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Due to the complexity of oil-in-water emulsions, the existing literature is still missing a mathematical
tool that can describe membrane fouling in a fully quantitative manner on the basis of relevant fouling
mechanisms.
Hypothesis: In this work, a quantitative model that successfully describes cake layer formation and pore
blocking is presented. We propose that the degree of pore blocking is determined by the membrane con-
tact angle and the resulting surface coverage, while the cake layer is described by a mass balance and a
cake erosion flux.
Validation: The model is validated by comparison to experimental data from previous works (Dickhout
et al. 2019; Virga et al., 2020) where membrane type, surfactant type and salinity were varied. Most input
parameters could be directly taken from the experimental conditions, while four fitting parameters were
required.
Findings: The experimental data can be well described by the model which was developed to provide
insight into the dominant fouling mechanisms. 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. These new conceptual advances in the field of colloid and interface science open up new path-
ways for membrane fouling understanding, prevention and control.
� 2022 The Authors. Published by Elsevier Inc. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
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. Glob-
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ally, 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 in 2020 alone [4]. Given the massive worldwide production
of PW, the need for better PW treatment is of significant impor-
tance, especially in areas where water is already scarce and PW,
if well treated, could be immediately reused in industry or agricul-
ture [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 (<10lm in diameter)
makes treatment by other technologies ineffective [6]. Especially
microfiltration (MF) and ultrafiltration (UF) membranes have been
applied for the treatment of PW, as these membranes can poten-
tially remove a great part of the oil at high water permeability
[7–11].

However, the broader use of pressure-driven membranes for
produced water treatment is still limited by membrane fouling
[6,12,13] and surfactants alone can cause significant fouling
[14,15]. 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 mecha-
nisms can be grouped into four main categories (complete pore
blocking, standard blocking, intermediate blocking, and cake layer
formation [6,8]) that will be later discussed in detail. Understand-
ing 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 emulsions, such as PW, for MF and UF membranes. By far the
largest part of these studies are based on Hermia’s fouling model
[16] (which was just for dead-end filtration) and related extensions
made to Hermia’s model to allow for crossflow [17]. For example,
Koltuniewicz et al. studied, for a variety of membranes, in both
dead-end and crossflow experiments, the effect of pressure and
crossflow velocity on flux decline [18]. 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 [19]. Salahi et al. employed the model to study
the fouling mechanism of the filtration processes of different poly-
meric membranes [20]. Abbasi et al. synthesized mullite ceramic
MF membranes for treatment of oily wastewaters and investigated
their fouling mechanisms using the adapted Hermia model intro-
duced by Field et al. [17,21]. Masoudnia et al. tested and also mod-
eled fouling for polyvinylidene fluoride membranes under various
operating conditions [22] by using Hermia’s original model. How-
ever, while Hermia’s model is an excellent phenomenological
model, it is only a qualitative tool as it does not predict fouling a
priori but it is limited by being based on pure fitting as is the recent
approach of Wu [23]. 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 filtra-
tion, i.e. fouling due to pinning of oil droplets and coalescence of oil
droplets [24]. Tanudjaja et al. used classical models for colloid
interactions, to quantify the foulant-membrane and foulant-
foulant interactions [25]. 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
[26]. Darvishzadeh et al. estimated analytically the critical perme-
ation pressure from a force balance model that involves the drag
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force from the flow around the droplet and surface tension forces
as well as the pressure variation inside the pore [27]. 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 membrane/oil contact angle and the cake
layer via a mass balance limited by an erosion flux, as shown in
Fig. 1, one obtains insights into how membrane fouling 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. Moreover, where existing models usually pre-
dict 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.
2. Materials and methods

2.1. Theory

2.1.1. 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 indi-
rectly allows us to determine the extent of fouling.

Fouling mechanisms are traditionally categorised into four dif-
ferent processes that can take place: complete pore blocking, stan-
dard 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 some-
times also additional selectivity. Dickhout et al. proposed an addi-
tional fifth fouling mechanism which might play a role in
membrane fouling by PW [8]. In this process, oil droplets are coa-
lescing 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 men-
tioned above). Fouling due to coalescence and formation of a con-
tinuous oil layer can be modeled as a limiting situation when the
cake layer porosity is extremely low. The modelling of the combi-
nation of complete pore blocking and cake layer filtration is care-
fully described in the following sections.
2.1.2. 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 /CL, that is rel-
atively constant across the cake. Oil droplets could also coalesce
and/or be pushed through the pores of the membrane. These



Fig. 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 d,
volume fraction of oil in the cake layer /cl , oil-membrane contact angle CA, and oil rejection by the membrane.
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effects related to deformation of the droplets can be significant,
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.

