentration inside
the membrane, which limits the transport of both Cl– and Na+ due to the zero
current principle as summarized in Eq. (8.5).

8.3.3.2 Concentration profiles across the membrane

Now, we present and discuss the concentrations of Na+ and Ca2+, and the
membrane charge, X, just inside the membrane, at both membrane interfaces,
as function of θ, for [Cl–]tot = 100 mM, see Figure 8.6.

Figure 8.6 shows that the concentrations of ions, and the membrane charge,
are different between the two sides of the membrane. For instance, the con-
centration of Ca2+ gradually decreases across the membrane, from the feed
to the permeate side, and this has the expected effect to lower the membrane
charge. On the other hand, the concentration of Na+ increases across the
membrane. For both cations, the difference in concentration across the mem-
brane is largest for low values of θ (Na+ trace condition). This result agrees
with the analysis of negative rejections of Na+ given in Section 8.3.3.1.
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interfaces, as well as membrane charge, X, at these two locations.

8.4 Conclusions

The ability to better reject divalent ions over monovalent ions makes NF suit-
able for interesting engineering and environmental science applications, in-
cluding water reclamation, water softening, and desalination. The wide range
of NF applications makes it quite relevant to be able to accurately predict ion
rejection. In this study, we focused on multi-component electrolyte solution
with three ions: Na+, Ca2+ (or Mg2+), and Cl–. Such a multi-component
electrolyte solution is expected to show discrepancies between theory and ex-
perimental data and unexpected behaviors compared to single salt solutions.
In this study, we used the extended Nernst-Planck equation, which is a mean-
field approach, in combination with a Langmuir isotherm for the adsorption
of divalent cations, to come to a substantially improved fit of theory to exper-
imental data. This study demonstrates that mean-field theory can be easily
adapted to reliably predict ion rejection in multi-component solutions. Results
of our study highlight how the charge of an NF membrane can be consider-
ably affected by the adsorption of divalent counterions, which can even lead
to complete charge reversal. This work opens up the possibility for future
studies to consider interactions between ions (e.g. Na+, Ca2+ and Mg2+) and
the active layer of the membrane.

References

[1] A. Figoli and A. Criscuoli, Sustainable membrane technology for water
and wastewater treatment (Springer) (2017).



88888888

References 213

[2] D. L. Oatley-Radcliffe, M. Walters, T. J. Ainscough, P. M. Williams,
A. W. Mohammad, and N. Hilal, “Nanofiltration membranes and pro-
cesses: A review of research trends over the past decade”, Journal of
Water Process Engineering 19, 164–171 (2017).

[3] B. Van der Bruggen, I. De Vreese, and C. Vandecasteele, “Water reclama-
tion in the textile industry: nanofiltration of dye baths for wool dyeing”,
Industrial & engineering chemistry research 40, 3973–3978 (2001).

[4] E. Sahinkaya, N. Uzal, U. Yetis, and F. B. Dilek, “Biological treatment
and nanofiltration of denim textile wastewater for reuse”, Journal of haz-
ardous materials 153, 1142–1148 (2008).

[5] Y. K. Ong, F. Y. Li, S.-P. Sun, B.-W. Zhao, C.-Z. Liang, and T.-S.
Chung, “Nanofiltration hollow fiber membranes for textile wastewater
treatment: Lab-scale and pilot-scale studies”, Chemical engineering sci-
ence 114, 51–57 (2014).

[6] R. Castro-Muñoz, “Pressure-driven membrane processes involved in waste
management in agro-food industries: A viewpoint”, AIMS Energy 6,
1025–1031 (2018).

[7] B. Van der Bruggen and C. Vandecasteele, “Removal of pollutants from
surface water and groundwater by nanofiltration: overview of possible
applications in the drinking water industry”, Environmental pollution
122, 435–445 (2003).

[8] K. Košutić, L. Furač, L. Sipos, and B. Kunst, “Removal of arsenic and
pesticides from drinking water by nanofiltration membranes”, Separation
and Purification Technology 42, 137–144 (2005).

[9] K. Pan, Q. Song, L. Wang, and B. Cao, “A study of demineralization of
whey by nanofiltration membrane”, Desalination 267, 217–221 (2011).

[10] P. Chen, X. Ma, Z. Zhong, F. Zhang, W. Xing, and Y. Fan, “Performance
of ceramic nanofiltration membrane for desalination of dye solutions con-
taining nacl and na2so4”, Desalination 404, 102–111 (2017).

[11] M. Park, J. Park, E. Lee, J. Khim, and J. Cho, “Application of nanofiltra-
tion pretreatment to remove divalent ions for economical seawater reverse
osmosis desalination”, Desalination and water treatment 57, 20661–20670
(2016).



88888888

214 References

[12] L. Llenas, X. Martínez-Lladó, A. Yaroshchuk, M. Rovira, and J. de Pablo,
“Nanofiltration as pretreatment for scale prevention in seawater reverse
osmosis desalination”, Desalination and water treatment 36, 310–318
(2011).

[13] P. M. Biesheuvel and J. E. Dykstra, Physics of Electrochemical Processes
(2020).

[14] N. Hilal, H. Al-Zoubi, A. W. Mohammad, and N. Darwish, “Nanofiltra-
tion of highly concentrated salt solutions up to seawater salinity”, Desali-
nation 184, 315–326 (2005).

[15] E. Virga, J. de Grooth, K. Zvab, and W. M. de Vos, “Stable polyelec-
trolyte multilayer-based hollow fiber nanofiltration membranes for pro-
duced water treatment”, ACS Applied Polymer Materials 1, 2230–2239
(2019).

[16] A. M. Hassan et al., “A new approach to membrane and thermal sea-
water desalination processes using nanofiltration membranes (part 1)”,
Desalination 118, 35–51 (1998).

[17] A. F. Ismail, M. Padaki, N. Hilal, T. Matsuura, and W. J. Lau, “Thin
film composite membranerecent development and future potential”, De-
salination 356, 140–148 (2015).

[18] D. L. Oatley, L. Llenas, R. Pérez, P. M. Williams, X. Martínez-Lladó, and
M. Rovira, “Review of the dielectric properties of nanofiltration mem-
branes and verification of the single oriented layer approximation”, Ad-
vances in colloid and interface science 173, 1–11 (2012).

[19] M. Mänttäri, A. Pihlajamäki, and M. Nyström, “Effect of ph on hy-
drophilicity and charge and their effect on the filtration efficiency of nf
membranes at different ph”, Journal of Membrane Science 280, 311–320
(2006).

[20] A. Schaefer, A. G. Fane, and T. D. Waite, Nanofiltration: principles and
applications (Elsevier) (2005).

[21] M. R. Teixeira, M. J. Rosa, and M. Nyström, “The role of membrane
charge on nanofiltration performance”, Journal of Membrane Science 265,
160–166 (2005).



88888888

References 215

[22] A. W. Mohammad, Y. H. Teow, W. L. Ang, Y. T. Chung, D. L. Oatley-
Radcliffe, and N. Hilal, “Nanofiltration membranes review: Recent ad-
vances and future prospects”, Desalination 356, 226–254 (2015).

[23] L. Dresner, “Stability of the extended nernst-planck equations in the de-
scription of hyperfiltration through ion-exchange membranes”, The Jour-
nal of Physical Chemistry 76, 2256–2267 (1972).

[24] A. Yaroshchuk, M. L. Bruening, and E. Zholkovskiy, “Modelling nanofil-
tration of electrolyte solutions”, Advances in Colloid and Interface Science
268, 39–63 (2019).

[25] R. Wang and S. Lin, “Pore model for nanofiltration: History, theoret-
ical framework, key predictions, limitations, and prospects”, Journal of
Membrane Science 118809 (2020).

[26] J. Schaep, C. Vandecasteele, A. W. Mohammad, and W. R. Bowen, “Mod-
elling the retention of ionic components for different nanofiltration mem-
branes”, Separation and purification Technology 22, 169–179 (2001).

[27] B. Saliha, F. Patrick, and S. Anthony, “Investigating nanofiltration of
multi-ionic solutions using the steric, electric and dielectric exclusion
model”, Chemical Engineering Science 64, 3789–3798 (2009).

[28] J. M. M. Peeters, J. P. Boom, M. H. V. Mulder, and H. Strathmann,
“Retention measurements of nanofiltration membranes with electrolyte
solutions”, Journal of membrane science 145, 199–209 (1998).

[29] T. Urase, J.-i. Oh, and K. Yamamoto, “Effect of ph on rejection of differ-
ent species of arsenic by nanofiltration”, Desalination 117, 11–18 (1998).

[30] P. M. Biesheuvel, L. Zhang, P. Gasquet, B. Blankert, M. Elimelech, and
W. G. J. van der Meer, “Ion selectivity in brackish water desalination by
reverse osmosis: Theory, measurements, and implications”, Environmen-
tal Science & Technology Letters 7, 42–47 (2019).

[31] N. Fridman-Bishop, O. Nir, O. Lahav, and V. Freger, “Predicting the
rejection of major seawater ions by spiral-wound nanofiltration mem-
branes”, Environmental science & technology 49, 8631–8638 (2015).

[32] S. Bason and V. Freger, “Phenomenological analysis of transport of mono-
and divalent ions in nanofiltration”, Journal of Membrane Science 360,
389–396 (2010).



88888888

216 References

[33] V. Freger, “Ion partitioning and permeation in charged low-t∗ mem-
branes”, Advances in Colloid and Interface Science 277, 102107 (2020).

[34] N. Fridman-Bishop, K. A. Tankus, and V. Freger, “Permeation mecha-
nism and interplay between ions in nanofiltration”, Journal of Membrane
Science 548, 449–458 (2018).

[35] S. Déon, A. Escoda, P. Fievet, P. Dutournié, and P. Bourseau, “How
to use a multi-ionic transport model to fully predict rejection of mineral
salts by nanofiltration membranes”, Chemical Engineering Journal 189,
24–31 (2012).

[36] J. Schaep, C. Vandecasteele, A. W. Mohammad, and W. R. Bowen,
“Analysis of the salt retention of nanofiltration membranes using the
donnan–steric partitioning pore model”, Separation science and Technol-
ogy 34, 3009–3030 (1999).

[37] S. Déon, A. Escoda, and P. Fievet, “A transport model considering charge
adsorption inside pores to describe salts rejection by nanofiltration mem-
branes”, Chemical Engineering Science 66, 2823–2832 (2011).

[38] L. Bruni and S. Bandini, “Studies on the role of site-binding and compet-
itive adsorption in determining the charge of nanofiltration membranes”,
Desalination 241, 315–330 (2009).

[39] J. Garcia-Aleman and J. M. Dickson, “Permeation of mixed-salt solutions
with commercial and pore-filled nanofiltration membranes: membrane
charge inversion phenomena”, Journal of Membrane Science 239, 163–172
(2004).

[40] M. S. Hall, V. M. Starov, and D. R. Lloyd, “Reverse osmosis of multi-
component electrolyte solutions part i. theoretical development”, Journal
of membrane science 128, 23–37 (1997).

[41] W. M. de Vos and S. Lindhoud, “Overcharging and charge inversion:
Finding the correct explanation(s)”, Advances in colloid and interface
science 274, 102040 (2019).

[42] V. Thangaraj, K. Aravamudan, R. Lingam, and S. Subramanian, “Indi-
vidual and simultaneous adsorption of Ni (ii), Cd (ii), and Zn (ii) ions
over polyamide resin: Equilibrium, kinetic and thermodynamic studies”,
Environmental Progress & Sustainable Energy 38, S340–S351 (2019).



88888888

References 217

[43] E. M. Kimani, A. J. B. Kemperman, W. G. J. van der Meer, and P. M.
Biesheuvel, “Multicomponent mass transport modeling of water desali-
nation by reverse osmosis including ion pair formation”, The Journal of
Chemical Physics 154, 124501 (2021).

[44] Y. S. Oren and P. M. Biesheuvel, “Theory of ion and water transport in
reverse-osmosis membranes”, Physical Review Applied 9, 024034 (2018).

[45] L. Bruni and S. Bandini, “The role of the electrolyte on the mechanism
of charge formation in polyamide nanofiltration membranes”, Journal of
membrane science 308, 136–151 (2008).

[46] G. Hurwitz, G. R. Guillen, and E. M. Hoek, “Probing polyamide mem-
brane surface charge, zeta potential, wettability, and hydrophilicity with
contact angle measurements”, Journal of Membrane Science 349, 349–357
(2010).

[47] M. Vourch, B. Balannec, B. Chaufer, and G. Dorange, “Treatment of
dairy industry wastewater by reverse osmosis for water reuse”, Desalina-
tion 219, 190–202 (2008).

[48] Y. A. Le Gouellec and M. Elimelech, “Calcium sulfate (gypsum) scaling
in nanofiltration of agricultural drainage water”, Journal of membrane
science 205, 279–291 (2002).

[49] J. A. Nelder and R. Mead, “A simplex method for function minimization”,
The computer journal 7, 308–313 (1965).

[50] C. Mazzoni and S. Bandini, “On nanofiltration Desal-5 DK performances
with calcium chloride–water solutions”, Separation and purification tech-
nology 52, 232–240 (2006).

[51] G. Hagmeyer and R. Gimbel, “Modelling the salt rejection of nanofiltra-
tion membranes for ternary ion mixtures and for single salts at different
pH values”, Desalination 117, 247–256 (1998).

[52] K. Linde and A.-S. Jönsson, “Nanofiltration of salt solutions and landfill
leachate”, Desalination 103, 223–232 (1995).

[53] J. Tanninen and M. Nyström, “Separation of ions in acidic conditions
using NF”, Desalination 147, 295–299 (2002).



88888888

218 References

[54] T. Tsuru, M. Urairi, S. Nakao, and S. Kimura, “Reverse osmosis of single
and mixed electrolytes with charged membranes: experiment and analy-
sis”, Journal of chemical engineering of Japan 24, 518–524 (1991).

[55] N. Pagès, M. Reig, O. Gibert, and J. L. Cortina, “Trace ions rejection
tunning in NF by selecting solution composition: Ion permeances estima-
tion”, Chemical Engineering Journal 308, 126–134 (2017).

[56] A. E. Yaroshchuk, “Negative rejection of ions in pressure-driven mem-
brane processes”, Advances in colloid and interface science 139, 150–173
(2008).

[57] A. Yaroshchuk, X. Martínez-Lladó, L. Llenas, M. Rovira, and J. de Pablo,
“Solution-diffusion-film model for the description of pressure-driven trans-
membrane transfer of electrolyte mixtures: One dominant salt and trace
ions”, Journal of Membrane Science 368, 192–201 (2011).

[58] N. Pages, A. Yaroshchuk, O. Gibert, and J. L. Cortina, “Rejection of trace
ionic solutes in nanofiltration: Influence of aqueous phase composition”,
Chemical Engineering Science 104, 1107–1115 (2013).



9
Wettability of Amphoteric Surfaces: the Effect of
pH and Ionic Strength on Surface Ionization and

Wetting◦

◦Published as: Ettore Virga, Evan Spruijt, Wiebe M. de Vos, and P. M. Biesheuvel, Wet-
tability of amphoteric surfaces: the effect of pH and ionic strength on surface ionization and
wetting, Langmuir 2018, 34, 15174-15180.

