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A B S T R A C T

Large amounts of oily wastewater, which can be defined as produced water, are generated in oilfields. Ultra-
filtration (UF) serves as an effective and economical method to purify produced water. Unfortunately, membrane 
fouling during produced water treatment is severe. In this paper, the effects of the ionic strength (1, 20, and 100 
mM) as well as different surfactants on the membrane fouling are investigated. Four surfactants, including SDS 
(anionic), APG (non-ionic), CTAB (cationic) and DDAPS (zwitterionic), were selected for this study. The 
Derjaguin-Landau-Verwey-Overbeek (DLVO) and extended DLVO (XDLVO) models were used to quantify in-
teractions between the membrane-oil droplet and deposited oil layer-oil droplet surfaces and to compare these 
interactions with the fouling experiments. The (X)DLVO interaction energies of the membrane-oil droplet 
exhibited a strong agreement with the fouling tendencies at 1 mM salinity. The SiC-deposited (B20) membrane 
showed less reversible and irreversible membrane fouling than the Al2O3 (B0) membrane when filtering nega-
tively charged O/W emulsions stabilized with SDS, APG, or DDAPS. The DLVO model predicted a higher fouling 
tendency at higher salinity levels during the filtration of SDS, APG, or DDAPS-stabilized O/W emulsions and a 
decreased fouling tendency for CTAB-stabilized emulsion with the B20 membrane. However, at higher salinity 
levels, the XDLVO energy barrier was affected by both the repulsive electrostatic double layer (EL) interaction 
and attractive Lewis acid-base (AB) interaction. By comparing both experiments and (X)DLVO modeling, this 
study improves the fundamental understanding of the effect of ionic strength and surfactant types on reversible 
and irreversible fouling of the Al2O3 and SiC-coated membranes fouling by O/W emulsions.

1. Introduction

Large quantities of produced water are discharged concurrently with 
oil and gas extraction at a global average rate of about 39.75 million m3 

per day [1,2]. Several studies have investigated various treatment 
techniques to enhance produced water reuse including Microfiltration 
(MF) [3], ultrafiltration (UF) [4], electroflocculation [5], reverse elec-
trodialysis (ED) [6], membrane distillation [7,8], adsorption [9], sand 
filtration [10], gas flotation [11], chemical precipitation [12], and 
advanced oxidation [13]. However, among other water treatment 
technologies, UF is considered to be the most promising approach for 
removing oil, grease, and colloidal particle removal, making it an 
effective pretreatment option for the reuse of the produced water [4,14].

The main challenge with the use of UF membranes for produced 
water treatment is fouling, which occurs due to the aggregation of oil 
droplets on the surface or in the membrane pores. To effectively control 
membrane fouling, it is crucial to understand the oil droplet-membrane 
interactions and oil droplet-oil layer interactions. Here, the presence of 
surfactants, used during oil extraction, is considered to play a vital role 
[15]. Surfactants absorb on both the oil–water interface of the droplets 
and the membrane surface. Therefore, the surfactants influence both the 
interactions between the oil droplets and membrane surface and the oil 
droplet-oil layer interactions. Sodium dodecyl sulfate (SDS, anionic), 
alkyl polyglycoside (APG, non-ionic), and cetyltrimethylammonium 
bromide (CTAB, cationic) are frequently used in oil extraction [16–18], 
allowing for a more practical investigation of the membrane fouling 
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mechanism. However, previous research by De Vos et al. has highlighted 
the advantage of the application of zwitterionic surfactants, such as N- 
dodecyl-N,N-dimethyl-3-ammonio-1-propanesulfonate (DDAPS), due to 
its low fouling propensity under high salt concentrations [19–21]. The 
Derjaguin-Landau-Verwey-Overbeek (DLVO) theory has been widely 
used in various fouling studies. However, it sometimes falls short of 
accurately describing interactions at shorter separation distances be-
tween two surfaces. To address this limitation, the Lewis acid-base (AB) 
interaction, which accounts for electron donor–acceptor interactions at 
distances less than 10 nm, was integrated into the DLVO model, 
resulting in the extended DLVO (XDLVO) model [22]. While the XDLVO 
model is more commonly employed than the DLVO model to analyze 
colloidal fouling on membrane surfaces, its application to apolar fou-
lants, such as oil, remains less thoroughly understood. Previous studies 
have typically focused on either the effects of different surfactants at a 
single salinity level or on oil–water emulsions with varying salinity 
without considering surfactants variations [17,23]. He et al., e.g., re-
ported that for oil-in-water (O/W) emulsions stabilized by the non-ionic 
surfactant (Triton TM X-100), the interaction energies predicted by the 
DLVO model were consistent with the fouling tendencies at various sa-
linities for the polyvinylidene fluoride (PVDF) MF membrane in the 
constant flux filtration mode [23]. The group of Chew reported that the 
DLVO correlated well with the fouling tendencies, rather than the 
XDLVO model, for the filtration of the O/W emulsion stabilized with 
SDS, CTAB and Tween 20 for the 0.22 µm PVDF membrane in the con-
stant pressure filtration mode [17]. However, Zhang et al. reported that 
the fouling tendency for a Span 80-stabilized O/W emulsion mismatched 
with the DLVO/XDLVO model for the polyethersulfone (PES) UF mem-
brane in the constant pressure filtration mode [24].