2.1.3. 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 measur-
able physical parameter, the oil-membrane (in water) contact
angle.

Herein the total resistance is taken to be the sum of the mem-
brane resistance (which includes pore blocking) and the cake resis-
tance which is a resistance in series. 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 dro-
plet 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 ¼ p dp

2
sin CAð Þ

� �2

: ð1Þ

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 ¼ sin2 CAð Þ � Amemb: ð2Þ
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�sin2ðCAÞ.
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A high contact angle allows for more membrane pores to be open.
A high affinity between oil droplets and membrane surface trans-
lates into lower contact angles and, as droplets spread more over
the membrane surface, more pores will be ”blocked”.

With this in mind, and assuming that the membrane resistance
goes exponentially to its steady state value, we can write how the
membrane resistance Rm changes with pore blocking by

Rm ¼ R0

1� sin2ðCAÞ
� ð1� sin2ðCAÞ � e�spbvÞ ð3Þ

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

2.1.4. 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. rate of re-entrainment of
oil into the crossflow from the cake layer per unit membrane area.
We derive a result that shows how Jerosion depends on the thickness
d 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 [17,28] 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 d
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Jw ¼ DP
lðRm þ kdÞ ð4Þ

with DP (Pa) the pressure applied across the membrane,

k ¼ 150d/2
CL

D2
pð1�/CLÞ3

(m�1) is a permeability parameter whose value can

be calculated from the Kozeny-Carman equation, where /cl the vol-
ume fraction of oil in the cake layer, and Dp (m) is the average diam-
eter of the oil droplets. The second equation is a mass balance for
the total amount of material in the cake (e.g. oil droplets)

/cl
dd
dt

¼ Jw � /1 � /perm

� �� Jerosion; ð5Þ

where /cl;/1 and /perm 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, /cl, this mass balance
can be expressed as a time dependence of thickness. This mass bal-
ance 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 soft-
wares) this is not necessary, and the several required equations
can be solved ‘side by side’. It is useful to rewrite Eq. (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 ¼ Jw � Am, where Am (m2) is
the membrane area, we can rewrite Eq. (5) to

Am/cl
dd
dv ¼ /1 � /perm � Jerosion

Jw
: ð6Þ

In solving this model, we can ‘step through time’ using an expli-
cit or implicit (Euler) scheme. Interestingly, to arrive at an analyt-
ical 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. (3), (4),
and (6). All parameter settings are described in Supporting Mate-
rial, Table S1. 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 has
the potential to 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, the
more resilient, will be the structure, better able to withstand a cer-
tain shear force.

How to derive an expression for the erosion flux, Jerosion, that
depends on water flow rate and on cake layer thickness? The fol-
lowing 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 ¼ d, i.e., d is the cake layer thickness. The model is based on the
following approach. At each position in the layer particles (dro-
plets) are ‘jammed’ into place, i.e., they are more or less strongly
‘locked’ in place between upper and lower layers. Also 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 posi-
tion along one another, similar to layers sliding past one another.
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This moment of force is proportional the force by which all upper
layers push on a certain layer of particles [29]. Here ‘upper’ refers
to all material (droplets) between position x and position d. The
water flowing through the layer pulls on each ‘differential layer’,
dx, by a force that is proportional to Jw and is inversely propor-
tional 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� inforce / Jw d� xð Þ=k: ð7Þ
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 dro-
plets. 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 par-
allel to the membrane, s, 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, inde-
pendent of depth. The shear stress s is what drives the erosion pro-
cess. 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 ero-
sion event, which we describe by

F ¼ exp s� a � d� xð ÞJwð Þ ð8Þ
where we introduce a factor a, 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 sim-
ilar prefactor could also be placed in front of s and another one in
front of the entire exp-term, but they will ultimately be combined
with the unknown s 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. One then arrives at

Jerosion ¼
Z d

0
Fdx ¼ b

a Jw
1� exp �adJwð Þð Þ ð9Þ

where b ¼ exp �sð Þ. Additional prefactors could have been imple-
mented in the transformation from likelihood to total erosion flux
but these factors all simply end up in b.