219



Abstract
. We present a novel theory to predict the contact angle of water on ampho-

teric surfaces, as a function of pH and ionic strength. To validate our theory,
experiments were performed on two commonly used amphoteric materials, alu-
mina (Al2O3) and titania (TiO2). We find good agreement at all pH values, and
at different salt concentrations. With increasing salt concentration, the theory
predicts the contact angle-pH curve to get steeper, while keeping the same con-
tact angle at pH = PZC (point of zero charge), in agreement with data. Our
model is based on the amphoteric 1-pK model and includes the electrostatic free
energy of an aqueous system as well as the surface energy of a droplet in contact
with the surface. In addition, we show how our theory suggests the possibility of a
novel responsive membrane design, based on amphoteric groups. At pH ∼ PZC,
this membrane resists flow of water but at slightly more acidic or basic conditions
the wettability of the membrane pores may change sufficiently to allow passage
of water and solutes. Moreover, these membranes could act as active sensors
that only allow solutions of high ionic strength to flow through in waste water
treatment.

.
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9.1 Introduction

Surface wettability is of key relevance in many applications in daily life [1–
3] and industry [4–6]. The wettability of a surface results from a dynamic
equilibrium between interaction forces taking place at solid-gas, solid-liquid,
and gas-liquid interfaces [1, 7]. By far the most common liquid involved in
this balance is water. This balance can be shifted in many different ways
[8]. For example, by changing pH, surfaces can be switched from hydrophilic
to hydrophobic and back [9], as demonstrated by various applications [10,
11], including new smart membranes with antifouling properties [12], sponges
for oil water separation [13] and advanced drug delivery systems [14]. The
possibility of switching results from weakly basic or acidic groups, of which
the degree of ionization depends on solution pH [15, 16]. Rios et al. exploit
these material properties by developing membranes that are impermeable at
neutral and basic conditions because of their hydrophobicity, but are opened
to a flux of aqueous solutions at slightly acidic pH because of protonation of
amino groups, and subsequently wetting of the membrane pores [17].

Within the class of ionizable materials, amphoteric surfaces are especially
interesting. Amphoteric materials can be both positively and negatively
charged, depending on pH in solution relative to their point of zero charge
(PZC) (see Fig. 9.1). The effects of pH and ionic strength on the wettability
of amphoteric surfaces have already been experimentally investigated for tita-
nia (TiO2) surfaces, coated with a thin silane layer (octadecyltryhydrosilane,
OTHS), in a wide range of pH values around PZC [18]. For unmodified am-
photeric surfaces, the effect of pH on wettability has only been investigated
qualitatively for alumina (Al2O3) in order to determine PZC [19]. However,
the role of the electrical double layer (EDL) on the wettability of amphoteric
surfaces is not yet fully understood [18]. The salt concentration influences the
diffuse part of the EDL, which in turn affects the surface charge and thereby
the surface wettability. A quantitative understanding of the impact of the
characteristics of the EDL on the surface energy of amphoteric solids is still
missing.

In addition to theoretical challenges, earlier experimental work may not
have chosen the best possible method to measure contact angle. Indeed, when
contact angle (CA) measurements are based on the sessile drop technique [20],
the effect of a change in droplet pH during measurements may have been
underestimated. Because when a droplet of water is placed on a solid surface,
the ionization of the surface groups in such a small liquid volume can easily
lead to a change of droplet pH. We advocate to work with the captive bubble
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Figure 9.1: Illustration of the wettability of amphoteric materials in response to pH
relative to the point of zero charge (PZC).

technique, in which small volume effects can safely be neglected, as water
constitutes the continuous phase with a large volume.

In this paper, we present a novel theory to predict the contact angle of
water on amphoteric surfaces, as function of pH and ionic strength. To vali-
date our theory, we performed experiments on two commonly used amphoteric
materials, alumina (Al2O3) and titania (TiO2).

9.2 Theory

In this section, starting from general expressions for isolated ionizable surfaces
[21], we derive an equation that relates the water contact angle to the sum of
surface and diffuse electrostatic free energies. Free energies discussed in this
work have an electrical origin, due to the formation of the EDL, as well as a
chemical origin, due to the adsorption/desorption of protons and ions to/from
the surface. A possible Stern layer [22] is neglected in this work. Our system
consists of a liquid interacting with a solid ionizable surface that is not soluble
in that liquid. Since the Gibbs energy and Helmholtz energy are identical for a
system in which the redistribution of ions (which is required for the formation
of EDLs) does not affect the volume, the general term free energy is used here.
The equations below are derived for an electrolyte with monovalent ions only.
The electrostatic free energy, scaled with kT , of an aqueous system containing
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a ionizable surface is given by [21]

Fel = FS + FD (9.1)

where FS and FD are the surface and the diffuse contributions to the electro-
static free energy.

The diffuse contribution for an isolated surface is given by [23]

FD = −16n∞λD sinh2

(
1

4
ys

)
(9.2)

where n∞ is the salt concentration expressed in m−3 (n∞ = Nav c∞, with c∞
in mol/m3 = mM and Nav Avogadro’s number), and the Debye length λD is
given by

λD =

√
εkT

2e2n∞
(9.3)

with e the elementary charge, ε the dielectric constant (= εrε0 = 78 · 8.854×
10−12 C/(V m) in water), k the Boltzmann constant, and T temperature.

In order to calculate Fel, we also need to know the surface contribution, FS .
The expression for FS depends on the surface chemistry [21]. For an acidic or
basic material, the ionization degree α is a number in between 0 and 1 and is
given by [21]

α =
1

1 + ez(yN−ys)
(9.4)

where z is the charge sign of the surface groups (for an acidic site, z = −1,
and for a basic site, z = +1), ys is the dimensionless electrostatic potential at
the surface (=eψs/kT , with ψs the electrostatic potential at the surface), and
where yN is given by [21]

yN = ln 10 · (pK − pH). (9.5)

For an acidic/basic material for which ionization is described by Eq.(9.4), the
surface part of the free energy, FS , is given by [21]

FS = N · ln (1− α) (9.6)

where N is the number density of ionizable groups on the surface (m−2). One
class of amphoteric materials consists of a mixture of acidic and basic surface
groups. In that case, the above theory applies with Eqs. (9.4)-(9.6) evaluated
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for each group separately (and added up). This approach can be applied to
various biological materials, such as protein molecules, the surface of which
consists of an assembly of basic and acidic groups [24].

In the present work, we focus on a second class of amphoteric materials, that
includes as examples titania and alumina. For these materials, it is known that
they have a fractional charge which goes from a number below zero, to above.
For alumina, applying the 1-pK model, the surface consists of OH−1/2 groups
that can be protonated to OH+1/2

2 groups [25, 26]. In this case the pK of this
material is the pH at which the surface is globally uncharged. The effective
surface charge, α (−1

2 < α < +1
2), is obtained from

α =
1

2
− 1

1 + eyN−ys
(9.7)

and, as shown in ref. 10, the surface contribution to the free energy in this
case is

FS = 1/2N ln ((1 + 2α) (1− 2α)) . (9.8)
Combining Eq. (9.2) and Eq. (9.8), we can now rewrite Eq. (9.1) for this

amphoteric material to

Fel = 1/2N ln ((1 + 2α) (1− 2α))− 16n∞λD sinh2

(
1

4
ys

)
. (9.9)

According to Hiemstra et al. [26], titania is different from alumina, because
titania has two ionizable groups, one that goes from −2/3 to +1/3 in charge,
the other from −1/3 to +2/3. However, because the pK value of both groups
can be assumed to be the same, and the number of groups can also be assumed
to be the same [26], after adding up these groups we obtain the same equations
for α and FS as for alumina (i.e., Eqs. (9.7)-(9.8)). Eq. (9.8) was derived in ref.
10 but not tested experimentally before, and this test is one of the objectives
of the present work.

In order to calculate Fel, the value of surface potential ys is needed. To that
end, we solve the 1D Poisson Boltzmann equation for a planar surface,

∂2y

∂x2
=

sinh y
λ2D

, (9.10)

with the boundary condition

∂y

∂x

∣∣∣∣
s

= − e2σ

εkT
(9.11)
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where the number density of charged groups σ in m−2 is given by σ=αN . For
isolated surfaces the solution of Eq. (9.10) is well known to be [27]

σ = n∞λD
√
8 (cosh ys − 1). (9.12)

By solving Eq. (9.12) with an expression for α, such as Eq. (9.7), both ys and
α are obtained.
Fel can be seen as an electrostatic contribution to the free energy per unit

of surface area, or the solid-liquid surface energy, which has units mN/m when
multiplied by kT. From this point onward, we refer to it as the electrostatic
contribution to the surface energy, γel.

For smooth surfaces, the different surface energies are related to the static
contact angle by Youngs equation,

γlg · cos θ = γsg − γsl (9.13)

where γsl, γsg and γlg refer to the surface energy of the solid-liquid, solid-gas
and liquid gas interface, respectively. In particular, we can think of γsl as sum
of an electrostatic term, γel, and a non-electrostatic term, γpzcsl (value of γsl
when the material is uncharged, i.e., when pH=PZC),

γsl = γpzcsl + γel. (9.14)

Thus, Eq. (9.13) can be rewritten to

γlg · cos θ = ∆γ − γel (9.15)

where ∆γ = γsg − γpzcsl . The value of γlg, the surface energy of the water-air
(liquid-gas) interface, has been fixed in our study to a value of to γlg = 73
mN/m [28]. The term ∆γ is independent of pH and salt concentration and
can be obtained by experimental data fitting. This means that, if the contact
angle at the point of zero charge is known, the model allows us to predict
values of contact angle for every other value of pH and ionic strength. This
is correct only if these parameters (pH and ionic strength) have a reversible
effect on the surface chemistry, hence on the dissociation of surface groups.

9.3 Materials and methods
Chemicals For preparation of the solutions at different ionic strength, we
used Milli-Q water and NaCl. We added small quantities of 1 M NaOH or HCl
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(37 %) in order to obtain the desired solution pH. We tested two materials,
alumina and titania, supplied respectively as sapphire and rutile. Sapphire
(1ALO 402E, Al2O3 substrate (0001)) and rutile (1TIO 109E, TiO2 substrate
(100)) were supplied by Crystal GmbH (Berlin, Germany). These substrates
are polished (on one side, Ra <0.5 nm) and have dimensions 10×10×0.5 mm3.
To improve the measurement of the contact angle, a customized sample holder
was designed and constructed (PLA, 3D printing, Ultimaker2+, Geldermalsen,
The Netherlands) (see Fig. 9.2), as discussed next.

inorganic material 
sample

sample holder

Figure 9.2: Illustration of 3D printed sample holder (blue) containing a sample of
inorganic material (10× 10× 0.5 mm3) (green).

Contact Angle Measurements In order to obtain a higher control on
the water solution properties, the static contact angle was measured using
the captive bubble approach. The advantage of this technique compared to
the more common sessile drop method, is that the volume of the surrounding
aqueous solution is much larger than that of a single droplet, and thus pH and
salt concentration will be much more stable. Another important advantage of
the captive bubble method, relatively to the method where a droplet is placed
on top of the material (sessile drop), is that in the captive bubble approach,
the gas phase humidity is well-controlled.

The sample surface was first flushed with ethanol (70%) and then with
Milli-Q water before every measurement. Then, the sample was placed into
the 3D printed sample holder with its polished side facing downwards, and
submerged in an aqueous solution of predetermined ionic strength and pH.
Before measuring the contact angle, the sample was left in contact with the
solution for at least 5 minutes, and only then we injected a gas bubble from
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below, displacing water from part of the surface.
The measurements were performed with an instrument for contact angle

and contour analysis (OCA 35, Dataphysics, Filderstadt, Germany) used to
measure the static contact angle. A clean stainless steel needle was used to
produce a bubble of ∼ 3 mm in diameter on the surface, and the bubble
contour, measured through the aqueous phase, was recorded. At least five
measurements were taken for every condition. Image analysis of the shapes of
the air bubbles were performed with the software provided with the instrument
by using the method of Young-Laplace fitting.

9.4 Results and discussion

In this section we compare our model predictions to experimental data from
literature, and compare to data obtained in our own experiments. Subse-
quently, we will discuss more detailed predictions on how amphoteric surfaces
can inspire the design of a responsive membrane that acts as a sensor for the
quality of the water in waste water treatment plants, allowing, streams at high
ionic strength to flow through and go directly to appropriate disposal units.
In this design the membrane would thus act as both a sensor and a valve, with
the ability to react to a change in water chemistry automatically and in an
autonomic fashion.

Our model prediction are compared with experimental data found in liter-
ature [18] for a silanized titania surface (54% OTHS), and are shown in Fig.
9.3.

According to our model fit, the contact angle (CA) has a maximum for
pH= 4.4 (PZC of titania [18]), while CA decreases when pH moves away
from PZC. Indeed, when we move pH away from PZC, the surface becomes
more charged due to the ionization of surface groups, thus it becomes more
hydrophilic. We also observe that when the salt concentration is increased,
from 1 mM (Fig. 9.3A) to 100 mM (Fig. 9.3B), the steepness of the curve
of contact angle versus pH increases considerably. This can be explained
by the influence of salt concentration on the Debye length λD, thus on the
EDL thickness. An increase in ionic strength leads to a reduction in EDL
thickness, which translates into a concentration of H+ or OH− at the surface
that is much closer to the one in the bulk. Thus, for an amphoteric material,
if we increase the ionic strength, keeping the pH constant, the ionization of
the surface groups will increase.

It is possible to note a plateau at high pH in the experimental results col-
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Figure 9.3: Contact angle of water on a partially silanized titania wafer in c∞=1
mM (A) and 100 mM (B) KNO3 as a function of pH. Experiments [18] (symbols)
and theory (lines) based on Eqs. (9.5), (9.7), (9.9), (9.12) and (9.15). Input model
parameters: N=3.0 nm−2 [18], pK=4.4 [18], ∆γ= 37 mN/m.

lected by Hanly et al. (CA∼ 50◦ in Fig. 9.3A and CA∼ 40◦ in Fig. 9.3B). This
behavior differs from our predictions at high pH. It can possibly be explained
by looking at the composition of the surfaces studied by Hanly et al., namely
titania partially covered with OTHS (54%). The hydrophobic interactions,
due to the silane coverage of titania, are not taken into account in our model
and these may be responsible for the observed plateau at high pH.

To validate our model against data for amphoteric surfaces without hy-
drophobic modifications, we collected experimental data for the CA of two
surfaces, titania and alumina, at different values of pH and ionic strength.
Model predictions and experimental data are shown in fig. 9.4 for a concen-
tration of NaCl equal to c∞=1 mM. As can be observed in Fig. 9.4A, also in
this case, the contact angle has a maximum for titania at pH∼= 4.4, while for
alumina, Fig. 9.4B, the maximum is at pH∼= 8.7 (PZC of alumina [19]), and
in both cases the contact angle decreases when the pH moves away from PZC.

In fig. 9.4B, we also show data collected by Cuddy et al. [19] (triangles) for
alumina. Cuddy et al. used the sessile drop technique and worked initially
with deionized water. Thus, as discussed previously, the exact salt concentra-
tion of their aqueous phase (after contacting the surface) is unknown. Their
data overlap with our data (see Fig. 9.4B) and therefore, our model calcula-
tions, based on c∞ = 1 mM, fit their data well.

