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Abstract 
The compositions of oil-in-water emulsions encountered in industrial processes vary widely 
depending on their sources. This variety creates challenges for the application of membrane-based 
separation. Electrospun fiber membranes have gained attentions in emulsion separation due to their 
high porosity and open, highly interconnected pore structure. However, because of the unique 
fibrous structure of the membrane and the deformability of oil droplets, the fouling mechanism in 
filtration process remains unclear. To study the membrane-emulsion interaction, electrospun 
polyamide membranes were challenged by model emulsions of dodecane stabilized by different 
types of surfactants in dead-end and cross-flow configurations. It was found fouling in dead-end 
filtration was mainly determined by the electrostatic interactions between the membrane and the 
foulants, while the fouling in cross-flow filtration was correlated to the hydrophobic interactions 
between the oil drop and the membrane. These findings were corroborated by the classical 
blocking filtration models and in-situ visualization by camera. Blocking filtration models also 
illustrated the transition of fouling modes in dead-end filtration. 
 
Based on the findings, a membrane design strategy to reduce membrane fouling in microfiltration 
of oily emulsions was developed by inducing electrostatic repulsions between the membrane and 
emulsion. Plasma treatment and successive layer-by-layer polyelectrolyte dipping depositions 
were used to alter the surface charge of electrospun polyamide membranes while maintaining the 
interconnected pore structure and high porosity. The permeate flux of the plasma-treated 
membranes when separating emulsions stabilized by anionic surfactants were reported to increase 
~3.2-fold, compared to that of the as-electrospun membranes, after 4 hours of cross-flow filtration. 
When separating emulsions stabilized by cationic surfactants, the permeate flux of the polycation-
coated membraned similarly increased ~3.3-fold. This anti-fouling tendency can be expressed 
quantitatively as a function of a proposed design metric, electrostatic repulsion strength. 
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To investigate the fouling mechanism and oil drop-fiber interaction, direct, three-dimensional (3D) 
visualization of oil-fouled electrospun fiber membranes are reported for the first time in this thesis. 
High-resolution 3D images were acquired by a dual-channel confocal laser scanning microscopy 
(CLSM) in which both the fibers and the oil were fluorescently labeled. Through direct 
visualization, rejected oil is found to form droplets of clam-shell shape on the oleophobic fibers, 
while the oil tend to wet the oleophilic polymeric fibers and spread across the membrane. The 
morphology of oily foulants is also analyzed as a function of separation time, which is qualitatively 
consistent with the transition of fouling modes indicated by the blocking filtration models. This 
direct, 3D visualization CLSM technique is a powerful tool for characterizing the mechanisms of 
fouling in membranes used for liquid emulsion separations. 
 
Thesis supervisor: Gregory C. Rutledge 
                              Lammot du Pont Professor of Chemical Engineering 
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1 Introduction 
 
1.1 Motivation 

Water is an important resource for the survival and civilization of human beings [1]. Human 

activities in agriculture, industries and power plants can consume a great amount of water. 

However, the access to clean water is limited, and the growing global population is making the 

issue more serious. On Earth, only 2.5 % of the water is fresh (salt content < 0.1 %), and 2/3 of the 

fresh water is stored as glaciers. Therefore, only less than 1% of the total water is easily accessible 

for human beings [2]. To increase the availability of clean water, the most two common ways are 

desalination of sea water or brackish water, and reclamation of wastewater. Both options present 

opportunities for membrane technology. Reverse osmosis (RO) is gaining popularity in 

desalination due to its high efficiency [3], and micro/ultra-filtration is getting attentions in 

wastewater treatment due to the compact process, less usage of chemicals and less energy costs 

[4,5]. 

 

Oily wastewater is one of the major sources of the liquid industrial waste, especially in areas of 

manufacturing development and urban expansion. According to the McIlvaine report (Northbrook, 

IL), over 700 million gallons of industrial wastewater are produced every day by a wide range of 

industries, including petroleum refining, metal finishing, food processing, and pharmaceutical 

manufacturing [6,7]. The compositions and properties of the discharged solutions vary widely 

according to their application. The large volume and the variety of the industrial oily wastewater 

pose great challenges to efforts aimed at reclamation of the wastewater [8]. 

 

The oil can be categorized based on the diameters of the oil droplets suspended in water as free (> 

150 µm), dispersed (20-150 µm), or emulsified oil (< 20 µm). Free and dispersed oil can usually 

be removed from water by conventional and inexpensive methods such as flotation and skimming. 

However, the gravity-based techniques are inefficient in removing emulsified oil due to 

stabilization by surfactants and consequent long settling time [9]. Emulsified oil is usually 

removed by adding coagulants or de-emulsifiers to destabilize the emulsion, followed by gravity 

separation, but the addition of chemicals is expensive and environmentally unfriendly [10]. 