Silicon carbide (SiC) and alumina (Al2O3) ceramic membranes are 
commercially available and widely used in wastewater treatment ap-
plications, standing out among other ceramic membranes [25–29]. 
Increasing the adsorption-free energy between oil and the membrane 
alleviates membrane fouling by changing the membranes’ hydrophilic-
ity and surface zeta potentials. Therefore, SiC membranes are preferred 
over Al2O3 for produced water treatment due to their super hydrophilic 
and highly negatively charged surface [30]. To the best of our knowl-
edge, no prior studies have quantitatively analyzed and compared 
fouling by O/W emulsions with the DLVO and XDLVO models using 
these specific membrane materials. This study is the first to examine the 
combined impact of both varying salinities and different surfactants, 
utilizing positively charged Al2O3 membranes and negatively charged 
SiC ceramic membranes by combining fouling experiments and the 
DLVO/XDLVO model. Various studies focused on the relationship be-
tween the DLVO/XDLVO model and membrane fouling in the dead-end 
constant pressure mode [17,24,31]. However, there are limited studies 
on fouling in the crossflow constant flux mode for the separation of O/W 
emulsion [32,33], although this is the operational mode in full-scale 
installations. The filtration experiments were conducted in the con-
stant flux crossflow mode, assessing how membrane surface properties 
and emulsion characteristics, such as salinity levels and surfactant types, 
affect membrane fouling. Additionally, the study explored the rela-
tionship between the DLVO/XDLVO models and the reversible and 
irreversible fouling.

Reversible fouling, namely cake layer fouling, has been the subject of 
several studies [34–36]. A practical and cost-effective method is to 
differentiate between reversible and irreversible fouling is to backwash 
the membrane with demineralized (DI) water. The extent of reversible 
and irreversible fouling can then be calculated based on the resistance- 
in-series model [37,38]. To the authors’ knowledge, this is the first time 
that a study was performed, combining constant flux, backwashing 
(related to the reversible and irreversible fouling) and DLVO theory. 
This integration provides a comprehensive understanding of fouling 
behavior under practical operating conditions in full scale application.

Consequently, the objective of the present is to enhance the funda-
mental understanding of the interaction between oil droplets and 

ceramic membranes in the crossflow constant flux mode, with a focus on 
studying the correlation between the DLVO/ XDLVO interaction energy 
and reversible and irreversible fouling, varying salinity and surfactant 
types.

2. Materials and methods

2.1. Materials

N-hexadecane (296317), sodium dodecyl sulfate (SDS, L4509-250G), 
APG (49122), Hexadecyltrimethylammonium bromide (CTAB, H5882), 
DDAPS (≥97 %, 40232) and sodium chloride (S9998-1KG), which were 
supplied by Sigma-Aldrich Co., Ltd, the Netherlands, were used for the 
preparation of the O/W emulsions.

SiC-deposited Al2O3 membranes were obtained via low-pressure 
chemical vapor deposition (LPCVD), as reported in our previous 
studies [30]. The tubular Al2O3 membranes, provided by the CoorsTek 
Co., Ltd, were chosen as substrate for LPCVD with permeabilities in the 
350 ± 10 Lm− 2 h− 1 bar− 1 range. Polycrystalline 3C-SiC was coated on 
Al2O3 membranes using two precursors (SiH2Cl2 and C2H2) with coating 
time of 20 min at a temperature of 860 ◦C via LPCVD. The membranes 
without coating and those with a coating time of 20 min were labeled as 
B0 and B20, respectively. The pore size of the B0 and B20 membrane 
were 41 nm and 33 nm, respectively, as determined from our previously 
reported results [30].

2.2. Membrane characterization

Surface SEM images of the B0 and B20 membrane was obtained by 
NovaNanoLab 600 (FEI company, USA). The water contact angle (WCA) 
of both the pristine B0 membranes and the LPCVD-coated B20 mem-
branes was performed by a contact angle instrument (Dataphysics 
OCA25, Germany). The WCA measurements were performed by the 
sessile drop method by dosing 2 µl liquid (ultrapure water, formamide, 
diiodomethane) on the flat sheet membrane surface. Each measurement 
was repeated five times per sample, and average values were obtained 
for the surface tension component calculation. Detailed information on 
the WCA measurements can be found in Text S1. The zeta potential of 
both B0 and B20 membranes was measured with an electrokinetic 
analyzer (SurPASS 3, Anton-Paar, Graz, Austria). However, the mem-
brane zeta potential could not be measured in electrolyte solutions with 
high concentrations (e.g., 100 mM NaCl) because of the range limit 
(<50 mM NaCl) of the SurPASS electrokinetic analyzer. Hence, the 
Freundlich ion adsorption model was used to estimate ζm at 100 mM 
NaCl concentration [23,39].