In our model, for an amphoteric material, the contact angle has a maximum
for a value of pH equal to pK, which is the point where the surface is on
average uncharged (for these materials), i.e. the PZC. When we move pH
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Figure 9.4: Contact angle of water on titania, in c∞=1 mM (A) and 100 mM (B),
and alumina, in c∞=1 mM (C) and 100 mM (D), substrates as a function of pH. Ex-
periments (circles and diamonds [this work], and triangles [Cuddy et al.]) and theory
(lines). Input model parameters for titania: N=8.0 nm−2 [18], pK=4.4 [18], ∆γ= 56
mN/m. Input model parameters for alumina: N=7.25 nm−2 [29], pK=8.7 [19], ∆γ=
45 mN/m.
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away from PZC, the surface becomes more charged due to the ionization of
surface groups, thus it becomes more hydrophilic and CA decreases. Next,
in Fig. 9.5A, we show how water contact angle changes if both pH and ionic
strength are varied. When salt concentration is increased, the contact angle at
the PZC is expected to be unchanged, in line with literature data reported for
titania (see Fig. 9.3). Shifting pH away from PZC, our model predicts that the
influence of ionic strength on contact angle becomes increasingly prominent.
One may, indeed, observe an increased curves steepness when ionic strength
is increased. Indeed, an increase in ionic strength leads to a reduction in EDL
thickness, that translates into a concentration of H+ or OH− at the surface
closer to the one in the bulk. Thus, if we increase ionic strength, keeping pH
constant, the ionization of the surface groups will increase.

These trends of the dependence of CA on salt concentration are confirmed
by Hanly et al. [18] and by our own experiments at 100 mM salinity (see Fig.
9.4C and Fig. 9.4D). The experimental data show an increase in steepness of
the curve for CA, if compared to low salt concentration, such as 1 mM (see
Fig. 9.4). This is in line with the theory, where we can observe a decrease of
the pH region delimited by our theoretical lines.

As already mentioned above, our theory shows that, if we keep pH constant,
away from PZC, an increase in ionic strength leads to an increase in surface
hydrophilicity (see Fig. 9.5A). Based on that prediction, we can now think of
the possibility of a membrane, where the ionic strength determines the per-
meability. These membranes will be analogous to the ones already developed
by Rios et al. [17], but also more versatile. Their modified membranes are
dry at neutral and basic conditions because of their hydrophobicity but open
to flux of aqueous solutions at slightly acidic pH because of the protonation of
amino groups. The same response is expected by switching the ionic strength
at constant pH (away from the PZC). Thus, the corresponding membranes
will perform as ionic strength-dependent switchable valves. If an intrinsically
hydrophobic membrane with amphoteric groups is employed, it will resist flow
of water through the pores of the membrane at pH ∼ PZC, but at slightly
more acidic or basic conditions, the wettability of the membrane pores may
change sufficiently to allow passage of water and ions. As explained in ref. [30],
the boundary between an open and closed configuration is at value of CA=90◦
for ideal surfaces. Indeed, by varying the contact angle (when CA > 90◦) we
are able to show in theory that the critical pressure needed to push the water
through a membrane can be varied. But, when CA < 90◦ we ideally do not
need any difference in pressure between the two sides of the membrane in order
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to make water pass through it [30]. Thus, operating below the critical pressure,
it is possible to open and close ideal membrane pores by shifting the surface
from hydrophobic to hydrophilic. These membranes will be able to work in a
much larger range of pH (Fig. 9.5A), then the membranes described by Rios
et al. Our model predicts that these membranes could possibly act as active
sensors that only allow solutions of high ionic strength to flow through. This
would be especially useful for waste water treatment, when the ionic strength
and/or pH of the water vary strongly in time. Streams with a more extreme
pH or a high salt concentration would permeate through the membrane and
be treated, while low salinity streams with moderate pH could simply be dis-
posed. If we look at Fig. 9.5B, we can see the effect of salt concentration
when pH is kept constant. For pH values too close to the PZC, such as pH=6
and pH=7, this shift from hydrophobic to hydrophilic is not possible. But
when pH is sufficiently far away from PZC, by changing the ionic strength
it becomes possible to switch the membrane surface from hydrophobic to hy-
drophilic. This effect increases when pH is increasingly different from the PZC
of the membrane, that we fixed to PZC=pK=6.5 in this calculation. The high
contrast between the open and closed states, as well as high fluxes in the open
state because of a large pore size [17] can be useful in different applications
for ionic strength/pH switchable membranes.
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9.5 Conclusions

This study focused on the effects of pH and ionic strength on the wettability of
amphoteric metal oxide surfaces. We studied the contact angle of water on two
oxidic (inorganic) materials: alumina (Al2O3) and titania (TiO2). We present
a novel theory that is able to predict the contact angle for these materials as
function of both ionic strength and pH. This theory is based on the amphoteric
1-pK model. Experimentally, we work with the captive bubble technique
which gives a better control over solution and air properties. Data were very
well described by the new theory for the lowest salt concentration tested (1
mM NaCl) and their trend confirmed also at high salt concentration (100
mM). For higher salt concentration, the theory predicts the contact angle-pH
curve to get steeper, while keeping the same contact angle at pH = PZC. Both
literature data and our own experiments do show this effect, thus in line with
our theory. Indeed, our theory shows that, if we keep pH constant, away from
PZC, an increase in ionic strength leads to an increase in hydrophilicity. Thus,
if an intrinsically hydrophobic membrane with amphoteric groups is employed,
it will resist the flow of water through the membrane at pH ∼ PZC but at
slightly more acidic or basic conditions the wettability of the membrane pores
may change sufficiently to allow passage water and ions. These membranes
could also act as valves that only allow solutions of high ionic strength to
flow through. The high contrast between the open and closed states can be
particularly useful for water treatment.
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Abstract
. Mechanical energy harvesters based on coiled carbon nanotube yarns are

promising materials for sustainable energy generation. In this work, we present a
novel mechanism to harvest energy from mechanical fluctuations by using coiled
carbon nanotube yarns coated with polyelectrolyte gel. We developed a theory
to explain how this new kind of energy harvesting is possible. The gel fills up all
space between the coils and expands when the yarn is stretched. This translates
into a change in electrical double layer configuration, hence into a change in
electrical potential. This makes it possible to electrochemically convert tensile
or torsional mechanical energy into electrical energy. The influence of the yarn
surface charge, polyelectrolyte charge density and salt concentration is analyzed,
giving directions for optimum process design. We show calculation results for the
generated power of a system consisting of two yarns coated with positive and
negative polyelectrolyte gel.

.
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10.1 Introduction

Present day research to harvest energy by exploiting small amplitude oscil-
lations shows great potential for sustainable generation and recovery of en-
ergy [1–3]. Mechanical vibration sources are ubiquitous since every step and
action of a living being results in a release of kinetic energy that is partially
dissipated. Converting this vibrational energy into electric energy may provide
an alternative to batteries or chargers in portable electronic devices [1, 4, 5].
This conversion can be used for self-powered wireless sensors, structural and
human health monitoring systems, extraction of energy from ocean waves [3]
and from wind [6]. Different systems based on induction or piezo-electricity
have been proposed in the past years in order to recover this mechanical energy
but the generated power is still too low [7]. Furthermore, interesting nanogen-
erators were also introduced to harvest human energy from walking, breathing,
typing and more, utilizing piezo-electricity and triboelectricity [8, 9]. Recently,
a promising alternative, based on carbon nanotube (CNT) yarns, was devel-
oped to convert mechanical energy into electrical energy from both torsional
and tensile motion [3]. Kim et al. [3] in their mechanical energy harvester em-
ployed CNT yarns that are so highly twisted that they completely coil. The
yarns they tested are dipped in a liquid electrolyte bath or coated with a gel
made of 10 wt% polyvinyl alcohol in 0.1 M HCl.

In our work, we propose an alternative version where the coiled CNT yarn
is coated with charged polyelectrolyte (PE) gel. The gel fills up all space
between the coils and at the gel-yarn surface it expands when the yarn is
stretched, translating into a change in electrical double layer (EDL) config-
uration. This change brings about a change in electrical potential. Hence,
the external mechanical energy input is exploited to create a change in EDL
configuration that translates into a different electric potential profile. It has
been demonstrated that polymer brushes can reversibly bend cantilevers due
to conformational changes of the brush in response to changes in environmen-
tal conditions [10, 11], while polyelectrolyte gels were recently used to convert
chemical into electrical energy [12], and into mechanical energy [13]. Inspired
by these promising recent studies, we theoretically investigated the possibility
to use polymer gels to convert external mechanical oscillations into electrical
energy. For a more complete and clear picture of our system, it is useful first
to describe the model of the PE gel, coated on the coiled twisted yarn (Fig.
F.1). We can think of the PE gel as a charged polymer network with positive
or negative charges fixed on its chains, and free counterions (and co-ions) lo-
calized in the network. PE gels are able to absorb a significant amount (up to
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∼ 2000 times the polymer weight) of water within its network structure [14],
but do not dissolve in water [15]. A PE gel is characterized by a molar con-
centration of fixed charges, that we define as X. The yarn surface charge as
well as the gel fixed charge density are responsible for the salt ions distribution
in the EDL, hence for the profile in the dimensionless potential, that we call
y, see Fig. F.1. As depicted in Fig. F.1, it is possible that the potential, y
(relative to bulk solution) can flip sign. For a positively charged gel, we can
then have an excess of cations at the yarn surface, even though in the gel
bulk phase we mainly have free anions. One may think that, because the gel
volume will remain constant during stretching, the fixed charge concentration
X will not change. This is indeed correct in the bulk of the gel (away from any
surface). However, it is likely that directly at any (yarn) surface, stretching a
gel can lead to a lowering of X, because the polymer chains are at some points
connected to the yarn, and because the gel has to follow the contours of the
yarn. Thus, even though a gel bulk may not be diluted upon stretching, near
the surface, the polymer fixed charge X can be expected to go down.
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Figure 10.1: The carbon yarn is coated with a positively charged polyelectrolyte
gel which holds free ions. The carbon yarn surface and the gel fixed charge density
are responsible for the free ions distribution in the EDL, hence for the profile of the
dimensionless potential, y, from the gel-yarn interface into the gel bulk. In this case
it is possible that the while the gel bulk mainly holds anions, right near the surface
there is an excess of cations.

10.2 Theory
In this section, we explain EDL theory of a charged surface coated with a
polyelectrolyte gel. In a later section the model of energy harvesting from a
system containing two electrodes made of carbon nanotube yarns in a coiled
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configuration is presented. We start the derivation describing the equilibrium
EDL profile for potential and ion concentration near a charged surface covered
with a polyelectrolyte charged gel. Since the EDL around the yarn is thin, we
can use the one-dimensional planar form of the Poisson equation

∂2Ψ

∂x2
= −ρe

ε
(10.1)

where Ψ is the electric potential, x is the direction perpendicular to the gel-
yarn interface, ε is the absolute permittivity, and ρe is the local electric charge
density. We define the dimensionless potential, y, as

y =
FΨ

RT
(10.2)

where F is Faraday’s constant, R is the gas constant and T is the temperature.
At chemical equilibrium, for the EDL in a charged gel, the local electric charge
density is given by

ρe = F
(
c∞

(
e−y − ey

)
+ ωX

)
(10.3)

where ω is the sign of the fixed membrane charge (ω = +1 for positive charges
and ω = −1 for negative ones). Eq. (10.2) was obtained for a monovalent salt,
with bulk concentration (outside the gel) c∞, in mol/m3.

Combining Eqs. (10.1)-(10.3), we obtain the modified Poisson-Boltzmann
equation,

∂2y

∂x2
= − F 2

εRT
(2c∞ sinh (y) + ωX) . (10.4)

Multiplying each side of Eq. (10.4) by ∂y
∂x , we obtain

1

2

d
(
∂y
∂x

)2

dx
=

F 2

εRT

(
2c∞

(
∂ cosh (y)

∂x

)
− ωX

∂y

∂x

)
(10.5)

which, with boundary conditions ∂y
∂x = 0 ∧ y = yD for x → +∞, y = y0 for

x = 0, can be integrated to the modified Gouy-Chapman equation

1

2

εRT

F 2

(
∂y

∂x

∣∣∣∣
s

)2

= 2c∞ (cosh (y0)− cosh (yD))− ωX (y0 − yD) (10.6)

where yD = sinh (ωX/2c∞) is the Donnan potential, which is the potential in
the gel far from the EDL at the yarn surface relative to that in free electrolyte
outside the gel [16, 17]. Eq. (10.6) is also given in ref. [18] but the boundary
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condition far away from the surface is given as yD = 0. Eq. (10.6) is similar
to Eq. (13) in ref. [19], which assumes the presence of only counterions, an
equation which was earlier presented in ref. [20]. Note that this equation for the
counterions-only case cannot predict the change in sign in potential as depicted
in Fig. F.1, but our Eq. (6) can. We also define y0 as the dimensionless
potential at the start of the diffuse layer. For X = 0, Eq. (10.6) simplifies to
the classical Gouy-Chapman equation for a charged surface in contact with an
electrolyte.

Making use of Gauss’ law

Σ = −εRT
F

∂y

∂x

∣∣∣∣
s

(10.7)

where Σ is the yarn surface charge in C/m2, it is possible to obtain

Σ2

2εRT
= 2c∞ (cosh (y0)− cosh (yD))− ωX (y0 − yD) (10.8)

which we rewrite to

B2 = cosh (y0)− cosh (yD)−A (y0 − yD) (10.9)

where A = ωX/2c∞, B = Σ/
√
4c∞εRT and yD = sinh−1 (A). We can think

of A as a dimensionless gel fixed charge density and B as a dimensionless
yarn surface charge. These parameters will be shown to have a significant
influence on system performance. Furthermore, by looking at Fig. E.2 it is
possible to understand what are the effects of the two parameters A and B on
the dimensionless potential at the yarn surface. Increasing the yarn surface
charge, represented by B, leads to an increase in surface potential. For A = 0,
hence for a gel with no fixed charges, the surface potential equals the potential
in the salt solution bulk (hence it is zero) when B = 0. Increasing the value of
A, the value of B at which the surface potential is zero, shifts towards negative
values. Starting from that point, the potential at the surface is positive for
higher values of B and negative for lower values of B. Hence, A and B signs
and values are of fundamental importance to describe the structure of the
EDL near a PE-coated yarn.

It is also interesting for our purpose to define a novel parameter γ, which
is a measure of the change of electrical energy upon expanding the gel, while
the surface charge B is constant, given by

γ = −BA∂y0
∂A

. (10.10)
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Figure 10.2: Dimensionless potential at the yarn surface, y0, as a function of the
dimensionless yarn surface charge, B, for different values of the dimensionless gel fixed
charge density, A.

The parameter γ allows us to identify, for a given value of A, the optimal value
of B. Taking the derivative of Eq. (10.9) with respect to the variable A,

0 = sinh(y0)
∂y0
∂A

− A√
A2 + 1

−A
∂y0
∂A

+A
1√

A2 + 1
− (y0 − yD) , (10.11)

our γ can be easily obtained as

γ = −BA (y0 − yD)

sinh(y0)−A
. (10.12)

To better understand the influence of A and B on γ, it useful to consider
the iso-lines for γ (Fig. E.3). These iso-lines were obtained by numerically
solving Eq. (10.9) for a chosen range of A and B, and then using the output
values, y0 and yD, to calculate γ using Eq. (10.12).