Compared to the conventional methods, membrane separations are attractive for clean-up of 
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emulsified oil because of the high flux, good oil rejection, compact design and low energy cost 

[11,12].  

 

However, the major challenge to the membrane technology is fouling [13]. Fouling is the process 

by which the rejected oil or particles accumulate within or upon the membrane, reducing the 

permeate flux, and thereby the lifetime of the membrane. Such process might involve cake 

formation, pore blocking, foulant adsorption, or a combination of these mechanisms [14,15]. The 

common strategies to reduce fouling are cross-flushing, back-flushing or adding chemicals to 

remove the adsorbants, which ultimately shorten the lifetime of membrane [16]. Therefore, 

understanding the fouling mechanisms and developing new types of membranes to reduce the 

adverse effects of membrane fouling are the most critical issues that need to be solved in oil-in-

water emulsion separation.    

 

The most common commercial polymeric membranes are made with phase inversion process, 

which can generate pores with sizes in a wide range of 1 nm to 10 µm. However, the resulting 

closed pore structure and the relatively low porosity (50-70 %) are not desired for filtration 

application [17]. Electrospinning, a fiber formation process using electrostatic force, instead can 

overcome the shortcomings of the conventional membranes. Electrospinning generates fibers with  

diameters typically on the order of 0.1-1 µm [18], and the nominal pore diameter is approximately 

3-5 times of the fiber diameter [19,20]. In addition, the high porosity (~90 %) and the highly 

interconnected pore structures allow liquids to find alternative paths through the membranes even 

when some channels are blocked by foulants, resulting in high permeability and improved 

robustness against fouling during filtration processes [20,21]. With these advantages, electrospun 

membranes are attractive candidates for the separation of oil-in-water emulsions. However, due to 

the deformability of oil droplets and the unique fibrous structure of membranes, the fouling 

mechanism of electrospun membranes in emulsion separation remains unclear.  

 

This thesis investigates the fouling mechanism and feasibility of electrospun membranes when 

challenged by different types of emulsions. Based on the finding, a new strategy to reduce the 

membrane fouling with layer-by-layer polyelectrolyte assembly was applied. Lastly, a direct three-
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dimensional visualization technique using confocal laser scanning microscope was developed to 

study the membrane fouling and oil drop-fiber interaction on electrospun mats.     

  

1.2 Background 

1.2.1 Oil-in-Water Emulsion 

Emulsions are colloidal suspensions of a liquid within another liquid phase, typically with droplet 

diameter less than 20 µm. Due to the light scattering on the dispersions, emulsions usually look 

cloudy [9]. The oil-in-water emulsions can be formed in several ways during the industrial 

processes : (1) pumping, mixing or other mechanical activities that input energies to the solutions 

might accidentally or intentionally emulsify the oil in water; (2) addition of emulsifiers, such as 

detergents or surfactants, to the solutions for the purposes of clean or dilution might generate 

emulsions [22]. In general, oil/water emulsions come from a great number of sources in industrial 

process, including floor wash, machine coolants and acid/alkaline cleaners, as listed in Table 1-1. 

The compositions and properties therefore vary widely depending on the applications. Oil 

emulsions can contain different types of oils, surfactants, and salts or their mixtures. The 

concentrations of oil and grease in the wastewater  are also in a wide range, as shown in Table 1-

2. In this work, in order to catch the fouling mechanism in filtration process in an observable time-

scale, a relatively low concentration of oil (< 250 ppm) were applied to the separation experiments. 

 

Table 1-1.  Sources of oily wastewater from industries [7] 
Source Industries Nature 

Acid/alkaline cleaners Metal fabrication, metal finishing Normally highly emulsified due 
to surfactants 

Floor wash All industries Both free and emulsified, 
containing dirt and debris 

Machine coolants Machining, manufacturing Normally emulsified 

Vegetable/animal fat splitting 
and refining 

Food processing, textile and leather 
processing Both free and emulsified 

Petroleum oil refining Petroleum refining and drilling Both free and emulsified  
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Table 1-2.  Concentrations of oil and grease in the industrial liquid waste [8] 
Type of industry Concentration of oil and grease (mg/L) 

Food processing 3,000 - 4,000 

Metal finishing 100 - 5,000 

Mining operation 3,000 - 23,000 

Aluminum rolling 5,000 - 50,000 

Petroleum refinery 16 - 3,200 

Oil drilling 7 - 1,300 

    

1.2.2 Membrane Technology 

Pressure is the driving force for membrane separation. Thus, the membrane process used for liquid 

filtration is most commonly categorized by the operating pressure, which is influenced by the pore 

size of the membrane or the particle size cut-off by the membrane, as presented in Figure 1-1 [23]. 

