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A B S T R A C T   

While membrane separation has proven to be an outstanding method for separating oil in water (O/W) emulsions 
containing droplets smaller than 20 µm, it is severely limited due to fouling. Much research has been aimed at 
understanding the mechanism behind membrane fouling, particularly for ultrafiltration (UF) membranes. 
Interestingly, studies pointed out that the emulsifier, namely surfactant, is the main source of fouling in nano
filtration and reverse osmosis, while in the case of UF, oil is generally regarded as the main source of fouling. 
Herein, we study the fouling of UF membranes during separation of O/W emulsions stabilized by surfactants, 
with the explicit goal of determining the relative impact of the oil and surfactant present on fouling severity and 
dynamics. Results obtained from flux decline measurements, complimented by visualization using confocal 
microscopy, show that oil causes irreversible fouling to a certain extent, however, surfactant fouling dominates 
the observed membrane performance. The degree of fouling and flux recovery appears to be closely related to the 
properties the surfactant, namely charge and molecular weight, as has been observed in the past but attributed to 
the oil-membrane interactions, mediated by the surfactant. Further, to visualize the fouling mechanisms, direct 
observation via a confocal microscope set-up is used to capture real-time images of the membrane surface, which 
reveal that surface coverage of oil is not directly related to flux decline during the separation process. Our results 
suggest that membrane flux decline and fouling is dominated by membrane-surfactant interactions, the exact 
nature of which is a topic for future extensions of this work.   

Introduction 

Oily wastewater is generated by many industries, e.g., shale oil and 
gas, petrochemical, metallurgical, food, and pharmaceutical industries 
(Hu et al., 2013; Ahmad et al., 2020; Padaki et al., 2015; EPA, 2002; Yu 
et al., 2017; Kalla, 2021). Traditional treatment by froth-flotation and 
coagulation flocculation cannot separate stabilized O/W emulsions, 
where droplet size is <20 µm (Finborud et al., 1999; Zhao et al., 2021; 
Lapointe and Barbeau, 2020). Offering fit-for-purpose tunability, easy 
operation, low energy consumption and efficient separations (Adhikari 
and Fernando, 2006; Ismail et al., 2009), membrane filtration has 
become of increasing interest in the past few decades, and is broadly 
applied in treating oily wastewater streams, especially stable O/W 
emulsion (Qiao et al., 2008; Madwar and Tarazi, 2003; Çakmakce et al., 

2008; Kim et al., 2011). However, membranes often suffer from severe 
fouling, which affects process energy consumption and costs. A key step 
for fouling mitigation lies in understanding the mechanisms of fouling 
formation. However, the influence of surfactants on fouling during sta
ble O/W emulsion separation remains elusive. Several studies have 
assumed that adsorption of charged surfactant onto both the membrane 
surface and the oil droplet can effectively prevent interaction between 
the oil and the membrane surface due to electrostatic repulsion (Wu 
et al., 2018). Meanwhile, for the case of nanofiltration and reverse 
osmosis membranes, it has been pointed out that surfactants are the 
main foulants due to strong surfactant adsorption in/onto the membrane 
pores (Virga et al., 2021; Chen et al., 2016). Nevertheless, reports on 
surfactant fouling of porous membranes with molecular weight cut-off 
(MWCO) larger than the surfactant, particularly ultrafiltration (UF) 
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membranes, are few and evidence remains inconclusive. 
To date, most of the studies use indirect measurement to understand 

the fouling on UF membranes during the emulsion separation process. 
Through changing the working parameters such as transmembrane 
pressure (TMP), temperature, pH, surfactant concentration and oil 
concentration, the permeate flux of the membrane is changed, hence 
indicating a mitigation or alleviation of membrane fouling. Direct 
observation of the membrane via confocal microscopy, providing real- 
time images of oil deposition on the membrane has been shown 
proved to be a useful approach to monitor the dynamics of oil droplets 
on the membrane surface (Vu et al., 2019; Dickhout et al., 2018; Fux and 
Ramon, 2017), as well as providing a means to understand the influence 
of anti-fouling surface modifications (Itzhak et al., 2021). 

In the present study, we investigated the relative impact of the main 
constituents of the emulsion, namely the oil droplets and the surfactant, 
on fouling of UF membranes. In particular, we use both ‘bulk’ flux 
decline experiments, typically employed for fouling studies, as well as 
complementary in-situ visulization using a high-resolution confocal 
microscopy setup. 