Fig. E.3 is used in the next section, in order to identify the optimal values
of fixed gel charge density, salt concentration and yarn surface charge. Given
that A can not be increased indefinitely (in our case study we use a value of
A = 50 which we think could not easily be made higher in practice), it is
possible to observe that the highest value of γ can be achieved for a certain
optimal value of B. Notice that γ is dimensionless, and must be multiplied by
RT/F ·

√
4c∞εRT to obtain an energy sensitivity with unit J/m2.
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Figure 10.3: Iso-lines of the dimensionless sensitivity, γ, as function of the dimen-
sionless gel fixed charge density, A, and the dimensionless yarn surface charge, B.
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Figure 10.4: a) Schematic picture of an electrochemical cell consisting of two yarns
coated with positive and negative polyelectrolyte gel. b) Electrical circuit diagram of
the same system, indicating also the salt solution with resistance RINT in which the
two yarns are dipped, the load to harvest energy, and the external capacitor.
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10.3 Results and Discussion
It is possible to build a system in which two coated coiled yarns, one with
positive fixed charges and one with negative charges, are dipped in a salt
solution of given concentration c∞, to produce energy, see Fig. E.4a. In order
to reach this objective an external load is placed into the system (Fig. E.4b).
The external load, REXT , is taken as a free parameter in our calculations in
Fig. E.5 and Fig. D.6, while in Fig. D.7 results are shown as function of
REXT . The value of REXT gives some information about the external device
that captures the energy, e.g., a battery or other storage system, or direct
use in an appliance. Furthermore, an external capacitor is also placed in the
circuit in order to charge the yarn surface, similar to the external battery used
in the dynamic circuit for harvesting energy from water salinity differences [21].
During a working cycle, we assume that each coiled yarn is stretched with the
same frequency, that we define as β. For this reason the polymer fixed charge
density X oscillates with the same frequency β, which we describe by

ωX = ωX0 −∆(ωX) (1− cos (2πβt)) (10.13)

where X0 is the fixed charge density of both gels at t = 0, when the yarn is in
its equilibrium position, while ∆(ωX) is the maximum variation in gel charge
density during the cycle.

For the system described above, it is possible to write Kirchhoff’s voltage
law as

Vcell + VEC + 2
RT

F
|y0 − y∞|+ VINT = 0 (10.14)

where y∞ (assumed as reference, hence zero) is the dimensionless potential in
the solution bulk, while Vcell, VEC and VINT are the cell voltage, the voltage
across the external capacitor and across the ionic solution. Eq. (10.14) is
based on two perfectly symmetric gel electrodes (with only the fixed charge
density of opposite sign), and y0 used in Eq. (10.14) is evaluated in one of the
electrodes. Assuming Ohmic behavior for the external load, and for the ionic
transport in the gel and solution, we have

Vcell = I ·REXT , VINT = I ·RINT (10.15)

where I is the current density (A/m2), while REXT and RINT are respectively
the external load, and the internal resistance in the gel and solution, in Ω ·m2.

The current density, I, relates to the surface charge, Σ, by
∂Σ

∂t
= −I. (10.16)
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Combining the above equations, it is possible to obtain the unknown vari-
ables of our system. Thus, it is possible to calculate the electrical power
generated per unit area, Pd, by

Pd = Vcell · I. (10.17)

Now we can proceed with the analysis of a cycle in which the two coiled
NC yarns are stretched with a certain frequency β in order to produce energy.
Before starting, some parameters values characterizing our system must be
given: ωX0 = 500 mol/m3, ∆(ωX) = 100 mol/m3, β = 1 s−1, c∞ = 5 mM,
Σ0 = −110 mC/m2, εr = 78, REXT = 1 Ω·m2 where εr is the medium’s
relative permittivity. In our case study, we set RINT to zero. At time zero, for
the given value of A, reading from the graph (Fig. E.3) and maximizing γ, the
B value, hence the initial surface charge density, Σ0, was obtained. A value
for VEC by using Eq. (10.14), with the condition I = 0 at t = 0, was then
calculated (VEC = 165 mV). Optimal conditions for γ, as can be identified in
Fig. E.3, are obtained when A is positive and B is negative. This situation
is represented in Fig. F.1, where we observe a flip in the sign of the potential,
y, from yD > 0 far away from the yarn surface to y0 < 0 at that surface. In
particular, we can distinguish two regions, one near the yarn surface rich in
cations and one away from the surface that is rich in anions. The optimum
sensitivity is found when B and A have opposite sign.

In Fig. E.5a, we show the trend of ωX versus time. One notices that every
minimum in ωX corresponds to the instant in which the maximum stretch
of the gel, that we defined as ∆(ωX), is reached. It is possible to notice
that a similar oscillating trend with respect to time is present in the cell
voltage, Vcell, and generated power, Pd, see Fig. E.5b and Fig. E.5c. Instead
of plotting voltage Vcell versus time, we can also plot cell voltage versus charge
Σ , as shown in Fig. D.6. The area enclosed by the ellipse shown represents
the energy density in µJ/m2 obtained during a cycle.

Finally, we show result as function of the external load, REXT , and present
in Fig. D.7 results for the average generated power Pd,av and the time shift,
TS. Indeed, if we compare Fig. E.5b and Fig. E.5c with Fig. E.5a, we can
observe that the moments when ωX is not changing, do not coincide with the
moments when the cell voltage and power density are zero. Instead, a time
shift occurs and its value depends on the value of REXT as shown in Fig. D.7a.

With increasingREXT , the time shift, TS, increases until a value of TSmax =
0.22 s is reached, where it is possible to notice a plateau. The trend of cycle-
averaged power density, Pd,av, with respect to the external resistance REXT
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Figure 10.5: Gel fixed charge density ωX (mM), cell voltage, Vcell (mV), and power
density Pd (mW/m2) as a function of time (s) for our case study.
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Figure 10.7: Time shift, TS, and average power density, Pd,av, versus external
resistance, REXT , for our case study.

is shown in Fig. D.7b. We observe that a maximum for Pd,av is obtained
for REXT = 0.9 Ω · m2. This represents the optimal condition for power
generation.

If we assume a yarn having a 50 µm diameter, constituted of 5.0 nm diameter
close-packed nanotubes with 24 kg/m3 of bulk density [22], we obtain a yarn
surface area of 4.4 m2/g. Hence, we can calculate the achievable average
power, that amounts to ∼ 770 mW/kg of yarn. This value is similar to the
values obtained by Kim et al. in their experiments where yarns are stretched
by ocean waves [3].

10.4 Conclusions

Motivated by recent experimental work on energy harvesting using coiled
nanocarbon twisted yarns [3], we have reported a novel mechanism to harvest
energy from mechanical oscillations by using coiled carbon nanotube yarns
coated with polyelectrolyte gel. We have developed a model for the change in
the electrical double layer structure when a gel, coated on a charged surface,
is stretched. Our approach is mathematically simple while it is able to explain
the scientific basis behind a hypothetical mechanical energy harvester made of
coiled yarn coated with polyelectrolyte gel. The effects of gel fixed charge den-
sity, yarn surface charge, and salt concentration were studied. These results
represent a helpful guide for future process improvement and development.
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The analyzed case study and the calculations performed show the achievable
power in a system made of two yarns, where one is coated with a positive
polyelectrolyte gel, and the other is coated with a negative gel layer.
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11.1 Tuning surface chemistry to control membrane
fouling and performance

In this thesis, we have shown that by carefully selecting the surface chemistry
of both foulant and membrane we can achieve a better understanding of the
fouling mechanisms that take place at the water-membrane interface, provid-
ing clear approaches to alleviate membrane fouling and to control permeate
quality. Here, we find zwitterionic surfactants and polymers extremely inter-
esting because of their intrinsic "anti-fouling" tendency, even at high salinities.
The hydration shell surrounding zwitterionic molecules has been hypothesized
to be the basis of their anti-fouling properties, as this hydration shell formed
via ionic solvation constitutes an energy barrier that the foulant must over-
come to interact with the zwitterion [1]. The application of zwitterions in both
added chemicals for oil extraction and membrane surface materials could be
highly beneficial for the field of PW treatment.

11.1.1 Zwitterionic surfactants for enhanced oil recovery

In Chapters 2-3, we demonstrated that zwitterionic surfactants are especially
promising for successful treatment of oily waste waters at high salinity from
a membrane fouling perspective. Unfortunately, these surfactants are not
added to help the membrane separation, but rather to achieve efficient en-
hanced oil recovery (EOR). If we really want to land zwitterionic surfactants
in the Oil&Gas market, we should not limit our view to membrane fouling
but we must study the relevant aspects of their application, such as tolerance
to reservoir salinity, thermal stability at reservoir temperature, capability of
substantially reducing the IFT under reservoir conditions, effectiveness at low
concentrations (0.10.3%), low adsorption onto reservoir rock (< 1 mg/g rock),
and compatibility with other chemical additives for EOR [2]. And indeed, sev-
eral types of zwitterionic surfactant satisfy all these criteria for both sandstone
and carbonate reservoirs [2, 3], therefore showing their promise for chemical
EOR applications. This would mean that zwitterionic surfactants could al-
low effecient EOR processes and subsequently allow effective PW treatment
by membranes, a very appealing prospect. An economic aspect, that should
now be investigated when looking at industrial application is the commercial
availability of zwitterionic surfactants at a reasonable cost. Surfactants tend
to be a major factor associated with the cost of an EOR process, and losing
surfactants leads to substantial economic losses. At the present moment the
relatively high cost of zwitterionic surfactants limits their large-scale applica-
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tion in EOR compared to other types of surfactants [4]. However, if membranes
are used, the surfactants could potentially be recovered from PW and reused
in the field, thereby reducing the quantity and cost of fresh surfactant needed
during the extraction process. Finding effective ways to recycle (zwitterionic)
surfactants would thus be the next important step to allow more efficient and
sustainable EOR.

11.1.2 Zwitterionic chemistry for low-fouling membranes

Modification of membranes surfaces is potentially an effective way to control
and limit membrane fouling. As fabricating a completely novel low-fouling
membrane from scratch would require several years before being commercial-
ized, one-step process membrane modifications of already existing membranes
could be easily adopted by membrane manufacturing companies and therefore
translated into low-fouling industrial products and applications [5].

Several works have focused on biomimetic polymers with zwitterionic moi-
eties which bind on various surfaces [6, 7]. As shown in this thesis work, an
easy way to control the membrane surface chemistry, and at the same time
its separation properties, is the Layer-by-Layer (LbL) technique. LbL allows
us to coat a charged membrane with positive and negative polyelectrolytes,
but also with zwitterionic polymers (Chapter 6). Our work showed how a
bio-inspired zwitterionic phosphatidylcholine surface chemistry exhibits ex-
cellent fouling resistance and stable performances during filtration, thereby
demonstrating the potential of zwitterionic coated membranes not only for
PW treatment but also for surface water treatment, bio-molecule separation,
and filtration of other feeds with large fouling potential. However, anti-fouling
studies are nearly always performed with model foulants on short time scales.
The long-term stability of the grafted molecules or polymers, their uniformity,
stability, shelf life and limited adhesion to the membrane surface remain a
concern [8]. Therefore it would be important to see these membranes used in
real applications, with real feed streams, especially in the challenging field of
PW treatment, to study their stability and low-fouling behaviour for relevant
systems and over long time scales.

11.1.3 The non-existence of a perfect anti-fouling surface

A perfect anti-fouling membrane would only exist if its surface does not present
(or develops) any defects, and if its chemistry is perfectly stable over time,
and if it completely prevents adhesion from any foulant. Unfortunately, in the
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complex and challenging conditions as described in this thesis, some foulants
will always find a place to adhere, then acting as nuclei for more fouling.
This soon translates into a higher membrane area affected by fouling and a
subsequent change in permeate quantity and quality (at constant pressure). As
such, there are no membranes that will be completely free from fouling under
any circumstances [9]. To maximize the effectiveness of a modified membrane
surface, other factors need to be taken into account, e.g. membrane module
design, membrane cleaning and pre-treatment stages [9].

As the foulant chemistry is typically highly diverse, it is difficult and in
essence impossible, to develop a universal surface chemistry able to limit all
foulant-surface interactions. Using a flow-cell to study surface-droplet inter-
actions, we observed that a nonionic TX-stabilized O/W emulsion led to re-
markable fouling on a negative hydrophobic Nafion-coated surface while foul-
ing was limited for the zwitterionic-coated surface stabilized by zwitterionic
surfactants (Figure 11.1A). On the other hand, zwitterionic DDAPS-stabilized
O/W emulsions do not irreversebly foul the Nafion-coated surface, while they
do foul the zwitterionic-coated surface (Figure 11.1B). Our results suggest that
surface chemistry will need to be tailored according to specific applications,
taking into account the chemistry of the foulants present in the wastewater.

In addition, when foulant-foulant interactions are dominant and lead to
the formation of a rather dense cake layer on the membrane surface, even a
zwitterionic membrane surface chemistry cannot prevent fouling to occur [10].
However, membrane cleaning would results easier and more effective as the
fouling layer is kept separated from the membrane surface by the well hydrated
zwitterionic moieties of the membrane. Coatings that enhance membrane
clean ability are certainly as relevant as coatings that reduce fouling.

11.1.4 PEM-based membranes for advanced functionalities

In the last 10 years, the knowledge on LbL assembly of polyelectrolyte mul-
tilayers (PEMs) on porous supports has been translated into application and
the production of very relevant commercial membranes with advanced sep-
aration properties and functionalities. Polyelectrolytes are highly promising
materials to allow the formation of nextgeneration membranes with advanced
functionalities. But in many ways the field is still developing, and much more
exciting work on these versatile materials is expected in the near future.

A tailored ion-selectivity is still believed to be the holy grail of membrane
filtration processes. Commercial membranes do exhibit high water-salt se-
lectivity, but their ability to discriminate between different types of ion is
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A) TX-stabilized O/W emulsions

B) DDAPS-stabilized O/W emulsions

Nafion
coating

Nafion
coating

Zwitterionic
coating
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coating

Crossflow velocity

Crossflow velocity

Figure 11.1: Flow-cell images of oil droplets stabilized with A) nonionic TX and
B) zwitterionic DDAPS on PEM-coated surfaces with same multilayer but with two
different top layers, Nafion and zwitterionic, as a function of 100 mM NaCl solution
crossflow velocity. Scale bar of 50 µm.
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still limited [11]. Nevertheless, PEM-coated membranes can already tackle
challenging separations, including the separation of mono- and divalent (X2+)
ions, showing higher Na+/X2+ selectivities than those of commercial NF mem-
branes and even to competing surface modifications, such as polymer grafting,
atomic and molecular layer deposition, graphene oxide, and carbon nanotubes
incorporation, while retaining good water permeabilities (Figure 11.2A). Ex-
periments that we carried out with PEM-coated membrane show that these
membranes are also good for resource recovery, such as Phosphate, compared
to commercial membranes (Figure 11.2B), .
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Figure 11.2: A) Comparison of membrane divalent ion-selectivity (Na+/X2+) and
water permeability (L·m−2· h−1· bar−1) as a function of different surface modifications
from literature. Green diamonds represent single data points for PEM-coated nanofil-
tration (NF) membranes [12–15], purple triangles modified NF membranes [16–22],
and blue circles commercial NF membranes [4, 16, 17]. B) Comparison of membrane
phosphate removal (%) and water permeability (L·m−2· h−1· bar−1) as a function of
membrane type [23, 24].