2.3. Oil-in-water emulsions

To study the effect of the charge of the emulsions on membrane 
fouling, various micro-sized O/W emulsions were prepared for the 
membrane fouling experiments. These included an anionic SDS- 
stabilized emulsion, a non-ionic APG-stabilized emulsion, a zwitter-
ionic DDAPS-stabilized emulsion, and a cationic CTAB-stabilized 
emulsion. To prepare a 500 mg/L SDS stabilized emulsion, 2 g N-hex-
adecane and, 956.4 mg SDS were added into 1L of deionized (DI) water. 
The mixture was stirred continuously at 1500 rpm using a magnetic 
stirrer (C-MAG HS 10, IKA, the Netherlands) for twelve hours, followed 
by ultrasonication using a Branson Ultrasonics sonifier (CPX3800H, 
USA) for two hours, as described in previous studies [40–42]. A fresh 
emulsion was prepared by diluting 1 L of O/W emulsion with 3 L of DI 
water, ensuring a consistent oil concentration of 500 mg/L. This con-
centration aligns with the typical oil and grease content of 100–1000 
mg/L in oily wastewater [43]. To prepare 4 L of O/W emulsions with 
salinity concentrations of 1 mM, 20 mM, and 100 mM, 0.234 g, 4.68 g, 
and 23.38 g of NaCl were added, respectively. The same preparation 
method was used for the preparation of the APG, DDAPS, and CTAB- 
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based emulsions. O/W emulsions were prepared using 0.1 times the 
critical micelle concentration (CMC) of each surfactant. The CMC values 
for SDS, APG, CTAB, and DDAPS were 2391 mg/L, 348 mg/L, 346 mg/L, 
and 1006 mg/L [19,44], respectively. For a total emulsion volume of 4 L, 
the corresponding amounts of used surfactants were 957.6 mg for SDS, 
139.2 mg for APG, 138.4 mg for CTAB, and 402.4 mg for DDAPS, 
respectively. The micro-sized oil droplets and their distributions were 
analyzed using a particle size analyzer (Bluewave, Microtrac, USA), 
while the emulsions’ zeta potential was measured with a Malvern 
Zetasizer Advance analyzer (Zetasizer Lab, Malvern, UK).

2.4. Filtration experiments with mico-sized O/W emulsions

A constant permeate flux crossflow setup was used for O/W emulsion 
fouling filtration experiments (Fig.S1). A constant flux of 80 Lm− 2 h− 1 

(Fig.S2) was maintained by a digital feed pump (DDA12-10, Grundfos, 
Denmark). This flux was estimated based on the threshold flux deter-
mined though the conventional flux stepping method [30,45,46]. The 
fouling resistance was calculated according to the resistance-in-series 
model [37,38]. Detailed information about the filtration protocol can 
be found in the Supporting Information (Text S2).

2.5. DLVO and XDLVO models

According to classical DLVO theory, the total interaction energy 
between an oil droplet and the B0 or B20 membrane is expressed as the 
combination of the Lifshitz-van der Waals (LW) interaction energy and 
the electrostatic double layer (EL) interaction energy [47]: 

UDLVO
mlo (h) = ULW

mlo(h)+UEL
mlo(h) (1) 

Where UDLVO
mlo (h) is the total interaction energy between the B0/ B20 

membrane (m) and an oil droplet (o), immersed in a surfactant solution 
(l); h is the separation distance between the oil droplet and B0/B20 
membrane; ULW

mlo(h) is the LW interaction term and, UEL
mlo(h) is the EL 

interaction term. In addition to the LW and EL interaction energies, the 
AB interaction energy can also be considered in energy balances for 
aqueous systems because of the hydrogen bonds in polar liquids like 
water [17]. The XDLVO model includes the AB interaction component 
and can be written as: 

UXDLVO
mlo (h) = ULW

mlo(h)+UEL
mlo(h)+UAB

mlo(h) (2) 

Where UXDLVO
mlo (h) is the total interaction energy between the B0/B20 

membrane and oil droplet immersed in the surfactant solution, and 
UAB

mlo(h) is the AB interaction term.
ΔGLW

mlo(h0), ΔGEL
mlo(h0) and ΔGAB

mlo(h0) denote the adhesion energies per 
unit area for LW, EL, and AB interactions, respectively, between two 
infinite planar surfaces [17,47–49]: 

ΔGLW
mlo(h0) = − 2
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Where h0 is the minimum equilibrium cut-off distance, which is 0.158 
nm [50], ε0 is the permittivity of the vacuum, which is 8.8542 *10− 8 F/ 
M, εr is the relative permittivity of water, ζm and ζo are the zeta po-
tentials of the B0/B20 membrane and the oil droplets, respectively. The 
three unknown surface tension parameters of the membrane surface 
(γLW

m , γ−m, γ+m) can be determined by measuring the contact angle of three 

probe liquids with known surface tension (γl) and surface tension pa-
rameters (γLW

l , γ+l , γ−l ), as shown in Table.S1. Detailed information about 
the calculation is provided in the supporting information (Text.S3).

To calculate the real interaction energy between the B0/B20 mem-
brane and a spherical oil droplet, the Derjaguin approximation is used to 
calculate the corresponding interaction energy between a flat membrane 
and a spherical oil droplet [47]: 

ULW
mlo(h) = 2πΔGLW(h0)

h0
2a
h

(6) 

UEL
mlo(h) = πε0εra[2ζmζoln(

1 + e− κd

1 − e− κd) + (ζ2
m + ζ2

o)ln(1 − e− 2κd)] (7) 

UAB
mlo(h) = 2πaλΔGAB(h0)exp

(
h0 − h

λ

)

(8) 

Where a is the radius of the oil droplet, h is the surface separation dis-
tance between the B0/B20 membrane and a spherical oil droplet, and λ 
is defined as 0.6 nm, representing the characteristic decay length of AB 
interactions [17]. The DLVO/XDLVO interaction energies and surface 
tension components were calculated using MATLAB software (Matlab 
R2020b).

3. Results and discussion

3.1. Emulsion properties

The particle size distribution of the oil droplets stabilized with 
various salinity levels and surfactant type is shown in Table.S2. With 
increasing salinity and varying surfactant types, the particle size dis-
tribution of the emulsions kept constant, with an average particle size of 
5 ± 1 µm. In addition, the absolute value of the zeta potential of the 
emulsions decreased with the salinity (Fig. 1), due to the compression of 
the diffuse double layer. The charge screening effect of the compressed 
diffuse double layer decreases the absolute zeta potential, by dimin-
ishing the electric field and thus reducing the electrophoretic mobility of 
the emulsion droplets [51]. Additionally, the colloidal stability of the 
emulsion may decrease, as Na+ ions reduce the electrostatic repulsion 
between oil droplets [52].