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

Jerosion ¼ bd ð10Þ
irrespective of water flow rate. In this limit, there simply is no ‘sta-
bilization’ at all, and the erosion likelihood is exp(s), equal at all
positions in the (thin) layer. Thus, the ‘amount of’ erosion scales lin-
early with layer thickness. In any calculation, even at high s, 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 ¼ b= a Jwð Þ, i.e., now the erosion flux
has become independent of thickness and only depends on the
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
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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 val-
ues 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. (6). Note that our calculations make use of the full
numerical equation for Jerosion of Eq. (9), and we do not use any of
the simplifications just discussed. However, for the experimental
condition modeled, our results were independent of a (see table
S1, SI) and therefore it can be inferred that the simplified equation
forJerosion, i.e. Eq. (10) would suffice.

2.2. Model implementation

In this section an explanation is given on how to use and apply
the attached spreadsheet model to describe and gain a better
understanding of experimental data collected for crossflow filtra-
tion of O/W emulsions. For this, it is important that the experimen-
tal data are of high quality, and that flux of water through the
membrane, Jw, is given as a function of permeate volume. More-
over, the applied pressure, DP, oil content in both feed and perme-
ate, oil-membrane contact angle in surfactant aqueous solution,
CA, and feed emulsion properties, such as droplet size, Dp, and vis-
cosity, l, 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 param-
eters that were used to obtain a better understanding of the previ-
ously discussed fouling mechanisms. A flowchart reported in
Supplementary Material, Fig. S1, summarizes the steps followed
in the implementation and validation of this quantitative model.

The measured process and physical parameters from experi-
mental data used to numerically solve Eq. (6), and therefore calcu-
late the cake layer thickness d (m), are the applied pressure DP (Pa),
the membrane surface area Amemb (m2), the feed viscosity l (Pa�s),
the average diameter of the oil droplets Dp (5 lm [1,2]), and the oil
volume fraction in the retentate, /1 � /perm, ratio between oil
retention (from our previous work [1,2]) and density. The experi-
mental parameters that are measured for the calculation of the
membrane resistance due to pore blocking Rm (m�1) via Eq. (3)
are the oil-membrane contact angle CA (�), reported in Table S1
(SI), 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 spb (Eq. (3)), which accounts for how fast droplets adhere and
block (spread over) the membrane pores. To calculate the cake
layer thickness d (m), three parameters need to be fitted. One is
the volume fraction of oil in the cake layer /cl, while the other
two are used to calculate the cake erosion flux Jerosion, and they
are a and b (see Eq. (6) and (9)).
3. Results and discussion

In this section we compare our model predictions with experi-
mental 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 foul-
ing phenomena during filtration of oily wastewater (i.e. pore block-
ing and cake layer) to experimental evidence of such phenomena
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for MF/UF systems. The results of this section open up new path-
ways for membrane fouling understanding, prevention and
control.

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 [12]. 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 [30,1].

Fig. 2 shows the flux decline for SiC and RC membranes during
crossflow filtration of CTAB-stabilized O/W emulsions with 1 mM
NaCl as background salt. Further details on the experimental con-
ditions are reported in our previous work [1,2], while the model
parameters used are reported in Table S1 of SI. The results are
expressed in terms of normalized flux as a function of permeate
volume per unit of membrane area (L/m2).

Fig. 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 Fig. 2A. Fig. 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 is in line in with the val-
ues 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. For both mem-
branes the cake layer remains thin and does not constitute the
main resistance to the water flux. However, 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 differ-
ent surface chemistries (but identical emulsions), can be well
explained by the way that the oil droplets spread over the mem-
branes 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).

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, influencing the mutual interaction
between the droplets in the fouling layer as well the membrane
surface chemistry [1,8,31,32].

Fig. 3 shows the effect of surfactant chemistry on flux decline
during crossflow filtration with the SiC membrane of surfactant-
stabilized O/W emulsions. Anionic SDS, cationic CTAB, zwitterionic



Fig. 2. A) Flux decline and B) cake layer thickness, d, and Area of blocked pores (%), for CTAB (�350 mg/L, 1 mM NaCl) stabilized emulsions for SiC and regenerated cellulose
(RC) membranes. For SiC membrane: pore size = 150 nm, water flux = 300 Lm�2h�1, crossflow velocity = 7.6 cm/s, TMP = 0.1 bar. For RC membrane: pore size = 40–80 nm,
water flux = 200 Lm�2h�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.