As one other great advantage of PEM-based materials is that additives can
easily be incorporated/intercalated to allow additional functionalities and fur-
ther improvement of membrane properties. The incorporation of ion-selective
receptors could make possible the recovery and re-use of specific ions from
wastewater. In addition, incorporation of ion-selective groups may allow
selectivity between monovalent ions for PEM-based membranes. Addition-
ally, nanoparticles can be incorporated into the multilayer to increase PEM-
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based membrane performance (e.g., permeability, selectivity, strength, and hy-
drophilicity) [25, 26]. Here, future research is expected to focus on membranes
with incorporated ion-selective nanoparticles for selective adsorption and re-
covery (via pH regeneration) of specific resources from wastewater, thereby
combining filtration and adsorption in a single step process. Finally, poly-
electrolyte multilayers could be combined with functional biological moieties,
such as enzymes. Current PEM-based membranes can stop already stop mi-
cropollutants (MPs) with a high efficiency. However, future works on sta-
ble PEM-based catalytic membranes, i.e. with incorporated catalytic groups,
would allow for MP rejection and degradation in a single step process.

11.2 Applying membranes worldwide to treat Pro-
duced Water

Membrane technology has been shown to be quite promising for the treatment
of produced water. However, some barriers limit membranes to be widely
applied for PW treatment: membrane stability and good quality permeate.

11.2.1 Stable membranes for harsh Produced Waters

In this thesis, we have focused on membrane fouling by produced water, but
there are other important aspects that limit large scale use of membrane tech-
nology. Indeed, produced Water can be quite challenging to treat due to its
variable, and sometimes harsh, composition. Most of the challenges that limit
the application of especially commercially available polymeric membranes in
PW treatment can be attributed to these harsh conditions, such as:

• High contents of total dissolved solids (TDS) (4x105 ppm) and total
suspended solids (TSS) (up to 1000 ppm) [27] that can clog and/or
damage the membrane;

• Small organics, such as BTEX compounds, phenol, and naphthalene,
which can diffuse into the membrane and compromise the stability of
most polymeric supports used in membrane fabrication;

• Extreme salinities [28], able to de-stabilize the emulsion and substan-
tially worsen membrane fouling;

• Biocides (10-200 ppm) [29] used to prevent biofilm growth in the seawater
pipelines, that can affect membrane stability;
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• High concentration of H2S [28], which may plasticize the membrane or
react with the membrane surface groups and bulk, thereby affecting their
stability;

• Relatively high temperatures, in the range 50-65◦C.

Given the harsh conditions that can be typical of PW, investigating mem-
brane stability in such conditions becomes key. Here, PEMs allow the pro-
duction of very stable membranes, which can go beyond that of commercial
alternatives. Stable PEM membranes have been prepared to withstand organic
solvents [30], extreme pH conditions [31], and high salinity [32]. Furthermore,
as cleaning processes can also affect the stability of membranes, different re-
searchers have demonstrated that PEMs based on strong polyelectrolytes such
as PDADMAC and PSS can withstand physical (e.g., backwash) [33, 34] and
chemical (via hypochlorite) [33] cleaning. However, future work, focused on
harsh PW conditions, is needed to further address membrane chemical sta-
bility to organic compounds (e.g. BTEX), biocides and H2S, to finally bring
good and stable membrane candidates into the market for PW treatment. We
believe that these stable and functionalized membranes could highly benefit
the treatment of challenging PWs, separating organics from water to re-use
water at lower energy costs, thanks to the thin PEM-based separation layer.
Finally, fine-tuning membrane chemistry and polarity could help recovering
organics and added chemicals such as surfactants from water, reducing the
chemical consumption.

PEM based membranes for PW treatment would thus have benefits that
go beyond the possible anti-fouling properties described in this thesis. The
high stabilities demonstrated for these systems would be very relevant, even
for harshest PW conditions.

11.2.2 Integrated schemes towards a PW reuse

Besides pressure-driven membranes, other technologies are certainly also
needed within the larger treatment scheme to effectively clean produced water
and facilitate its reuse [35]. The OPUS® II from Veolia Water Solutions &
Technologies is an example of one of the most established technologies used
in the field of PW treatment. This technology uses ceramic membranes with
chemical and ion exchange softening as pretreatment to reverse osmosis (RO),
which is operated at high pH. Even tough this treatment system provides
high quality water for industrial reuse, it requires a huge amount of chemicals
(specifically acids and bases). Additionally, the chemicals added during the
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extraction (e.g. surfactants) cannot be recovered and go to the waste stream
of the process.

In a world where circular economy becomes an urgent need, the consump-
tion of such huge amount of chemicals cannot be tolerated. Therefore, a
system focused on both chemicals and water re-use is much more relevant for
PW treatment. Here a system where sand filters are used to remove the big-
ger particles, NF membranes for divalent ions removal, Electrodialysis (ED)
[36, 37] to allow recovery of specific components, and RO for high quality
permeate production [38], could allow effective removal and recovery of oil,
added chemicals and salts from water, while facilitating water re-use. The re-
covered water and added chemicals from the NF [39, 40]/ED [37] stage could
here be re-used as water for re-injection, lowering the demand for fresh water,
while the water coming from the RO permeate, if remineralized, could find
application for basic needs, such as water for irrigation [41–43].

11.3 General Conclusion

By good control over the membrane surface chemistry, membrane process con-
ditions and a good understanding of the chemistry of produced water it is cer-
tainly possible to substantially alleviate membrane fouling, allowing efficient
membrane treatment of PW. But this is just part of a much larger puzzle.
It now becomes important to also look in detail at membrane stability, the
recycling of added chemicals and the effective integration of membrane tech-
nology with other separation technologies. Only by looking carefully at the
bigger picture of produced water treatment we can really reduce the environ-
mental impact and re-use the water in the most efficient way. The potential is
certainly there, but it is up to scientists, companies and governments to push
forward with improving sustainability and limiting worldwide water scarcity.
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Appendix A

In this Appendix, we first report the investigation of the SiC membrane struc-
ture and pore size. Later, we also prove that in our fouling study no droplets
break-up occurs.

A.1 Pore size estimation

We investigated membrane structure and estimate pore size of our Liqtech
CoMem© membrane, based on SiC. The membrane structure and pore size of
our Liqtech CoMem© SiC membrane were investigated with SEM. Figure A.1
shows the SEM pictures of the analysis performed. Figure A.1A shows the
inner surface of one of the 31 channels of the membrane. Figure A.1B and
A.1C show the porous support structure and the active layer, while Figure
A.1D displays the SiC particles forming the membrane active layer.

We calculated the particle size Dp of the active layer, and it resulted in an
average of 670 nm. This calculation was performed by using of manual particle
selection to avoid inaccuracy related to a contrast based method. The image
used and the particle size distribution are displayed in Figure A.2. With this
average particle size and the active layer thickness lc, which was found to be
around 50 µm (Figure A.1B), the porosity εc of this layer can be calculated
by

Rm =
150lc(1− εc)

2

D2
pε

3
c

. (A.1)

This is possible since Rm can be determined from the average permeability
J with the corresponding TMP and viscosity µ at the operated temperature
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Figure A.1: SEM images of SiC membrane with different magnifications. One of
the 31 channels (A), active layer on porous support (B) and (C). Particles forming
active layer (D).

as follows
J =

TMP

µ ·Rm
(A.2)

The average permeability is 1725 LMH/bar and it was calculated from 35
performed experiments. It results in Rm = 2.4×1011 m−1.

Figure A.2: Used active layer part for pore size calculations (A). Particle sizes from
analysis (B).

From Equation A.1 and the Rm value, the porosity εc was calculated and
found to be εc = 0.3185. This value of porosity is slightly lower than for random
close packing for monodisperse spheres, due to the fact that the particle size
is here polydisperse. However if we assume three same sized particles, it is
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possible to calculate the area between them. This area is schematically shown
in Figure A.3, and marked in orange.

Figure A.3: Pore area calculation of three equally sized particles.

We can estimate the pore area by first calculating the area of the drawn
black triangle, which has sides that are equal to the diameter of the particles
(d1=d2=d3). From the 60◦ angles or Pythagoras theorem, the height h can
then be calculated, and with that, the area of the triangle

h =
√
d23 − r21 =

√
d21 −

1

4
d21 =

√
3

4
d21 (A.3)

Atriangle =
1

2
d1h (A.4)

with r1 = 1/2d2. From this area we can then subtract the parts of the
circles A, B, and C. These parts are equal in the case of same sized particles:

1

2
r21θ =

1

2
r21 arccos r1

d1
(A.5)

With θ being the angle of A, B or C, which again are equal in the case of
monodispersed particles. Thus, the pore area can be written as

Apore =
1

2
d1h− 3

(
1

2
r21 arccos r1

d1
1

)
(A.6)
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If the calculated pore area is then assumed to be spherical, the pore diameter
can be easily calculated. For a particle diameter of 0.670 µm, we then find
a pore diameter of 0.152 µm. This pore diameter is the value used for the
calculations of the critical pressure Pcr and critical capillary number Cacr.

A.2 Capillary number and droplets breakup
If the critical pressure is reached, the oil can almost freely permeate through
the membrane and oil retention is diminished. This is not happening in all
cases, it is also possible that droplets breakup when they are deformed in the
pores at sufficient shear stress and so smaller droplets are created, especially
in crossflow filtration.

Indeed, one of the effects of low interfacial tensions is that the deformability
of droplets increases. This is what makes it possible to squeeze droplets trough
the pores, which would normally be too small to pass. This deformability has
a limit though, and the interfacial tension can decrease to such an extent that
the droplets become instable leading to its break up [1–3]. This break up is
in the case of membrane filtration initiated by shear stress on the droplets.
To see which forces are dominant, the shear forces or the interfacial tension
forces, the capillary number can be used, which is defined as

Ca = µwγ̇
rd
γ

(A.7)

Ca can be calculated for each experiment separately and then be compared
with a critical capillary number Cacr. Cacr was proposed to see if droplet
break up can be expected, or if oil permeation is due to complete passing of
oil. This Cacr was defined by Darvishzadeh et al. as [3]

Cacr ≈ 0.3546
1

fD(λ)r
(A.8)

wherein the 0.3546 is determined from data presented by Darvishzadeh et
al. as well [3]. Furthermore, this equation uses the ratio between the droplet
radius, rd and the pore radius rp given by

r =
rd
rp

= 52.63 (A.9)

Alternatively, if the smaller pore size is used, r becomes 65.57. The fD(λ)
is a function of the viscosity ratio which, in the case of hexadecane in water,
is:
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Figure A.4: Ca (solid black), Cacr (red) for pore size of 0.152 µm, emulsion with
lowest γ (blue) and needed shear rate increase (dashed line).

=
µo
µw

=
2.38×10−3

8.9×10−4
= 2.67 (A.10)

and fD(λ) was estimated according to Sugiyama for a hemispherical droplet
with θ = 90◦, to be [1]:

fD(λ) ≈
2 + 4.510λ

1 + 1.048λ
≈ 3.70 (A.11)

Ca as a function of the interfacial tension can then be plotted since the shear
rate, droplet size and water viscosity were constant during our experiments.
We can compare Ca then with the Cacr described above, which we show in
Figure A.4.

Figure A.4 shows that the emulsion with the lowest interfacial tension is
still far below the Cacr for our system, suggesting that droplet break up is
not prominent in our system. This also means that if we see oil permeation,
it is most likely not due to droplet leakage as described by Darvishzadeh
but complete penetration [2]. In Figure A.4, we also present the necessary
increase in shear rate to arrive in the break up regime. For the largest pore
size, corresponding to r = 52.63 a needed shear rate of roughly 470 m−1 would
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correspond to an increase in feed rate from 60 kg/h to 139 kg/h, which is equal
to a CFV increase from 0.076 m/s to 0.177 m/s. For r = 65.57, which comes
from the pore size of 0.122 µm, the shear rate should be increased to 386 m−1,
equal to an increase in feed rate to 114 kg/h, which is a CFV increase to 0.145
m/s.

A.3 Flux decline and average oil retention: com-
plete set of data

In Figure A.5, A.6, A.7 and A.8, we report the complete data set of flux decline
and average oil retention as a function of permeate volume for CTAB, SDS,
DDAPS and TX, respectively. The results are discussed in the manuscript.
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A.3.1 Filtration of CTAB stabilized emulsions

Figure A.5: Flux decline of CTAB stabilized emulsions at a crossflow velocity of 7.6
cm/s and a transmembrane pressure of 0.1 bar. Flux decline (A) and oil retention
(B) as a function of surfactant concentration at 1 mM NaCl, flux decline (C) and oil
retention (D) as a function of ionic strength at 0.2 CMC (69.2 mg/L CTAB). CMC
= 346 mg/L is the critical micelle concentration for CTAB in absence of salt. All the
experiments were performed in duplicate, as shown.

A.3.2 Filtration of SDS stabilized emulsions

In Figure A.6B, we can see for permeate volumes higher than 50 L/m2 an
increase in retention over time for the experiments carried out at the two
lowest SDS concentrations, 0.1 and 0.2 times CMC. This maybe caused by
the build up of a cake layer which, although it reduces the flux, improves
the oil retention. This effect is evident at the lowest SDS concentration (0.1
CMC) where the repulsion between droplets is the lowest and the cake layer
is expected to be the densest.
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Figure A.6: Flux decline of SDS stabilized emulsions at a crossflow velocity of 7.6
cm/s and a transmembrane pressure of 0.1 bar. Flux decline (A) and oil retention
(B) as a function of surfactant concentration at 1 mM NaCl, flux decline (C) and
oil retention (D) as a function of ionic strength at CMC (2391 mg/L SDS). CMC =
2391 mg/L is the critical micelle concentration for SDS in absence of salt. All the
experiments were performed in duplicate, as shown.
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A.3.3 Filtration of DDAPS stabilized emulsions

Figure A.7: Flux decline of DDAPS stabilized emulsions at a crossflow velocity of
7.6 cm/s and a transmembrane pressure of 0.1 bar. Flux decline (A) and oil retention
(B) as a function of surfactant concentration at 1 mM NaCl, flux decline (C) and oil
retention (D) as a function of ionic strength at 0.2 CMC (201.2 mg/L DDAPS). CMC
= 1006 mg/L is the critical micelle concentration for DDAPS in absence of salt. All
the experiments were performed in duplicate, as shown.

A.3.4 Filtration of TX stabilized emulsions

We do observe a clear effect of the ionic strength on the oil retention. Fig-
ure A.8B shows that the membrane seems to behave differently at high ionic
strength, showing an increased oil permeation with increasing permeate vol-
umes.
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Figure A.8: Flux decline of TX stabilized emulsions at a crossflow velocity of 7.6
cm/s and a transmembrane pressure of 0.1 bar. Flux decline (A) and oil retention
(B) as a function of ionic strength at CMC (144 mg/L TX). CMC = 144 mg/L is the
critical micelle concentration for SDS in absence of salt. All the experiments were
performed in duplicate, as shown.
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Appendix B

B.1 Model parameters
In table B1, we report the values of the parameters used in the model calcu-
lations.