3.2. Hydrophilicity and zeta potential of the membranes

The effects of the types of surfactants and various salinity levels on 

Fig. 1. ζo of the O/W emulsions stabilized with various surfactants in various 
ionic strength (1, 20, and 100 mM).
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fouling of the B0 membrane and the B20 membrane were examined 
using four types of surfactants (SDS, APG, CTAB, and DDAPS) at the 
salinity levels of 1 mM, 20 mM, and 100 mM. The Freundlich ion 
adsorption model was used to estimate ζm at 100 mM NaCl concentra-
tion, which is outside the experimental range of the Surpass equipment 
(Fig. S3). The absolute value of the zeta potential of the membranes 
decreased with increasing salinity, regardless of the types of surfactant, 
for both the B0 and B20 membranes (Fig. 2).

When a layer of SiC was coated, the total surface tension increased, 
showing stronger intermolecular forces than the pristine Al2O3 mem-
brane [53]. Particularly, the enhanced electron donor surface tension 
component (γ− ) suggests a stronger affinity between water molecules 
and the material [54] due to the higher presence of the oxygen- 
containing functional group (–OH) in the B20 membranes. Moreover, 
the B20 membranes had a higher acid-base component (γAB), indicating 
the increased polarity of the membranes. The polarity of a material is 
generally related to its hydrophilicity. Al2O3 is a highly polar compound 
due to the abundance of hydroxyl groups on its surface, which readily 
form hydrogen bonds with water molecules, giving it a hydrophilic na-
ture [55]. SiC, on the other hand, is relatively less polar, but its surface 
tends to oxidize, forming a silicon dioxide layer, which introduces polar 
functional groups to the surface. These oxide layers increase the 

hydrophilicity of SiC [56,57], making it more hydrophilic than the 
Al2O3 membrane. This is confirmed by the decrease in the WCA from 
36.8◦± 0.9◦ for the B0 membrane to 19.1◦ ± 0.5◦ for the B20 mem-
branes, respectively (Fig.S4). Therefore, the increased hydrophilicity 
and polarity from SiC coating help reduce membrane fouling caused by 
the oil droplets.

3.3. Comparison of fouling at various salinities

Regarding the 1 mM salinity, Fig. 3 shows that the B20 membrane 
exhibited less fouling compared to the B0 membrane when filtrating O/ 
W emulsions stabilized with SDS, APG, or DDAPS. However, the B0 
membrane showed less fouling than the B20 membrane when filtrating 
the O/W emulsions stabilized with CTAB. The electrostatic repulsion 
and attraction between the membrane and oil droplets, the degree of 
hydrophilicity of the membrane surface, and surfactant adsorption were 
used to illustrate this phenomenon. The B0 membrane was positively 
charged at a pH of 5.8 [30,58], and the zeta potential of the B0 mem-
brane shifted from positive to negative when immersed in 0.1 Critical 
micelle concentration (CMC) solutions of SDS, APG, and DDAPS (Fig. 2), 
while the highly negatively charged B20 membrane showed no charge 
inversion when immersed in the 0.1 CMC solutions of positively charged 

Fig. 2. ζi of the B0 membrane and the B20 membrane immersed in different surfactant solutions (SDS, APG, CTAB, or DDAPS) with different salinity: (a)1 mM, (b)10 
mM, (c) 20 mM, and (d)100 mM.
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CTAB. Additionally, its zeta potential was much more negative than that 
of the Al2O3 membrane using four types of surfactant solutions. When 
dealing with negatively charged O/W emulsions stabilized with SDS, 
APG, or DDAPS, the SiC-deposited membrane showed less membrane 
fouling due to the enhanced electrostatic repulsion between the B20 
membrane and O/W emulsions compared to the B0 membrane. How-
ever, when filtrating the CTAB-stabilized O/W emulsion which was 
positively charged, electrostatic repulsion occurred between the posi-
tively charged B0 membrane and CTAB-stabilized O/W emulsions. In 
contrast, the B20 membrane experienced electrostatic attraction with 
the CTAB-stabilized O/W emulsions, leading to greater fouling than the 
B0 membrane. From the normalized TMP curve (Fig. 3a-b), the B0 
membrane showed a higher fouling tendency compared with the B20 
membrane when filtering O/W emulsions stabilized with SDS, APG, or 
DDAPS, but a lower fouling tendency for CTAB-stabilized O/W emul-
sions. As shown in Fig. 3c, the B20 membrane showed less total and 
reversible and irreversible fouling resistance when dealing with the O/ 
W emulsions stabilized with SDS, APG, or DDAPS. When filtrating O/W 
emulsions stabilized with CTAB, B20 membranes exhibited more fouling 
than B0 membranes, with the reversible fouling dominant (Fig. 3c), 
likely due to cake filtration, which can be removed through hydraulic 
backwash.