Fig. 3. A) Flux decline and B) cake layer thickness, d, and Area of blocked pores (%), for stabilized emulsions filtered by a SiC membrane as a function of surfactant type for SDS
(�2400 mg/L), CTAB (�350 mg/L), DDAPS (�1000 mg/L) and TX (�150 mg/L) in presence of 1 mM NaCl. Pore size = 150 nm, water flux = 300 Lm�2h�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.
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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 Fig. 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 compared to that of anionic membrane.

Again the model successfully 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. Fig. 3B shows that while
for the cationic CTAB pore blocking is the dominating mechanism,
with a �50% of pores blocked area, the situation with the anionic is
that a rather dense oil layer prevails (�0.93, table S1, SI). On 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 (�25lm) 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 �35lm. Addition-
ally, it is noted that for TX the layer is quite dense. Without charges
the oil droplets are unlikely to be as well stabilized by TX as by the
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other surfactants and this leads to a denser cake layer and possibly
to increased droplet coalescence.

Finally, we can attribute the higher thickness of the cake layer
obtained for TX and DDAPS O/W emulsion to the lower erosion flux
(see table S1), 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 describes elegantly how the fouling mechanisms can
change when the emulsion droplets are stabilized by different sur-
factant types.

3.3. Effect of salinity

Salinity is know to have substantial effects on oil droplets sta-
bility and membrane fouling, especially in the case of charged sur-
factants [1,8,12,33]. Fig. 4 shows the effect of salinity on both SiC



Fig. 4. Flux decline and cake layer thickness, d, 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 flux = 300 Lm�2h�1, crossflow velocity = 7.6 cm/s, TMP = 0.1 bar, and
�2400 mg/L SDS. C) and D): pore size = 40–80 nm, water flux = 200 Lm�2h�1, crossflow velocity = 20 cm/s, TMP = 1 bar, and �460 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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and RC membranes for anionic SDS based emulsions. While in the
case of SiC an increase in salinity translates into reduced fouling,
for the RC membrane it is the opposite. Here the model gives us
insights on such behavior.

The main reason for a lower flux decline observed for the SiC
membrane can be attributed to a reduced build-up of oil on the
SiC membrane surface [2], where the oil does not block the mem-
brane 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 the build-up of oil on the membrane surface is mainly
due to the fact that the SiC membrane was tested at higher concen-
trations 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 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 build-up of oil on the membrane surface.

For the RC membrane, where the oil is retained a thicker cake
layer is observed for all ionic strengths (�13–40lm), and 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
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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 smal-
ler, 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 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 mem-
brane. For the RC membrane where the oil is well retained the den-
sity of the cake layer becomes the key in understanding the
increasing fouling at higher salinities, where a reduction in charge
repulsion between droplets generates a more compact cake layer.
4. Conclusions

While previous studies [18–22] have investigated and tried to
model fouling for MF and UF membranes by using Hermia’s fouling
model [16], 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, giving for the first time specific insights on
the fouling mechanisms based on measurable emulsion (feed)
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properties (e.g. oil droplet size, oil permeation, oil-membrane con-
tact angle, etc.).

While Hermia’s model has been an excellent phenomenological
model, it is only a qualitative tool as it does not predict fouling a
priori but it is limited by being based on pure fitting as is the recent
approach of Wu [23]. 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. Here, our model offers
clear advances in one of the complex fields of colloid and interface
science, membrane fouling. Our model is used to describe experi-
mental data of previous works [1,2] where membrane type, surfac-
tant type and salinity of the feed stream were varied. Most input
parameters can be taken directly from the experimental condi-
tions, and just four fitting parameters are required. In our model
the degree of pore blocking is determined by the membrane con-
tact 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 membranes with different surface chemistries (but identical
emulsions), can be well explained by the way that the oil droplets
spread over the membranes surface thereby blocking the mem-
brane pores. Our model also describes in a elegant way how the
fouling mechanisms can change when the emulsion droplets are
stabilized by different surfactant types, and can provide a good
description of the complex effects on membrane fouling at differ-
ent 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 predominant fac-
tor in understanding the increasing fouling at higher salinities,
where a reduction in charge repulsion between droplets generates
a more compact cake layer. In addition, this model is not limited to
SiC and RC membranes but it can be successfully applied to predict
fouling by different O/W emulsions for other MF and UF membrane
materials when the oil droplets are much larger than the mem-
brane pores. These results, and the model developed therefrom,
opens up new pathways for understanding membrane fouling, its
prevention and control.
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