Table B.1: Values of the parameters used in the model calculations.

279



BBBBBBBBBBB



CCCCCCCCCCC

C
Appendix C

In this Appendix, we report the scanning electron microscope (SEM) pictures
of the SPES hollow fiber (HF) membranes we fabricated (see Figure C.1).
These hollow fiber membranes are designed for inside-out filtration, having
the smallest pores at the inside of the fiber.

Figure C.1: SEM images showing morphology of the bare SPES HF membranes.

In Figure C.2, we show SEM images of the fiber before and after coating
with (PAH/PSS)4.5 and crosslinked for 5h in glutaraldehyde.

While some differences in the SEM pictures can be observed, a clear PEM
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Figure C.2: SEM images showing morphology of the SPES HF membranes before
and after coating with crosslinked (PAH/PSS)4.5

is not seen. The layer is too thin to be observed in this fashion. Still this is a
relevant outcome as the thin coating is exactly why polyelectrolyte multilayers
are so promising for membrane applications.
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D.1 NMR
In Figure D.1 we show the 1H NMR (400Hz) of poly(2-Methacryloyloxyethyl
phosphorylcholine-co-acrylic acid) (PMPC-co-AA) in D2O. Peak 1 (δ 3.25,
9H), 2 (δ 3.69 2H), and 3 (δ 4.11-4.33, 6H) are part of the MPC side chain,
while the peaks at 4 (δ 0.9-2.5, 9H) are part of the backbone. Since D2O was
used a solvent, the proton of the carboxylic acid group could not be observed.
Therefore the ratio of MPC:AA was estimated based on the ratio between the
MPC side chain and the backbone of the polymer resulting in an approximate
ratio of 1:2 MPC:AA.

Figure D.1: NMR spectra of PMPC-co-AA.
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Figure D.2: Picture of the experimental set-up (front-view).

D.2 Water permeability measurements

For water permeability and ion retention experiments, single PEM-coated
fibers were potted in a module with a fiber length of approximately 170 mm
and mounted in our crossflow experimental set-up, shown in Figure D.2 and
Figure D.3.

The water permeability (LMH/bar) in was calculated by normalizing the
measured pure water flux with the transmembrane pressure (TMP). The pure
water flux was measured at room temperature with demi water in a cross-
flow configuration at a transmembrane pressure of 3 bar. All experiments
were performed at least in triplicate. The results of the water permeability
measurements are reported in Figure D.4.

D.3 Membrane zeta-potential measurements

For the determination of the membrane zeta-potential, the coated hollow fiber
membranes were potted into a module and the zeta potential was measured
with an electrokinetic analyzer SurPASS (Anton Paar, Graz Austria). The
zeta potential is calculated by measuring the streaming current versus the
pressure in a 5 mM KCl solution at room temperature using the following
equation

ζ =
dI

dP
· η

ε · ε0
· kB ·R, (D.1)

where ζ is de zeta potential (V), I is the streaming current (A), P is the
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Figure D.3: Picture of the experimental set-up (top-view).
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Figure D.4: Membrane permeability (LMH/bar) for hollow fiber membranes based
on (PAH/PSS)4.5 coated with three different top layers: PAH, PSS and PZWT. Points
represent single data points, while bars represent the average of these points.

pressure (Pa), η is the dynamic viscosity of the electrolyte solution (Pa·s), ε
is the dielectric constant of the electrolyte (-), ε0 is the vacuum permittivity
(F·m−1), kB bulk electrolyte conductivity (S·m−1), and R is the electrical
resistance (W) inside the streaming channel. The results of the zeta-potential
for the different coatings are shown in Figure D.5.

D.4 Irreversibility in adsorption and membrane
fouling

In order to determine the amount of irreversible and reversible fouling for every
single fouling agent, both wafers and membranes, when fouled, were flushed
with a rinsing solution with the same pH and ionic concentration as the fouling
solution. We defined as irreversible fouling the amount of foulant (in percent-
age) still adsorbed on the PEM and the unrecovered water permeability, after
flushing, respectively for reflectometry and membranes experiments. In Figure
D6 we show for all the experiments (colloidal silica excluded) carried out in
paragraphs 6.3.1 and 6.3.2, the irreversibility in filtration (%), i.e. irreversible
flux decline, as a function of irreversibility in adsorption (%) measured via
reflectometry. In Table D.1 we show all the results from paragraphs 6.3.1 and
6.3.2.
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Figure D.5: Membrane zeta-potential (mV) for hollow fiber membranes based on
(PAH/PSS)4.5 coated with three different top layers: PAH, PSS and PZWT. Points
represent single data points, while bars represent the average of these points.

Figure D.6: Irreversibility in filtration (%), i.e. irreversible flux decline, as a function
of irreversibility in adsorption (%) measured via reflectometry for different foulants
(Alginate, Lysozyme, LUDOX colloidal silica, Humic Acids and BSA) and different
final layers (PMPC-co-AA, PAH and PSS).
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Table D.1: Data for irreversibility in Reflectometry (adsorption, %) and Filtration
(Flux decline) for different foulants (Alginate, Lysozyme, LUDOX colloidal silica,
Humic Acids and BSA) and different final layers (PMPC-co-AA, PAH and PSS).
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D.5 Filtration of Alginate from Brown Algae
In Figure D.7 we show the results of our filtration experiments with synthetic
surface water, where Alginate is the only foulant. In particular,in Figure
D.7A, D.7C and D.7E, we show retentions of Ca2+, Na+, Mg2+, SO2−

4 , Cl−
and Alginate from membranes coated with PAH, PSS and PZWT final layers,
respectively. In Figure D.7B, D.7D and D.7F we show the remaining mem-
brane flux after fouling and flux recovery after cleaning PAH, PSS and PZWT,
respectively.
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Figure D.7: Retentions of Ca2+, Na+, Mg2+, SO2−
4 , Cl− and Alginate from mem-

branes coated with A) PAH, C) PSS and E) PZWT top layers in experiments per-
formed with synthetic surface water. Remaining membrane flux after fouling and flux
recovery after cleaning are also shown for B) PAH, D) PSS and F) PZWT. The syn-
thetic 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 Alginate. Points represent single data points, while
bars represent the average of these points.
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E.1 NMR

In Figure E.1 we show the 1H NMR (400Hz) of of poly(SBMA-co-AA) in D2O.
The ratio of the two monomers, SBMA and AA, was found to be 10:1. This
ratio was estimated by comparing the integrals of peak e (for SBMA) and
peak a’ (for AA). The 1H NMR also shows that a contamination with ethanol
is present (see in particular peak a).

Figure E.1: 1H NMR spectra of PSBMA-co-AA.

291



EEEEEEEEEEE

292 Appendix E. Fouling of PEM-based NF Membranes during PW Treatment

E.2 Water permeability measurements

The water permeability (LMH/bar) was calculated by normalizing the mea-
sured pure water flux with the transmembrane pressure (TMP). The pure
water flux was measured at room temperature with demineralized water in
a crossflow configuration at a transmembrane pressure of 3 bar. All experi-
ments were performed at least 15 times. The results of the water permeability
measurements are reported in Figure E2.

Figure E.2: Membrane permeability (LMH/bar) for hollow fiber membranes based
on (PAH/PSS)4.5 coated with four different top layers: PAH, PSS, PZWT, and
Nafion.

E.3 Membrane zeta-potential measurements

For the determination of the membrane zeta-potential, the coated hollow fiber
membranes were potted into a module and the zeta potential was measured
with an electrokinetic analyzer SurPASS (Anton Paar, Graz Austria). The
zeta potential is calculated by measuring the streaming current versus the
pressure in a 5 mM KCl solution at room temperature using the following
equation

ζ =
dI

dP
· η

ε · ε0
· kB ·R, (E.1)

where ζ is de zeta potential (V), I is the streaming current (A), P is the
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pressure (Pa), η is the dynamic viscosity of the electrolyte solution (Pa·s), ε
is the dielectric constant of the electrolyte (-), ε0 is the vacuum permittivity
(F·m−1), kB bulk electrolyte conductivity (S·m−1), and R is the electrical
resistance (W) inside the streaming channel. The results of the zeta-potential
for the different coatings are shown in Figure E.3.

Figure E.3: Membrane zeta-potential (mV) for hollow fiber membranes based on
(PAH/PSS)4.5 coated with four different top layers: PAH, PSS, PZWT, and Nafion.
Markers represent single data points, while bars represent the average of these points.

E.4 Salt retention
Salt retention was determined by performing 1-hour cross-flow experiments at
the same TMP and temperature conditions as before with 5 mM solutions of
four different salts, namely NaCl, CaCl2, Na2SO4, and MgSO4. The results
of the retention test are shown in Figure S4 for PAH, PSS, PSBMA-co-AA,
and Nafion top layers. Four fibers were tested at a time to obtain at least a
triplicate set of results for each experiment.

E.5 Surfactant adsorption: irreversibility and
isotherms

To determine the amount of irreversible and reversible fouling for every single
fouling agent, wafers, when fouled, were flushed with a rinsing solution with
the same pH and ionic concentration as the fouling solution. We defined as



EEEEEEEEEEE

294 Appendix E. Fouling of PEM-based NF Membranes during PW Treatment

Figure E.4: Retention of CaCl2, NaCl, Na2SO4, and MgSO4 for hollow fiber mem-
branes based on (PAH/PSS)4.5 coated with A) PAH, B) PSS, C) PSBMA-co-AA and
D) Nafion. Markers represent single data points, while bars represent the average of
these points
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Table E.1: Irreversibility in adsorption (%) measured via reflectometry on model
surfaces for different surfactants (SDS, CTAB, DDAPS, and TX) and top layers (PAH,
PSS, PSBMA-co-AA, and Nafion).

irreversible fouling the amount of foulant (in percentage) still adsorbed on
the PEM after flushing. In Table E.1 we show for all the experiments the
irreversibility in adsorption (%) measured as a function of the surfactant used
for model surfaces coated with different top layers.

Additionally, we measured adsorption isotherms for SDS and CTAB on
(PAH/PSS)4.5 model surfaces and report the results in Figure E.5. We here
report the relative adsorption, in comparison to the value at CMC, for SDS
and CTAB at the following concentrations of surfactant: 0.01, 0.1, 0.25, 0.5
and 1 times CMC. The surfactant adsorption was corrected when, in some
cases, small amount of PEM was desorbed.

E.6 6. Ions and oil retention during filtration of
artificial PW

We measured ions (Na+ and Cl−) and oil retention during our fouling ex-
periments with artificial PW, respectively via ion chromatography (Metrohm
Compact IC 761) and spectrophotometer (Perkin Elmer Victor3TM V 1420
Multilabel Counter), and reported the values in tables E.2-E.5. The artifi-
cial PW filtrated by our PEM-coated fibers was prepared by mixing 1 g/L of
n-hexadecane in a solution containing 100 mM NaCl and an amount of surfac-
tant equivalent to 1/10 of its critical micelle concentration at 0 salt (CMC),
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Figure E.5: Isotherms of adsorption of A) SDS and B) CTAB. Markers represent
single data points, while lines follow the average of these points.

Table E.2: Retention of Na+, Cl−, and oil (n-hexadecane) during the filtration of
artificial PW (1000 ppm oil, 100 mM NaCl, 239.1 mg/L SDS) for hollow fiber mem-
branes based on (PAH/PSS)4.5 coated with PAH, PSS, PSBMA-co-AA and Nafion.

which corresponds to 34.6 mg/L for CTAB, 239.1 mg/L for SDS, 100.6 mg/L
for DDAPS and 14.4 mg/L for Triton-X.
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Table E.3: Retention of Na+, Cl−, and oil (n-hexadecane) during the filtration of
artificial PW (1000 ppm oil, 100 mM NaCl, 34.6 mg/L CTAB) for hollow fiber mem-
branes based on (PAH/PSS)4.5 coated with PAH, PSS, PSBMA-co-AA and Nafion.

Table E.4: Retention of Na+, Cl−, and oil (n-hexadecane) during the filtration of
artificial PW (1000 ppm oil, 100 mM NaCl, 100.6 mg/L DDAPS) for hollow fiber mem-
branes based on (PAH/PSS)4.5 coated with PAH, PSS, PSBMA-co-AA and Nafion.

Table E.5: Retention of Na+, Cl−, and oil (n-hexadecane) during the filtration of
artificial PW (1000 ppm oil, 100 mM NaCl, 14.4 mg/L TX) for hollow fiber membranes
based on (PAH/PSS)4.5 coated with PAH, PSS, PSBMA-co-AA and Nafion.
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Table E.6: Average of flux recovery (%) and SD (%) of nearly uncharged PAH, neg-
atively PSS, zwitterionic PSBMA-co-AA and negatively hydrophobic Nafion mem-
branes for every different set of fouling experiments with O/W emulsions for SDS,
CTAB, DDAPS and TX.
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Table E.7: Average of flux recovery (%) and SD (%) of nearly uncharged PAH, neg-
atively PSS, zwitterionic PSBMA-co-AA and negatively hydrophobic Nafion mem-
branes for every different set of fouling experiments with only surfactant solutions for
SDS, CTAB, DDAPS and TX.
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F.1 Adsorption model

With the adsorption model, the interaction of divalent cation with the neg-
ative functional groups of the polyamide (PA) top layer is considered. The
carboxylic groups in the membrane are negatively charged, which allows the
positive divalent ions to bind. This binding phenomena influences the net
membrane charge. To derive the change of the membrane charge due to cation
adsorption, we first consider the stoichiometry

R− + βAz+ k1


k−1

RA(zβ−1) (F.1)

where R− is the concentration of fixed carboxylic groups, A any cation, z
the valency, k the rate constants, and β represents the number of cations that
bind with each carboxylic group. The only interaction we implemented in our
model is the one between the divalent cation, c2+, and the carboxylic groups,
and thus A = c2+. Assuming chemical equilibrium, we obtain[

Rc(2β−1)
]
=

k1
k−1

[
R−] [c2+] . (F.2)

Now, assuming that the number of carboxylic groups in the membrane is
constant, we have

X0 =
[
R−]+ [

Rc(2β−1)
]

(F.3)

where X0 is the total initial concentration of carboxylic groups in the mem-
brane. Further, we describe the charge density inside the membrane according
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to
X = −

[
R−]+ (2β − 1)

[
Rc(2β−1)

]
. (F.4)

We also need to define the binding constant

Kb =
k1
k−1

. (F.5)

By substituting Eqs. F.2, F.3 and F.5 into Eq. F.4, the charge density
inside the membrane can be derived as

X = X0
−1 + (2β − 1)Kb

[
c2+

]
1 +Kb [c2+]

. (F.6)

In Eq. F.6, β is the number of c2+ ions interacting with one carboxylic
group. If the interaction is 1:1 this equation results in the adsorption model
reported in the main text of this study. To compare the effect of β in the
model results, we evaluated the model for the case there is a 1:2 adsorption
ratio between c2+ = Ca2+ and the carboxylic groups (β = 0.5). The results
of this case are given in Fig F.1. It is important to mention that with β = 0.5
there is no charge reversal. Instead, at high enough Ca2+ concentration, the
membrane closely approaches the zero-charge point.