When the concentration of NaCl increased from 1 mM to 20 mM 
(Fig. 4) and then to 100 mM (Fig. 5), both membranes (B0 and B20) 
showed an increased fouling when filtrating SDS, APG, and DDAPS- 
stabilized O/W emulsions. At the same time, the surface tension of oil 
droplets decreased, making oil droplets more prone to deformation and 
coalescence, which led to increased irreversible fouling [16]. Although, 
the B20 membrane still exhibited less fouling than the B0 membrane 
when filtrating SDS, APG, and DDAPS-stabilized O/W emulsions, the 
B20 membrane, when filtering the CTAB-stabilized O/W emulsion, 

showed less fouling, compared to the conditions at 1 mM salinity due to 
the lower electrostatic attraction, but still had more fouling than the B0 
membrane. As shown in Fig. 1 and Fig. 2, lower absolute zeta potentials 
of O/W emulsions and membranes were observed at 20 mM salinity 
compared to 1 mM salinity due to the charge screening effect [19]. So 
both the electrostatic repulsion and electrostatic attraction would 
decrease with the increase in the salinity. Fig. 4a-b and Fig. 5a-b showed 
that the membrane fouling trend for both B0 and B20 membranes also 
remained consistent at the higher salinity levels (20 mM, 100 mM) 
compared to the fouling observed at 1 mM salinity. The fouling order for 
the B0 membrane was SDS < CTAB < APG < DDAPS, while for the B20 
membrane, it was SDS < APG < DDAPS < CTAB (Fig. 4c and Fig. 5c). 
This can, again, be explained by the electrostatic interactions. Notably, 
the increased irreversible fouling of the B0 and B20 membrane with 
increasing salinity can be explained by the decreased charge repulsion. 
At low salinity, apparently, there was a strong electrostatic repulsion 
between DDAPS-stabilized droplets and the B20 membrane, as well as a 
strong electrostatic attraction between CTAB-stabilized droplets and the 
B20 membrane. However, as salinity increased, both interactions 
weakened, which means that the strong electrostatic attraction (CTAB) 
became weaker, and the strong electrostatic repulsion (DDAPS) also 
diminished. Consequently, the difference in fouling between the two 
emulsions became less obvious at higher salinity. At the higher salinities, 
the normalized TMP of the B20 membrane was much lower than that of 
the B0 membrane when filtrating SDS, APG, and DDAPS-stabilized O/W 
emulsions, while it was higher than that of the B0 membrane when 
dealing with CTAB-stabilized O/W emulsions, hence the B20 membrane 
had better performance when filtrating SDS, APG and DDAPS-stabilized 
O/W emulsions at 20 mM and 100 mM salinity.

Fig. 3. The normalized fouling curve of (a) B0 membrane and (b) B20 membrane when filtering micro-sized SDS, APG, CTAB, DDAPS stabilized O/W emulsion at the 
1 mM salinity; (c) is the normalized fouling resistance of the B0 and B20 membrane at the 1 mM salinity.

Fig. 4. The normalized fouling curve of (a) B0 membrane and (b) B20 membrane when filtering micro-sized SDS, APG, CTAB, DDAPS stabilized O/W emulsion at the 
20 mM salinity; (c) is the normalized fouling resistance of the B0 and B20 membrane at the 20 mM salinity.
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3.4. DLVO and XDLVO models

3.4.1. Interaction between membrane and oil droplets
The contact angle and zeta potential of the B0 and B20 membranes, 

as well as the oil droplets, were measured to calculate the interaction 
energy between the oil droplets and the surface of the B0 and B20 
membranes. The interaction energy components versus the separation 
distance at the salinity of 1 mM are shown in Fig. 6. The negative value 
of the interaction energy means an attractive force and the higher the 
absolute negative value thus indicates severe fouling. Specifically, the 
LW and AB interactions energies between the B0 and the B20 mem-
branes and oil droplets were attractive at separation distances smaller 
than 10 nm and 3 nm (Fig. 6a and 6c), respectively, indicating an 
attractive adhesion force. However, as shown in Fig. 6b, the EL energy 
for the B20 membrane was repulsive and long-range (<50 nm) due to 
the negative charge of both the membrane surface and the oil droplets. 
Therefore, overcoming the electrostatic repulsion requires sufficient 
energy to bring the oil droplets closer to the membrane surface. The B20 
membrane, having a more negative zeta potential, thus displayed a 
stronger electrostatic double-layer repulsion than the B0 membrane. 
Additionally, the higher zeta potential enhanced the repulsion of 
negatively charged oil droplets, potentially improving the antifouling 

ability of the membranes. The DLVO energy barrier values of the B20 
membrane for the SDS, APG, and DDAPS stabilized emulsions were 
7529, 5230, and 3282 KT (Fig. 6d), respectively, indicating the lowest 
fouling potential for SDS-stabilized emulsions, due to the higher energy 
barrier. The trend of the DLVO energy values is consistent with the 
fouling tendencies discussed in Section 3.3. For the B0 membrane, the 
DLVO energy barrier values were 4536, 2876, and 1778 KT for the SDS, 
APG, and DDAPS surfactants, respectively. The lower energy barrier for 
the B0 membrane compared to B20 membrane indicates a higher 
membrane fouling potential. By comparison, for the positively charged 
CTAB-stabilized emulsions, no energy barrier was observed at the B20 
membrane, indicating a high potential. The LW and AB attractive in-
teractions effectively neutralized the EL repulsive interaction, enabling 
the oil droplets to overcome the energy barrier and facilitating their 
adhesion onto the surfaces of the B0 and B20 membranes. Therefore, oil 
droplets stabilized with negatively charged SDS, APG, and DDAPS faced 
a higher energy barrier before being adsorbed onto the surface of the B0 
and B20 membranes.

With the increase in salinity from 1 mM to 100 mM, the DLVO model 
still maintains a good agreement with the increased membrane fouling, 
can be confirmed by the decreased energy barrier. The DLVO energy 
barrier is associate with the energy barrier of the EL component (Fig. 6d, 

Fig. 5. The normalized fouling curve of (a) B0 membrane and (b) B20 membrane when filtering micro-sized SDS, APG, CTAB, DDAPS stabilized O/W emulsion at the 
100 mM salinity; (c) is the normalized fouling resistance of the B0 and B20 membrane at the 100 mM salinity.