Materials and methods 

Membranes and feed composition 

Commercially available polyethersulfone (PES) flat sheet UF mem
branes (Synder filtration) were used, with MWCO of 20 kDa (SM) and 
100 kDa (LY), as well as MF membranes composed of cellulose acetate 
with a 0.1 μm nominal pore size. For the emulsions, hexadecane (99 %), 
the neutral surfactant triton X-100 (TX), negatively charged surfactant 
sodium dodecyl sulfate (SDS), and positively charged surfactant hex
adecyltrimethylammonium bromide (CTAB), were used (Sigma-Aldrich 
Co., USA). NaCl (S D Fine-Chem Limited, India) was added to the oil- 
water emulsion to increase the ionic strength; Rhodamine-PEG-Pyrene 
(RPP) (Anatrace, OH, USA) was used in surfactant filtration test for 
visualization. Dye-Lite (Tracerline, USA) was used as a fluorescent 
marker for oil droplets. 

Three types of surfactant-stabilized oil emulstions (O/S/W) were 
prepared, comprising 500 ppm hexadecane and 0.165 mM of a surfac
tant (i.e., TX, SDS or CTAB), unless stated otherwise. Hexadecane was 
mixed with DDI water in a homogenizer (MiniBatch D-9, MICCRA) at 
11,000 rpm for 3 min, followed by addition of the surfactant; the solu
tion was then mixed with a magnetic stirrer for 10 min. Oil droplets size 
was measured by a particle size analyzer (Malvern Mastersizer 2000), 
see Fig. S2 in the supplementary material. Surfactant in water solutions 
(S/W) were prepared by simply mixing surfactant and water with a 
magnetic stirrer for 10 min. In addition, a drop shape analyzer (DSA25E, 
Krüss) was used for measuring the surface tension of all the solutions and 
the contact angle between oil and membrane in the surfactant solution 
with and without NaCl. The Zeta potential of the oil droplets in the 
surfactant solution was measured using a Malvern Zetasizer Nano 
(Malvern Instruments Ltd., UK), see Fig. S2 in the supplementary 
material. 

Crossflow filtration system 

A crossflow membrane filtration system was employed, with 3 
identical cells (each with a total membrane filtration area of 19.5 cm2). 
Feed was supplied from a sealed tank, pressurized by compressed air via 
a controller (MFCS-EZ, FLUIGENT), with trans-membrane pressure 
(TMP) measured by a differential pressure transducer (Omega Engi
neering, USA). Cross flow was maintained by a micro gear pump (see 
supplementary material for a schematic of the system). During a 
permeability test, membranes were first stabilized at a TMP of 0.5 bar 
for 30 mins, after which permeability tests were conducted under 
crossflow mode at 0.5, 1.0 and 1.5 bar. At each TMP, after stabilizing the 
flux for 10 min, the weight of the permeate was continuously recorded 

for 5 min, with an interval of 4 s. The permeate flux was calculated by 
converting the mass to volume and calculating the difference in volume 
at set time intervals. Membrane permeance was then calculated based on 
the linear regression of the average flux plotted against the applied 
pressure. 

Separate visualization experiments were performed using a custom- 
made flowcell, providing high-resolution optical access to the mem
brane surface via confocal microscopy (Fux and Ramon, 2017) (see 
schematic illustration in Fig 1). The flowcell dimensions are 0.6 × 6 × 36 
mm (h × w × l), providing an active membrane area of 2.16 cm2. The 
system is identical to the one used for the fouling tests, except for the 
flowcell, which was mounted on the stage of a confocal microscope. 
Also, permeation was measured using a flow sensor (Fluigent). During 
the experiment, 3 regions, each with an area of 2 × 2 mm, are scanned 
by the confocal microscope with a step size of 0.33 μm in the vertical 
direction, every 5 min. The excitation/emmission wavelength of the 
fluorescent dye is 561 nm; reflected and fluorescent signals were used to 
capture the membrane surface and the dyed oil droplets, respectively. In 
order to obtain the aereal oil coverage, image analysis was preformed 
using binary pixel conversion performed in ImageJ. All visualization 
experiments were repeated at least twice, to ensure reproducibility of 
the results. Furthermore, in order to visualize the interaction of surfac
tant with the membrane surface, Rhodamine-PEG-pyrene (RPP) - an 
amphiphilic molecule, was used, where the Rhodamine is the fluo
rophore detectable via confocal microscopy. 