F.2 Experimental data used in the model

In this study, experimental data reported in literature is used to demonstrate
that mean field theory is still valid predict the puzzling behavior of complex
mixtures, and to stress that counterion adsorption might affect the rejection
of ions. Particularly, in this section, we describe the experimental protocol,
methods and conditions used to produce and collect the data by Fridman et
al.

Two cross-flow cells in series, both containing a flat sheet of NF270 (DOW),
were assembled together with a spacer mesh from Toray TM820R-440. The
retentate was continuously recirculated to the feed tank. Because the permeate
flow was much lower than the feed flow rate, any change in feed composition
was neglected. To avoid pH changes due to CO2 dissolution, the feed was
constantly purged with N2 and the temperature of the feed was kept constant
at 25◦C. The experiments were performed with water velocity through the
membrane vF = 1.5s−1 and under two main conditions, both with Cl−as
reference ion. The first set of experiments was conducted with total Cl−
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Figure F.1: Model prediction with two different β values, a) and b) for a solution
with 100 mM Cl− ions, c) and d) for a solution with 500 mM Cl− ions.
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concentration of 100 mM while the second one with 500 mM. For each of
these solutions, the equivalent Na+ fraction, θ, was varied.

F.3 Nelder-Mead calculation
Here, we explain the general procedure that we used to obtain the actual fit of
our model to the data, as compared in Fig 8.3 of the main text. We used a 1:1
adsorption ratio between Ca2+ and the negative fixed charge in the membrane.
Different calculation where made during the study, some of them to find initial
guesses that could help us to find the final fit.

In the first calculation, we used only four experimental points. The experi-
mental points were taken from the data with 100 mM Cl− ions and correspond
to the Ca2+ and Na+ rejection at high and low θ values (0.8 and 0.2). In this
calculation, we found four parameters, the partitioning coefficient Φ, the bind-
ing constant that represents the adsorption of Ca2+, and the efficiency factor
for diffusion ζ. Note that in this calculation all the ions where assumed to have
the same efficiency factor associated with their diffusion coefficients. Finally,
the membrane charge density X0. In the NM procedure, this last parameter
tends to decrease gradually (to lower values than 50 mM), and for this reason
we fixed its value at X0=400 mM. To make sure realistic values are obtained,
the allowable values for Φ were limited to be in the range 0.1< Φ < 1. After
trying different guesses and run the Nelder-Mead (NM) code different times,
we found that our results predict some of the points and follow the trends of
the experimental data. However, we saw the largest discrepancy was in the
limits θ ≈ 0 and θ ≈ 1.

Next, we did a second calculation. In this calculation we removed X0 from
the model parameters and we allowed to code to adjust the parameter ζi for
each ion separately. Hence, this NM-procedure was used to calculate five
model parameters. From this calculation, the fit for the solution with 100 mM
Cl− ions was satisfactory. Nevertheless, for the solution with 500 mM Cl−
ions, the prediction for Ca2+ was not sufficiently accurate.

To further improve the fit for the solution with higher Cl− concentration,
we tried to fit both cases, 100 and 500 mM, simultaneously. This implies that
eight point were used to fit the same five parameters. Again, the initial guesses
came from the previous calculation. With this last NM calculation, we could
improve the prediction of the experimental data to an accurate degree. The
results from this last calculation are provided in Table 8.2, Case I.



Summary

The effective treatment of complex industrial wastestreams such as produced
water (PW) is important to ensure clean water in a world where water scarcity
is becoming increasingly problematic. Membranes can play an essential role in
this process, but membrane fouling remains a major problem. In Chapter 1,
we propose that surface chemistry plays a key role in PW treatment, and that
control over the surface chemistry of both the emulsion and the membrane
can substantially alleviate fouling.

As surface interactions are critical in PW treatment with Porous Mem-
branes, it is important to control the surface chemistry of the major fouling
agent, the oil droplets, by carefully choosing its stabilizer, i.e. the surfac-
tant. In Chapter 2, we study the relation between surfactant type and
the effect of the ionic strength on membrane filtration of an artificial pro-
duced water emulsion. As surfactants, we use anionic sodium dodecyl sulphate
(SDS), cationic hexadecyltrimethylammonium bromide (CTAB), nonionic Tri-
ton ™ X-100 (TX) and zwitterionic N-dodecyl-N,N-dimethyl-3-ammonio-1-
propanesulfonate (DDAPS), at various ionic strengths (1, 10, 100 mM NaCl).
Filtration experiments on a regenerated cellulose ultrafiltration (UF) mem-
brane showed a pronounced effect of the ionic strength for the charged surfac-
tants SDS and CTAB, although the nature of the effect was quite different.
For anionic SDS, an increasing ionic strength leads to less droplet-droplet
repulsion, allowing a denser cake layer to form, resulting in a much more pro-
nounced flux decline. CTAB, on the other hand leads to a lower interfacial
tension than observed for SDS, and thus more deformable oil droplets. At high
ionic strength, increased surfactant adsorption leads to such a low oil-water
surface tension that the oil droplets can permeate through the much smaller
membrane pores. For the nonionic surfactant TX, no clear effect of the ionic
strength was observed, but the flux decline is very high compared to the other
surfactants. For the zwitterionic surfactant DDAPS, the flux decline was found
to be very low and even decreased with increasing ionic strength, suggesting
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that membrane fouling decreases with increasing ionic strength. Especially
promising is that at lower surfactant concentration (0.1 CMC) and high ionic
strength no flux decline was observed, while a high oil retention (85%) was
obtained. In Chapter 3, membrane fouling and oil retention of synthetic PW
stabilized with the same cationic, anionic, zwitterionic and nonionic surfactant
of Chapter 2, were studied at various surfactant and salt concentrations for
a microfiltration (MF) silicon carbide (SiC) membrane. Here, we discuss our
results in the framework of the Young-Laplace (YL) equation, which predicts
for a given membrane, pressure and oil-membrane contact angle, a critical in-
terfacial tension (IFT) below which oil permeation should occur. We observe
such a transition from high to low oil retention with decreasing IFT for the
anionic (SDS), cationic (CTAB) and non-ionic (TX) surfactant, but at signif-
icantly higher critical IFTs than predicted by YL. On the other side, for the
zwitterionic DDAPS we do not observe a drop in oil retention, even at the low-
est IFT. The discrepancy between our findings and the critical IFT predicted
by YL can be explained by the difference between the measured contact angle
and the effective contact angle at the wall of the membrane pores. This leads
to a surfactant-dependent critical IFT. Additionally, our results point out that
zwitterionic surfactants even at the lowest IFT did not present a critical IFT
and exhibited low fouling and low oil permeation. In Chapter 4, we present
a quantitative model that describes cake layer formation and pore blocking
for the typical situation where emulsion oil droplets are much larger than the
membrane pore size. Here the degree of pore blocking is determined by the
membrane contact angle and the resulting surface coverage, while the cake
layer is described via a mass balance and the presence of a cake erosion flux.
The model is validated by comparison to experimental data from Chapters 2
and 3, where membrane type, surfactant type and salinity were varied. Most
input parameters could be directly taken from the experimental conditions,
while only 4 fitting parameters were required. The experimental data can
be well described by the model, using a very limited number of fitting pa-
rameters, providing insight into the dominant fouling mechanism. Moreover,
where existing models usually assume that pore blocking precedes cake layer
formation, here we find that cake layer formation can start and occur while
the degree of pore blocking is still increasing, in line with the more dynamic
nature of oil droplets.

On the other hand, polyelectrolyte multilayers (PEMs) allow a very nice ap-
proach to control the membrane properties of Dense Membranes, including
the membrane surface chemistry. Unfortunately, the presence of surfactants
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in PW can affect the stability of polyelectrolyte multilayers. In Chapter
5, we investigate the stability of polyelectrolyte multilayers towards differ-
ent types of surfactant, initially on model surfaces. We find that chemically
stable multilayers, such as Poly(diallyldimethylammonium chloride)(PDAD-
MAC)/Poly(sodium 4-styrene sulfonate)(PSS), based only on electrostatic in-
teractions, are substantially desorbed by charged surfactants. For Poly(ally-
lamine hydrochloride)(PAH)/PSS multilayers, however, we demonstrate that
chemical crosslinking by glutaraldehyde, leads to surfactant stable layers.
These stable PEM coatings can also be applied on hollow fiber support mem-
branes to create hollow fibre nanofiltration (NF) membranes dedicated for
PW treatment. Increased crosslinking time leads to more stable and more
selective separation performance. These newly developed membranes were
subsequently studied for the treatment of synthetic PW, consisting of freshly
prepared oil-in-water emulsions stabilized by cationic CTAB and anionic SDS,
in the presence of a mixture of ions. For both types of produced water, the
membranes showed excellent oil removal (∼ 100%) and organics removal (TOC
reduced up to ∼ 97%) as well as good divalent ion retentions (∼ 75% for Ca2+
and up to ∼ 80% for SO2−

4 ). Moreover, we observed a high flux recovery for
both emulsions (100% for CTAB and 80% for SDS), with especially for the
CTAB emulsion a very low degree of fouling. In Chapter 6, we investigate
the effect of membrane surface chemistry on fouling in surface water treat-
ment for polyelectrolyte multilayer based NF membranes. The polyelectrolyte
multilayer approach allows us to prepare three membranes with the same ac-
tive separation layer, apart from a difference in surface chemistry: nearly
uncharged crosslinked PAH, strongly negative PSS and zwitterionic poly(2-
methacryloyloxyethyl phosphorylcholine-co-acrylic acid) (PMPC-co-AA). Ini-
tially, we studied 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 polyelec-
trolyte multilayer based hollow fiber NF membranes with identical surface
chemistry to the model surfaces. Our results show that the nearly uncharged
crosslinked PAH surface generally fouls more than the strongly negatively
charged PSS surface. Overall, fouling was mainly driven by electrostatic and
acid-base interactions, which led, for both PAH and PSS terminated mem-
branes, to flux decline and changes in selectivity. In contrast, we demonstrate
through filtration experiments carried out with synthetic and real surface wa-
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ter, that the bio-inspired zwitterionic phosphatidylcholine surface chemistry
exhibits excellent fouling resistance and thus stable performance during fil-
tration. Then, in Chapter 7, we investigate the effect of surface chemistry
on fouling of PEM-based NF membranes, during the treatment of artificial
produced water. To this end, oil-in-water (O/W) emulsions stabilized with
four different surfactants (anionic, cationic, zwitterionic and non-ionic) were
treated with PEM-based NF membranes having the same multilayer, but dif-
ferent top layer polymer chemistry: PAH (nearly uncharged), PSS (strongly
negative), poly(sulfobetaine methacrylate-co-acrylic acid) (PSBMA-co-AA,
zwitterionic) and Nafion (negative and hydrophobic). Very high oil retention
(>99%) was observed when filtering all the O/W emulsions, while the physic-
ochemical interactions between the multilayer and the surfactants determined
the extent of fouling as well as the surfactant retention. Unexpectedly, our re-
sults show that fouling of PEM-based NF membranes, during PW treatment,
is mainly due to membrane active layer fouling caused by surfactant uptake
inside of the PEM coating, rather than due to cake layer formation. Indeed,
it is not the surface chemistry of the membrane that determines the extent of
fouling, but the surfactant interaction with the bulk of the PEM.

Interfacial Phenomena play a critical role in many different fields, from
membrane filtration to the design of energy harvesters. In NF, the solution
and membrane chemistry determine the charge of the membrane, and there-
fore the electrostatic repulsion of ions. Membrane charge reversal can take
place when divalent ions bind to the membrane and modify its surface charge,
which may explain some puzzling results, where the rejection of divalent ions
increases with higher concentration in the feed. In Chapter 8, by using a
Langmuir equation with two model parameters, we consider the adsorption of
divalent ions (e.g. Ca2+ and Mg2+) in the polyamide (PA) active layer of the
membrane and describe how this adsorption process affects membrane charge.
Based on experimental data from two different studies we show that mean-
field theory can predict the rejection of all types of ions in a multi-component
electrolyte solution when the effect of divalent counterions on the membrane
charge is included. These results provide evidence that adsorption of counteri-
ons plays a fundamental role in the performance of nanofiltration. In Chapter
9, we present a novel theory to predict the contact angle of water on ampho-
teric surfaces, as a function of pH and ionic strength. To validate our theory,
experiments were performed on two commonly used amphoteric materials, alu-
mina (Al2O3) and titania (TiO2). We find good agreement at all pH values,
and at different salt concentrations. With increasing salt concentration, the
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theory predicts the contact angle-pH curve to get steeper, while keeping the
same contact angle at pH = PZC (point of zero charge), in agreement with
data. Our model is based on the amphoteric 1-pK model and includes the
electrostatic free energy of an aqueous system as well as the surface energy
of a droplet in contact with the surface. In addition, we show how our the-
ory suggests the possibility of a novel responsive membrane design, based on
amphoteric groups. At pH ∼ PZC, this membrane resists flow of water but
at slightly more acidic or basic conditions the wettability of the membrane
pores may change sufficiently to allow passage of water and solutes. More-
over, these membranes could act as active sensors that only allow solutions
of high ionic strength to flow through in waste water treatment. In Chapter
10, we work on a novel mechanism to harvest energy from mechanical fluc-
tuations by using coiled carbon nanotube yarns coated with polyelectrolyte
gel. We develop a new theory and present a theoretical framework to explain
how this new kind of energy harvesting is possible. The gel fills up all space
between the coils and expands when the yarn is stretched. This translates
into a change in electrical double layer configuration, hence into a change in
electrical potential. This makes it possible to electrochemically convert ten-
sile or torsional mechanical energy into electrical energy. The influence of
the yarn surface charge, polyelectrolyte charge density and salt concentration
was analyzed, giving directions for optimum process design. We analyzed the
generated power of a system consisting of two yarns coated with positive and
negative polyelectrolyte gel.

To conclude, in Chapter 11, with the obtained knowledge from the dif-
ferent chapters, the main outcomes of this thesis are revisited, and the future
challenges of PEM-based membranes for PW treatment and other applications
are addressed.
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De effectieve behandeling van complexe industriële afvalstromen zoals gepro-
duceerd water (GW) is belangrijk om te zorgen voor schoon water in een
wereld waar waterschaarste steeds problematischer wordt. Membranen kun-
nen een essentiële rol spelen in dit proces, maar membraanvervuiling blijft een
groot probleem. In Hoofdstuk 1 stellen we voor dat oppervlaktechemie een
sleutelrol speelt bij de behandeling van GW, en dat controle over de opper-
vlaktechemie van zowel de emulsie als het membraan vervuiling aanzienlijk
kan verminderen.