Fig. 6. Effect of surfactants on membrane-oil droplet ineraction energy for B0 and B20 membranes: (a) LW, (b) EL, (c) AB, (d) DLVO, and (e) XDLVO interaction 
energy at 1 mM salinity.
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Fig. 7d, and Fig. 8d). In other words, the electrostatic interaction energy 
plays a vital role for the fouling tendencies of the negatively charged B0 
membranes and B20 membranes. Zhao et al. also reported that EL 
interaction is crucial for the anti-fouling ability of the ceramic mem-
branes, especially for the low-pressure gravity-driven system [59]. As 
shown in Table.S3 and Table.S4, the reduction of the Lewis base (γ− ), 
from 47.22 to 43.04 for the B0 membrane and 57.42 to 55.22 for the B20 
membrane with a salinity increase from 1 mM to 100 mM, respectively, 
caused lower membrane fouling. Zhao et al. indicated that γ− is an in-
dicator of membrane fouling. They explain that the larger the value of 
γ− , the greater the total interfacial energy, and the smaller the mem-
brane fouling [60]. Therefore, the increase in salinity reduced the 
electron donor tension on the membrane surface, thus, decreasing the 
fouling resistance of the B0 and the B20 membrane.

Based on the XDLVO model, the lower negative value of the AB 
component for the B20 membrane compared to the B0 membranes 

indicates a lower attractive AB force (Fig. 6c, Fig. 7c, and Fig. 8c). This 
also contributed to less fouling of the B20 membrane than of the B0 
membrane. Current literature on membrane fabrication or modification 
also suggests that reducing WCA (θw) can increase hydrophilicity and 
the AB interaction energy, thereby mitigating membrane fouling 
[36,61]. Thus, as salinity increases, the absolute value of the AB 
component decreased. However, when comparing membrane fouling 
under different surfactants and salinity levels, the trend of the AB 
component was not aligned with that of the membrane fouling curve 
(Fig. 3c, Fig. 4c, Fig. 5c, Fig. 6c, Fig. 7c, and Fig. 8c). One possible 
explanation is that the differences in WCAs are not significant enough to 
effectively distinguish the fouling caused by different surfactants. At the 
salinity of 1 mM, when filtering SDS stabilized emulsions, the B0 and the 
B20 membrane showed XDLVO energy barriers of 3779 kT and 7046 kT, 
respectively (Fig. 6e). However, at high salinity levels (20 and 100 mM), 
the interfacial energy barrier of the B0 membrane disappeared as the 

Fig. 7. Effect of surfactants on membrane-oil droplet interaction energy for B0 and B20 membranes: (a) LW, (b) EL, (c) AB, (d) DLVO and (e) XDLVO interaction 
energy at 20 mM salinity.

Fig. 8. Effect of surfactants on membrane-oil droplet interaction energy for B0 and B20 membranes: (a) LW, (b) EL, (c) AB, (d) DLVO and (e) XDLVO interaction 
energy at 100 mM salinity.
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XDLVO interaction energy became negative and the energy barrier of 
the B20 membrane still existed, with values of 1927 kT and 93 kT, 
respectively (Fig. 7e, and Fig. 8e). The reason is that the interfacial 
energy barrier of the XDLVO model depends on the EL component at low 
salinity (1 mM). However, due to the higher charge screening effects 
caused by high salinity (20 mM, 100 mM), the EL interaction energy was 
decreased significantly. At the same time, the Debye length, calculated 
as 9.6 nm at the salinity of 1 mM and 0.956 nm at the salinity of 100 mM 
[62], respectively, decreased, indicating that at high salinity, the elec-
trostatic interaction played a role at a shorter distance, thus, the energy 
barrier affected by the both the repulsive EL interaction and attractive 
AB interactions. Specifically, for the B0 membrane, the dominance the 
AB interaction was due to the diminished XDLVO energy barrier 
whereas for the B20 membrane, the EL interaction prevailed since the 
energy barrier was positive. A similar phenomenon was observed with 
the other negatively charged emulsions (APG and DDAPS), confirming 
the anti-fouling ability of the B20 membrane under varying salinity 
levels and different surfactant types. Thus, the increased B20 membrane 
fouling can be explained by the reduction in the energy barrier due to 
increased salinity. When filtering the SDS-stabilized emulsion through 
the B0 membrane, the energy barrier also diminished and eventually 
disappeared with the increase in salinity from 1 mM to 100 mM, 
respectively. For example, as shown in Fig. 6e and Fig. 8e, at a separa-
tion distance of 2 nm, which was close to the separation distance cor-
responding to the energy barrier of the B20 membrane at 1 mM salinity 
level, the corresponding interaction energy of B0 membrane was 3375 
kT at 1 mM and then decreased to − 1023 kT (100 mM), indicating that 
the attractive interactions between the oil droplets and the membrane 
surface became stronger, thereby, potentially, intensifying membrane 
fouling. The XDLVO model, thus, accurately predicted the fouling ten-
dency of the B0 and B20 membrane at the salinity of 1 mM, based on the 
energy barrier values whereas at high salinities (20 mM, 100 mM), due 
to the dominance of the AB component, a mismatch between the fouling 
tendency and XDLVO occurred for the B0 membrane. It can be inferred 
that at low salinity levels, the interaction between oil droplets and the 
membrane surface was primarily governed by electrostatic forces, while 
at high salinity levels, adhesion behavior was mainly driven by AB 
interactions.