Fouling experiments 

Filtration tests were conducted in crossflow mode. Following a 
permeability test, a feed solution was first circulated for 10 min with no 
pressure at 150 ml/min to ensure complete filling of the system. Next, 
the pressure was adjusted, in different experimental sets, at 0.5, 1.0, 1.5 
or 2.0 bar. Permeate weight was continuously recorded during each 1hr 
test. The flux is expressed scaled against the pure water flux, J = J/J0, 
where J is the water flux and J0 is the initial water flux obtained through 
the permeability test. Following the fouling atep, a cleaning step was 
performed and the feed was replaced by DDI water and circulated in 
cross-flow mode, at 1 bar for 30 min, after which the feed was replaced 
with fresh DDI water and circulated in a crossflow mode, without any 
external pressure, for an additional 10 min. Following the membrane 
cleaning, membrane permeability was measured again (as detailed in 
Section 2.2) to assess the flux recovery. 

Fig. 1. Schematic diagram of the direct observation crossflow filtration system. 
A flowcell, fitted with a glass window, is placed on the stage of a confocal 
microscope for in-situ monitoring of the membrane surface. A pressure 
controller monitors the pressurized tank from which the feed stream is supplied 
into the cell. The permeate flux is continuously recorded by a microfluidic flow 
rate sensor, in conjunction with the acquired microscopic images. 
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Results and discussion 

Flux decline is mostly caused by surfactants, not oil 

We begin by examining the degree of flux decline during O/S/W 
separation, as presented in Fig. 2. Regardless of operating conditions and 
surfactant type, a clear common feature is observed, namely, that the 
flux decline is insensitive to the presence of oil - as long as the surfactant 
is present. This outcome is very repeatable, and is manifested by an 
insignificant difference in the final flux measured at the end of each 
fouling test, conducted under identical conditions with or without oil 
present in the feed, as shown in Fig. 2a (see supplementary material for 
complete data sets showing the dynamics during these tests). A similar 
trend is found in the direct observation experiments, in the dynamics of 
both flux decline and membrane area coverage (see Figs 2b-d). In the 
latter case, visualization clearly shows that the flux is not correlated 
with the degree of membrane surface coverage, most strongly exem
plified for the case of an O/W mixture (without surfactant), where the 
membrane is nearly completely covered in oil, while the flux decline is 
much smaller than that observed in the presence of the surfactants. 
While the severity of flux decline does change with the type of surfactant 
employed, the presence or absence of oil makes very little difference, up 
to oil concentrations of 5000 ppm (see supplementary material, Fig. S6). 

In general, charge interactions are expected to be present between 
the oil droplets and the membrane, which become screened as the ionic 
strength is increased, or when a non-ionic surfactant is used (these ef
fects have already been observed in the literature (Dickhout et al., 2018; 
Tummons et al., 2017), which has been focused on the oil-membrane 
interactions). However, this is mostly manifested by the reversibility 
of oil coverage, and not so much in terms of flux recovery, which is 

apparently dependent on other, surfactant-specific factors, possibly 
molecular size, hydrophobic interactions and surfactant-surfactant in
teractions (increasing the concentration of the surfactant results in a 
much greater degree of flux decline). Differences in droplet behavior in 
the presence of charged vs. uncharged surfactants are apparent in the 
severity of flux decline, but more interestingly, in the degree of mem
brane coverage and, at least qualitatively, the morphology of the oil 
layer. This is likely an interesting outcome of membrane-oil interactions 
modulated by the surfactant type, and is also manifested in the degree of 
flux recovery after rinsing (as seen in Figs 2(b-d) and summerised in Fig 
S3 in the supplemetal material). These aspects, however, extend beyond 
the scope of the current work and are left for future elaboration. 

Membrane pore size effect on the relative impact of oil on fouling 

To further inspect the relative impact of surfactants on fouling, 
separation of O/S/W and S/W feed was also conducted using mem
branes with larger pore size, namely a 100 kDa UF membrane (LY) and a 
MF membrane with a nominal pore size of 0.1μm. As before, fouling was 
followed by a rinsing stage using DI water (see Fig. 3). The results show 
the flux decline with and without oil, alongside real-time confocal im
ages. For the 100 kDa UF membrane and a TX solution, rapid flux decline 
is observed, with or without the presence of oil. Meanwhile, filtration of 
a feed containing only water and oil exhibited much lower flux decline 
over the same experimental duration. As before, the presence of sur
factant affects reversibility - a simple water rinse recovers much of the 
flux in the cases where TX was present, whereas the flux of a membrane 
exposed to oil alone is not as affected by DI rinsing. In contrast, for the 
MF membrane, the flux decline behavior is qualitatively different. While 
all three cases foul the membrane, the combination of oil and surfactant 