Aangezien oppervlakte-interacties van cruciaal belang zijn bij de behandel-
ing van GW met Poreuze Membranen, is het belangrijk om de oppervlak-
techemie van het belangrijkste vervuilingsmiddel, de oliedruppeltjes, te be-
heersen door zorgvuldig de stabilisator, d.w.z. de oppervlakteactieve stof, te
kiezen. In Hoofdstuk 2 bestuderen we de relatie tussen het type oppervlak-
teactieve stof en het effect van de ionsterkte op membraanfiltratie van een kun-
stmatig geproduceerde wateremulsie. Als oppervlakteactieve stoffen gebruiken
we anionisch natriumdodecylsulfaat (SDS), kationisch hexadecyltrimethylam-
moniumbromide (CTAB), niet-ionisch Triton ™ X-100 (TX) en zwitteri-
onisch N-dodecyl-N,N-dimethyl-3-ammonio-1-propaansulfonaat (DDAPS), bij
verschillende ionsterkten (1, 10, 100 mM NaCl). Filtratie-experimenten op
een ultrafiltratiemembraan van geregenereerde cellulose (UF) toonden een uit-
gesproken effect van de ionsterkte voor de geladen oppervlakteactieve stof-
fen SDS en CTAB, hoewel de aard van het effect nogal verschillend was.
Voor anionische SDS leidt een toenemende ionsterkte tot minder druppel-
druppel afstoting, waardoor een dichtere cakelaag kan worden gevormd, wat
resulteert in een veel meer uitgesproken afname van de flux. CTAB leidt
daarentegen tot een lagere grensvlakspanning dan waargenomen voor SDS,
en dus tot meer vervormbare oliedruppeltjes. Bij een hoge ionsterkte leidt
een verhoogde adsorptie van oppervlakteactieve stoffen tot een zo lage olie-
wateroppervlaktespanning dat de oliedruppeltjes door de veel kleinere mem-
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braanporiën kunnen dringen. Voor de niet-ionische oppervlakteactieve stof
TX werd geen duidelijk effect van de ionsterkte waargenomen, maar de flux-
daling is zeer hoog in vergelijking met de andere oppervlakteactieve stoffen.
Voor de zwitterionische oppervlakteactieve stof DDAPS bleek de fluxdaling
erg laag te zijn en zelfs af te nemen met toenemende ionsterkte, wat sug-
gereert dat membraanvervuiling afneemt met toenemende ionsterkte. Vooral
veelbelovend is dat bij lagere concentratie oppervlakteactieve stof (0,1 CMC)
en hoge ionsterkte geen fluxdaling werd waargenomen, terwijl een hoge oliere-
tentie (85%) werd verkregen. In Hoofdstuk 3 werden membraanvervuiling en
olieretentie van synthetisch GW gestabiliseerd met dezelfde kationische, anion-
ische, zwitterionische en niet-ionische surfactant van Hoofdstuk 2 bestudeerd
bij verschillende surfactant- en zoutconcentraties voor een microfiltratie (MF)
siliciumcarbide (SiC) ) membraan. Hier bespreken we onze resultaten in het
kader van de Young-Laplace (YL) -vergelijking, die voor een bepaald mem-
braan, druk en olie-membraancontacthoek een kritische grensvlakspanning
(IFT) voorspelt waaronder oliepermeatie zou moeten optreden. We zien een
dergelijke overgang van hoge naar lage olieretentie met afnemende IFT voor de
anionische (SDS), kationische (CTAB) en niet-ionische (TX) oppervlakteac-
tieve stof, maar bij significant hogere kritische IFT’s dan voorspeld door YL.
Aan de andere kant zien we voor de zwitterionische DDAPS geen daling van
de olieretentie, zelfs niet bij de laagste IFT. De discrepantie tussen onze bevin-
dingen en de kritische IFT die door YL voorspeld wordt kan worden verklaard
door het verschil tussen de gemeten contacthoek en de effectieve contacthoek
aan de wand van de membraanporiën. Dit leidt tot een oppervlakteactieve
stof-afhankelijke kritische IFT. Bovendien wijzen onze resultaten erop dat
zwitterionische oppervlakteactieve stoffen zelfs bij de laagste IFT geen kritis-
che IFT vertoonden en een lage vervuiling en lage oliepermeatie vertoonden.
In Hoofdstuk 4 presenteren we een kwantitatief model dat cakelaagvorm-
ing en poriënblokkering beschrijft voor de typische situatie waarin emulsie-
oliedruppeltjes veel groter zijn dan de poriëngrootte van het membraan. Hier
wordt de mate van porieblokkering bepaald door de membraancontacthoek
en de resulterende oppervlaktedekking, terwijl de cakelaag wordt beschreven
via een massabalans en de aanwezigheid van een cakeerosieflux. Het model
is gevalideerd door vergelijking met experimentele gegevens uit Hoofdstukken
2 en 3, waar membraantype, oppervlakteactieve stof en zoutgehalte werden
gevarieerd. De meeste invoerparameters konden direct uit de experimentele
omstandigheden worden gehaald, terwijl slechts 4 fitparameters nodig waren.
De experimentele gegevens kunnen goed worden beschreven door het model,
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met behulp van een zeer beperkt aantal fitparameters, wat inzicht geeft in
het dominante vervuilingsmechanisme. Bovendien, waar bestaande modellen
gewoonlijk aannemen dat porieblokkering voorafgaat aan de vorming van een
cakelaag, vinden we hier dat de vorming van een cakelaag kan beginnen en
optreden terwijl de mate van porieblokkering nog steeds toeneemt, in overeen-
stemming met de meer dynamische aard van oliedruppeltjes.

Aan de andere kant maken polyelektrolyt multilagen (PEM’s) een zeer
mooie benadering mogelijk om de membraaneigenschappen van Dichte Mem-
branen te controleren, inclusief de membraanoppervlakchemie. Helaas
kan de aanwezigheid van oppervlakteactieve stoffen in GW de sta-
biliteit van polyelektrolyt-multilagen beïnvloeden. In Hoofdstuk 5 on-
derzoeken we de stabiliteit van polyelektrolyt multilagen ten opzichte
van verschillende soorten oppervlakteactieve stoffen, in eerste instantie
op modeloppervlakken. We vinden dat chemisch stabiele meerlagen,
zoals poly(diallyldimethylammoniumchloride)(PDADMAC)/poly(natrium-4-
styreensulfonaat)(PSS), alleen gebaseerd op elektrostatische interacties, in
hoofdzaak worden gedesorbeerd door geladen oppervlakteactieve stoffen. Voor
poly(allylamine hydrochloride)(PAH)/PSS multilayers tonen we echter aan
dat chemische verknoping door glutaaraldehyde leidt tot stabiele lagen voor
oppervlakteactieve stoffen. Deze stabiele PEM-coatings kunnen ook wor-
den aangebracht op holle-vezel-ondersteuningsmembranen om holle-vezel-
nanofiltratie (NF)-membranen te creëren die speciaal zijn bedoeld voor GW-
behandeling. Verhoogde verknopingstijd leidt tot stabielere en selectievere
scheidingsprestaties. Deze nieuw ontwikkelde membranen zijn vervolgens on-
derzocht voor de behandeling van synthetisch GW, bestaande uit vers bereide
olie-in-water emulsies gestabiliseerd door kationisch CTAB en anionisch SDS,
in aanwezigheid van een mengsel van ionen. Voor beide soorten geproduceerd
water vertoonden de membranen een uitstekende verwijdering van olie (∼
100%) en verwijdering van organische stoffen (TOC verlaagd tot ∼ 97%) eve-
nals goede retentie van tweewaardige ionen ( ∼ 75% voor Ca2+ en tot ∼ 80%
voor SO2−

4 ). Bovendien zagen we een hoge flux recovery voor beide emulsies
(100% voor CTAB en 80% voor SDS), met vooral voor de CTAB-emulsie een
zeer lage vervuilingsgraad. In Hoofdstuk 6 onderzoeken we het effect van
membraanoppervlaktechemie op vervuiling in oppervlaktewaterbehandeling
voor op polyelektrolyt gebaseerde meerlaagse NF-membranen. De polyelek-
trolyt meerlaagse benadering stelt ons in staat om drie membranen te maken
met dezelfde actieve scheidingslaag, afgezien van een verschil in oppervlakte-
chemie: bijna ongeladen verknoopte PAK, sterk negatieve PSS en zwitterion-
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isch poly(2-methacryloyloxyethylfosforycholine-co-acrylzuur) (PMPC- mede-
AA). In eerste instantie hebben we de adsorptie van vuile stoffen voor de drie
verschillende oppervlakken (op modelinterfaces) bestudeerd om aan te tonen
hoe een verschillende oppervlaktechemie van de toplaag de daaropvolgende ad-
sorptie van vijf verschillende modelverontreinigingen (humuszuren, alginaten,
silica-nanodeeltjes, negatief en positief geladen) beïnvloedt. eiwitten). Ver-
volgens bestuderen we vervuiling van dezelfde modelvervuilingen op onze op
polyelektrolyt meerlaagse holle vezel NF-membranen met identieke oppervlak-
techemie als de modeloppervlakken. Onze resultaten laten zien dat het bijna
ongeladen verknoopte PAK-oppervlak over het algemeen meer vervuilt dan
het sterk negatief geladen PSS-oppervlak. Over het algemeen werd vervuiling
voornamelijk veroorzaakt door elektrostatische en zuur-base-interacties, wat
leidde, voor zowel PAK- als PSS-getermineerde membranen, tot fluxafname en
veranderingen in selectiviteit. Daarentegen demonstreren we door middel van
filtratie-experimenten uitgevoerd met synthetisch en echt oppervlaktewater,
dat de bio-geïnspireerde zwitterionische fosfatidylcholine-oppervlaktechemie
een uitstekende vervuilingsweerstand vertoont en dus stabiele prestaties ti-
jdens filtratie. Vervolgens onderzoeken we in Hoofdstuk 7 het effect van
oppervlaktechemie op vervuiling van op PEM gebaseerde NF-membranen, ti-
jdens de behandeling van kunstmatig geproduceerd water. Hiertoe werden
olie-in-water (O/W) emulsies gestabiliseerd met vier verschillende oppervlak-
teactieve stoffen (anionische, kationische, zwitterionische en niet-ionische) be-
handeld met PEM-gebaseerde NF-membranen met dezelfde meerlaagse, maar
verschillende toplaag polymeerchemie : PAK (bijna ongeladen), PSS (sterk
negatief), poly(sulfobetaïnemethacrylaat-co-acrylzuur) (PSBMA-co-AA, zwit-
terionisch) en Nafion (negatief en hydrofoob). Zeer hoge olieretentie (>99%)
werd waargenomen bij het filteren van alle O/W-emulsies, terwijl de fysisch-
chemische interacties tussen de meerlaagse en de oppervlakteactieve stoffen
de mate van vervuiling en de oppervlakteactieve stofretentie bepaalden. On-
verwacht laten onze resultaten zien dat vervuiling van op PEM gebaseerde NF-
membranen, tijdens GW-behandeling, voornamelijk te wijten is aan vervuiling
van de actieve laag van het membraan veroorzaakt door de opname van opper-
vlakteactieve stoffen in de PEM-coating, in plaats van door de vorming van een
cakelaag. Het is inderdaad niet de oppervlaktechemie van het membraan die
de mate van vervuiling bepaalt, maar de interactie van de oppervlakteactieve
stof met het grootste deel van het PEM.

Interfacial Phenomena spelen een cruciale rol op veel verschillende ge-
bieden, van membraanfiltratie tot het ontwerp van energieoogsters. In NF
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bepalen de oplossing en membraanchemie de lading van het membraan, en
daarmee de elektrostatische afstoting van ionen. Omkering van de mem-
braanlading kan plaatsvinden wanneer tweewaardige ionen aan het membraan
binden en de oppervlaktelading ervan wijzigen, wat enkele raadselachtige re-
sultaten kan verklaren, waarbij de afstoting van tweewaardige ionen toeneemt
met een hogere concentratie in de voeding. In Hoofdstuk 8 beschouwen
we, door gebruik te maken van een Langmuir-vergelijking met twee model-
parameters, de adsorptie van tweewaardige ionen (bijv. Ca2+ en Mg2+) in
het polyamide (PA ) actieve laag van het membraan en beschrijven hoe dit
adsorptieproces de membraanlading beïnvloedt. Op basis van experimentele
gegevens van twee verschillende onderzoeken laten we zien dat de gemiddelde-
veldtheorie de afstoting van alle soorten ionen in een meercomponenten elek-
trolytoplossing kan voorspellen wanneer het effect van tweewaardige tegenio-
nen op de membraanlading wordt meegerekend. Deze resultaten leveren bewijs
dat adsorptie van tegenionen een fundamentele rol speelt bij de uitvoering van
nanofiltratie. In Hoofdstuk 9 presenteren we een nieuwe theorie om de con-
tacthoek van water op amfotere oppervlakken te voorspellen als functie van
pH en ionsterkte. Om onze theorie te valideren, werden experimenten uit-
gevoerd op twee veelgebruikte amfotere materialen, aluminiumoxide (Al2O3)
en titania (TiO2). We vinden een goede overeenkomst bij alle pH-waarden en
bij verschillende zoutconcentraties. Met toenemende zoutconcentratie voor-
spelt de theorie dat de contacthoek-pH-curve steiler wordt, terwijl dezelfde
contacthoek bij pH = PZC (punt van nullading) wordt behouden, in overeen-
stemming met de gegevens. Ons model is gebaseerd op het amfotere 1-pK-
model en omvat zowel de elektrostatische vrije energie van een waterig sys-
teem als de oppervlakte-energie van een druppel in contact met het oppervlak.
Daarnaast laten we zien hoe onze theorie de mogelijkheid suggereert van een
nieuw responsief membraanontwerp, gebaseerd op amfotere groepen. Bij pH
∼ PZC is dit membraan bestand tegen stroming van water, maar bij iets meer
zure of basische omstandigheden kan de bevochtiging van de membraanporiën
voldoende veranderen om water en opgeloste stoffen door te laten. Boven-
dien zouden deze membranen kunnen fungeren als actieve sensoren die alleen
oplossingen met een hoge ionsterkte doorlaten in de afvalwaterzuivering. In
Hoofdstuk 10 werken we aan een nieuw mechanisme om energie te win-
nen uit mechanische fluctuaties door gebruik te maken van opgerolde koolstof
nanobuisgarens gecoat met polyelektrolytgel. We ontwikkelen een nieuwe the-
orie en presenteren een theoretisch kader om uit te leggen hoe deze nieuwe
vorm van energiewinning mogelijk is. De gel vult alle ruimte tussen de spoe-
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len en zet uit wanneer het garen wordt uitgerekt. Dit vertaalt zich in een
verandering in elektrische dubbellaagsconfiguratie, dus in een verandering in
elektrisch potentiaal. Dit maakt het mogelijk om mechanische trek- of torsie-
energie elektrochemisch om te zetten in elektrische energie. De invloed van
de oppervlaktelading van het garen, de dichtheid van de polyelektrolytlad-
ing en de zoutconcentratie werd geanalyseerd, wat aanwijzingen gaf voor een
optimaal procesontwerp. We analyseerden het gegenereerde vermogen van
een systeem dat bestaat uit twee garens gecoat met positieve en negatieve
polyelektrolytgel.

Om te besluiten, in Hoofdstuk 11, worden met de opgedane kennis uit de
verschillende hoofdstukken de belangrijkste resultaten van dit proefschrift op-
nieuw bekeken en worden de toekomstige uitdagingen van op PEM gebaseerde
membranen voor PW-behandeling en andere toepassingen besproken.
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The effective treatment of complex industrial
wastestreams such as PW is important to ensure
clean water. Membranes can play a key role in this
process, but membrane fouling remains a major
problem. We propose that surface chemistry plays a
key role here, and that control over the surface
chemistry of the emulsion and the membrane can
substantially alleviate fouling.
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