To further evaluate the effect of salinity on various interactions, in 
addition to analyzing the DLVO/XDLVO curves and energy barriers, we 
also examined the interfacial free energy components of the micro-sized 

oil droplets and B0/B20 membranes at a separation distance of 0.158 
nm. There, the impact of electrostatic free energy (ΔGEL) on the overall 
interfacial free energy (ΔGTOT) was minimal, given its long-range 
properties. At low salinity (1 mM), as shown in Table.S5, the B0 mem-
brane exhibited the highest ΔGTOT (− 9.37mJ/m2), e.g. compared to 
100 mM salinity (− 10.71 mJ/m2), consistent with the increased mem-
brane fouling observed at high salinity (Fig. 5). The Lifshitz–van der 
Waals Free Energy (ΔGLW) values remained nearly unchanged across 
different salinities (ranging from − 0.93 to − 1.03 mJ/m2) (Table.S5), 
indicating that salinity has a limited effect on van der Waals in-
teractions. This aligns with the findings of Xie et al., who reported that 
van der Waals interactions are insensitive to the variation in electrolyte 
type, concentration, and pH [63]. At low salinity, after SiC deposition, 
the absolute value of the LW component (− 0.093mJ/m2) was lower for 
the B20 membrane than for the B0 membrane (Table.S6). This is because 
the weaker dispersion forces between the surface of B20 membrane and 
the liquid reduced the tendency of the liquid to maintain a spherical 
shape on the surface, making it easier for the liquid to spread, resulting 
in a more hydrophilic surface. Meanwhile, the Acid-Base Free Energy 
(ΔGAB) increased considerably from − 8.44 mJ/m2 (B0) to − 2.71 mJ/m2 

(B20), indicating that fouling caused by acid-base interactions was 
effectively reduced after SiC deposition. A similar phenomenon was 
observed at high salinities (Table S5 and S6). The increase in ΔGAB at 
different salinities suggests that SiC deposition enhanced the interaction 
between surface functional (hydroxide) groups and polar water mole-
cules [64]. This enhancement is primarily due to hydrogen bonding 
interactions between water molecules and electron-donating (γ+) or 
accepting (γ− ) groups. These stronger interactions create a high surface 
energy, which effectively resists fouling [65].

3.4.2. Interaction between deposited oil layer and oil droplet
With the increase in filtration time, the oil droplets aggregated, 

eventually forming a cake layer to serve as an extra filter layer. The oil 
droplet-oil droplet interaction was determined entirely by the properties 
of the oil rather than the membrane characteristics. Thus, when the cake 
layer was formed, the same zeta potentials and contact angles resulted in 
an overlap of the DLVO and XDLVO curves for the fouled B0 and B20 
membranes (Fig. 9 and Fig.S5). As shown in Fig. 9, when the cake layer 
was formed, the influence range of each energy component varied. All 
three interaction energies decreased to zero as the separation distance 
increased, but the ranges of their influence varied. For both fouled 

Fig. 9. Effect of surfactants on the deposited oil layer-oil droplet interaction energy for the B20 membrane: (a) LW, (b) EL, (c) AB, and (d) DLVO, and (e) XDLVO 
interaction energy at 1 mM salinity.
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membranes, the influence range of the EL component was the then 
longest (Fig. 9b), with magnitudes decreasing to 0 at d ≥ 60 nm, while 
the AB (Fig. 9c) surpassed the EL and LW interactions and dominated the 
curve of attraction and repulsion at a separation distance smaller than 3 
nm. This can be explained by the hydrophobicity of the oil cake layer 
and the corresponding improved AB interfacial force [66]. Fig. 9d shows 
that oil droplets stabilized with CTAB had to overcome the largest en-
ergy barrier to adsorb or deposit on the oil layer, followed by SDS, APG, 
and DDAPS. The reason is that the absolute value of the CTAB stabilized 
oil droplets was the largest, contributing to the larger EL component, 
which was dominant in the DLVO interaction. The energy barrier of the 
oil-membrane interaction was thus lower than that for the oil droplet-oil 
layer interaction, indicating that the accumulation of the fouling in the 
later stages of filtration was less than in the initial stage (0–3 min). Based 
on the membrane-oil droplet DLVO interaction energy in Section 3.4.1, 
the B20 membrane was expected to show severe fouling when filtering 
CTAB stabilized O/W emulsions over 20 min. However, the positive 
DLVO interaction energy between the CTAB-stabilized oil droplets and 
the deposited oil layer on the B20 membrane alleviates the membrane 
fouling. However, during the filtration, it was found that there was no 
decline in the slope of the TMP curve (Fig. 3). The possible reasons 
would be that the filtration time of each cycle was too short (20 min) to 

develop the oily cake layer, and that the drag force/crossflow could 
reduce the generation of the cake layer. Thus, the membrane surface was 
not fully covered with the cake layer and the fouling mechanism was the 
combination of the pore blocking (membrane-oil interaction) and the 
cake filtration (oil droplet-oil droplet interaction). For these two types of 
fouling, the oil-membrane interaction dominated over the oil-oil in-
teractions, confirmed by the surface SEM images and Energy Dispersive 
X-ray (EDX) mapping images of the B0 and B20 membranes. This is 
particularly apparent for the B20 membrane, where the oil coverage 
area on the surface (35 %) was smaller than the clean membrane surface 
area (65 %) (Fig. 10). In contrast, the B0 membrane had a higher oil 
coverage of 46 %, indicating that oil-membrane interactions influenced 
54 % of the surface, while oil-oil interactions accounted for the 
remaining 46 %. The calculation of the total DLVO interaction energies 
were based on the percentage of oil-oil and oil-membrane interactions 
[67]. For example, in SDS-stabilized emulsions at 1 mM salinity, the 
DLVO interaction barrier for the oil-membrane interaction for the B0 
and B20 membranes were 7529 kT and 4536 kT, respectively. The DLVO 
interaction for the oil-oil interaction was 15,012 kT. Thus, under the 
combined fouling mechanism, the total DLVO interaction energy bar-
riers for the B0 and B20 membranes were 10,135 kT and 9354 kT, 
respectively. Moreover, Fig. 9e indicates that the XDLVO interaction 