Fig. 2. (a) Degree of flux loss, scaled against the initial flux, after 60 mins of filtration, for oil-water-surfactant (O/S/W) emulsions containing different surfactants, or 
without surfactant. In all these experiments, the membrane used was the SM (20 kDa), PES UF membrane. Note the overlap between the empty (no oil) and full 
markers (with oil) in some of the data points. (b)-(d): Flux decline during filtration experiments, along with confocal images obtained at t = 5 and 60 min, and 
following a 10 min DI water rinsing. Plots show the scaled flux and available membrane area vs filtration time, for: (b) O/W emulsion with no surfactant added (c) O/ 
S/W emulsion with TX (concentrations of 0.165 mM and 0.0165 mM). (d) O/S/W emulsion with CTAB (0.165 mM) with and without 133 mM NaCl. All experiments 
were conducted at 1 bar and oil concentration was 500 ppm. The scale bar represents 10 μm. 
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is the most severe. Comparing ‘only oil’ with ‘only TX’, it seems that size 
plays an important role since large droplets block the membrane pores 
more than the small TX molecules. Rinsing the membrane with water 
achieves some flux recovery. Further, it appears that the presence of TX 
facilitates more severe, less reversible membrane fouling, presumably 
due to screening of electrostatic interactions. These result illustrate how, 
as pore sizes become comparable with oil droplet size, the contribution 
of oil to flux decline becomes more important. 

Internal fouling of surfactant via adsorption onto the membrane pore 
surface 

In the fouling visualization experiments, the oil was observable due 
to the addition of a fluoresecent dye, but we could not directly image the 
impact of the surfactants used. Therefore, in order to obtain evidence of 
surfactant and membrane interactions, Rhodamine-PEG-pyrene (RPP) 
was used in separate imaging experiments, as shown in Fig. 4. This 
imaging is shown alongside measurements demonstrating the degree to 
which the membrane rejected TX100. As demonstrated in Fig. 4, after 
permeation of a solution containing RPP the membrane structure can be 
clearly imaged throughout its depth. This indicates the penetration of 
RPP molecules through the membrane with at least some retained inside 
the pores. A reasonable conclusion is that surfactant accumulates on the 
surface and within the membrene pores. 

TX rejection tests, as described in Section 2.2, were conducted to 
further assess the degree to which surfactant accumulates within the 
membrane structure (see Fig. 4). The concentration of TX is represented 
as the normalized absorption, which is the ratio between the absorption 

peak of TX in a tested permeate sample and the absorption measured in 
the feed solution. As may be seen, the surfactant passage through the MF 
membrane is reduced in the beginning of the experiment but becomes 
complete at some point. In the case of 100 kDa UF membrane, however, 
the rejection is very high throughout the duration of the experiment, 
which supports the notion of surfactant adsorprion, within the mem
brane porous structure, as being the cause of the observed flux decline. 

Concluding remarks 

Understanding the interplay between the characteristics of oil 
emulsions and the membranes used to seprate them is important for 
better process implementation. Here, we focus on a specific aspect of this 
system, and examine the relative role of the emulsion constituents - oil 
and surfactant - in the observed flux reduction. Macroscopic flux decline 
measurements are aided by direct visualization using high-resolution, 
in-situ confocal microscopy. Our results highlight the mostly over
looked role of the surfactants as the cause for flux decline. Specifically, 
for membranes where, in general, the oil droplet size is larger than the 
membrane pore sizes, the main contributor to fouling is the surfactant, 
not the oil. While the severity of the fouling, in this case, is dependent on 
surfactant type and solution composition, this general observation is 
consistent. In contrast, as pore size becomes comparable to oil droplet 
size, the relative contribution of the oil increases, and the influence of 
surfactants on the contribution of oil droplets to fouling becomes 
apparent, manifested as variations in fouling severity and reversibility. 
A question arising out of the reported results is how do surfactant- 
membrane interactions cause such severe fouling in some cases, 

Fig. 3. The relative impact of oil droplets on fouling, as affected by membrane pore size. Plots show scaled flux data alongside confocal images taken during ex
periments separating different feed solutions: an emulsion of oil and TX-100 (blue), only oil (red) and only TX-100 (green), using 2 different membranes: (a) 100 kDa 
UF (initial flux ~150 LMH) and (b) MF (initial flux ~125 LMH). Points where DI water rinsing is initiated are indicated with an arrow. 
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despite the comparatively small molecular size. This interesting point is 
left for future research. 

Supplemental information 

Details of characterization of emulsions and membranes, including 
oil droplet diameters, surface tension of air/solution and oil/solution, 
zeta potential of the surfactant solution, oil rejection of the membrane, 
and contact angle between oil and the membrane in the circumstance of 
surfactant solution; flux measurement during the fouling experiments; 
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