Fig. 10. (a) Surface SEM images of the fouled B0 membrane following a 20 min filtration cycle; (b) Corresponding EDX mapping images; (c) Surface SEM images of 
the fouled B20 membrane and (d) Corresponding EDX mapping images.
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energy barrier was slightly positive due to the dominance of the AB 
component. This XDLVO energy barrier is smaller than the oil- 
membrane XDLVO interaction energy barrier, indicating a higher 
fouling tendency. This finding is consistent with results from the fouling 
experiment. Thus, the XDLVO model better predicted the fouling at the 
later stage of the fouling experiment.

3.4.3. DLVO model and membrane fouling resistance
As shown in Fig. 11, the connection between the DLVO interaction 

energy of the oil droplet-membrane surface interaction and the mem-
brane fouling resistance is illustrated, using a separation distance of 1 
nm, as proposed by Lin et al. [66]. Based on the DLVO theory, a positive 
repulsive interaction energy between a membrane and an oil droplet 
indicates the alleviation of membrane fouling, while a negative value 
suggests an attractive effect that could increase membrane fouling. The 
B0 membrane exhibited a positive DLVO interaction energy for all types 
of the surfactants, while the B20 membrane also showed a higher pos-
itive value for the emulsions stabilized by the negatively charged SDS, 
APG, DDAPS. Meanwhile, as indicated by the direction of the blue arrow 
(from top left to the bottom right), both B0 and B20 membranes showed 
that reversible and irreversible fouling decreased with increased DLVO 
interaction energy, owing to the higher electrostatic repulsive in-
teractions with negatively charged emulsions. The electrostatic inter-
action was the primary contributor to the DLVO interaction energy. A 
similar phenomenon can be observed at the salinity of 20 mM (Fig.S6) 
and 100 mM (Fig.S7). These findings offer valuable insights into 
reducing membrane fouling after the SiC coating at various salinities 
and surfactant types, attributed to the higher positive value of DLVO 
interaction energy.

3.5. Limitations and Recommendations

DLVO and XDLVO models cannot consider the effects of drag and 
shear forces. Although XDLVO is a more complex model for identifying 
the total interaction energy and membrane fouling, the AB compound 
dominates the XDLVO total energy value, ignoring the contributions of 
LW and EL compounds and obscuring the fouling tendencies of various 
O/W emulsions. Therefore, the DLVO model can better predict and 
compare the fouling of various O/W emulsions, particularly for the 
foulant-membrane interactions at higher salinity. During the filtration 
experiments, a single foulant-membrane interaction may not fully 
represent the overall interactions near the membrane surface, as mul-
tiple interactions, such as foulant-foulant interaction, also occur. Addi-
tionally, the electricity-enhanced electrified SiC membrane is 
recommended for future studies to mitigate fouling, given the 

dominance of EL interaction energy. In this study, the average surface 
roughness for the B0 and B20 membranes is slightly increased, with 
values of 55 ± 3 nm and 76 ± 3 nm, respectively (Fig. S8). Therefore, 
the effect of the surface roughness of the B0 and B20 membrane on the 
DLVO/XDLVO model was not considered in this study.

4. Conclusion

Utilizing DLVO models to quantify the interaction between the 
micro-sized oil droplets and the B0/B20 membrane helped predict the 
membrane fouling at the same hydrodynamic conditions. Variations in 
hydrodynamic effects were reduced by maintaining consistent crossflow 
velocities and permeate fluxes. In constant flux crossflow experiments, 
the B20 membrane had less reversible and irreversible membrane 
fouling than the B0 membrane when filtrating O/W emulsions stabilized 
with negatively charged surfactants (SDS, APG, and DDAPS). Addi-
tionally, the B20 membrane exhibited higher DLVO interaction energies 
than the B0 membrane. The EL components, which have the longest 
interaction range, mainly influence membrane fouling. In contrast, the 
LW and AB components, which act as the middle and short-range force, 
have little impact on membrane fouling. Notably, both the (X)DLVO 
interaction energies between the membrane and oil droplets strongly 
aligned with the reversible and irreversible fouling at a low salinity of 1 
mM. At higher salinities (20 and 100 mM), the DLVO model also aligned 
well with the observed fouling trends for both B0 and B20 membranes. 
Additionally, the (X)DLVO model indicated that an increase in salinity 
from 1 mM to 100 mM resulted in a decreased (X)DLVO interaction 
energy barrier, aligning with increased reversible and irreversible 
fouling during filtration with SDS, APG, and DDAPS-stabilized O/W 
emulsions for the B20 membrane. Conversely, the observed increase in 
DLVO interaction energy for CTAB-stabilized emulsion aligned with a 
decreased fouling propensity and lower reversible and irreversible 
fouling for the B20 membrane. In summary, by coupling fouling ex-
periments with (X)DLVO modeling, this study enhances the fundamental 
understanding of the impact of ionic strength and surfactant types on 
reversible and irreversible fouling by micro-sized oil droplets in cross-
flow constant flux mode.
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