 

Particle size (µm)                        10-3                     10-2                     10-1                      1 

Relative size of 

common materials 

     

Membrane type      

Operating pressure                  >0.5MPa                    0.05-0.3MPa              0.01-0.2MPa 

Figure 1-1.  The pore size range for different membrane separation process [24]. 
 

The membrane processes include microfiltration, ultrafiltration, nanofiltration and reverse osmosis. 

As mentioned in Section 1.1,  reverse osmosis is commonly applied to the seawater desalination 

and the production of ultrapure water in industries. Nanofiltration is typically used in water 

softening, removal of Ca2+ and Mg2+. For the purpose of separating oily mulsion, microfiltration 

and ultrafiltration membranes are currently gaining popularities due their low cost, less usage of 

chemicals and a more compact process [25]. 
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Two terms are usually used to characterize the performance of the membrane separation: permeate 

flux and rejection. Permeate flux is the volume of permeate passing through the membrane area 

within a certain time, defined as the equation below: 

 

𝐽 =
𝑉

𝐴 × 𝑡 
(1-1) 

 

where 𝐽 is permeate flux, 𝑉 is volume of permeate, 𝐴 is effective membrane area, and 𝑡 is time for 

permeation. Rejection is the fraction of contaminant mass rejected by the membrane, as calculated 

using the following equation: 

 

𝑅(%) = /1 − 12
13
4 × 	100  (1-2) 

 

where 𝐶8 and 𝐶9 are oil concentrations of the permeate and feed, respectively, which in this thesis 

were measured using a total organic carbon (TOC) analyzer. 

 

1.2.3 Electrospinning 

Electrospinning is a technique that uses electrostatic force to produce continuous polymer fibers 

[26]. Compared to the conventional fiber spinning process such as high-speed spinning which 

usually generates fibers with diameters in the range of  10-500 µm, electrospinning is able to 

produce fibers with much smaller diameters down to a few nanometers [18]. Therefore, it has 

generated great interests in wide applications of nanotechnology, tissue engineering, drug delivery, 

and membrane technology [27]. A schematic setup of electrospinning is illustrated in Figure 1-2. 

Typically a small amount of polymer solution is contained in a syringe and extruded out of a 

capillary at a low flow rate by using a syringe pump. The capillary is meanwhile subjected to a 

high potential difference with respect to a grounded counter electrode. When the electric field is 

presented, charge accumulates on the surface of the fluid, and the repulsion among the charges 

leads to a destabilization of the shape of the droplet from hemisphere to a cone, which is also 

known as “Taylor cone.” A jet then ensues when the columbic repulsion force is larger than the 

surface tension. The jet travels downfield toward the grounded collector plate and the diameter of 

the jet decreases due to extension and evaporation of the solvent. The jet remains in a straight line 
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at first, but will eventually become unstable with respect to bending perturbations, resulting in a 

whipping-like motion. The “whipping instability” is believed to be responsible for the formation 

of very small diameter fibers due to further stretch of the jet and increasing evaporation rate of the 

solvent [28]. The continuous fiber is then deposited on the collector plate in the form of non-woven 

mat. 

 

In the study of electrospinning, one of the most common characteristics is fiber diameter, which 

can be related to pore size for separation application. One common practice to manipulate fiber 

diameters is changing the concentration or  molecular weight of polymers, which can influence the 

polymer entanglement and solution properties, such as surface tension and viscosity, and therefore 

determine the fiber diameters [29]. Another solution property that can affect fiber diameter is 

conductivity. A polymer solution with higher conductivity has been shown leading to smaller fiber 

diameters [30]. Addition of salt or acid into the polymer solutions is a typical way to increase the 

conductivity [31]. 

 

Electrospun fiber mats are highly susceptible to compression due to the relatively low mechanical 

property and high porosity, which can be an issue for the application in membrane separation, a 

pressure-driven process [32]. There are several ways to improve the mechanical strength of 

electrospun mats, such as adding other components into polymer solutions or inducing welding at 

the fiber-fiber junction. Welding is a cost-effective method that can be introduced by post 

treatments of solvent or thermal annealing. In solvent annealing, the fibers mats are exposed to a 

chamber of solvent for a period of time; in thermal annealing, the membranes are heated at or 

above the glass transition temperature of the polymer [31,33]. Besides welding, the heating process 

might also change the crystallinity of fibers or eliminate the pores within fibers, resulting to 

enhancement of mechanical strength [34,35].    
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Figure 1-2.  A schematic illustration of single needle electrospinning setup 
 

1.3 Thesis Objectives 

Electrospun mats are promising candidates for microfiltration application due to the appropriate 

pore size range (~0.1 µm to 10 µm), high porosity and highly interconnected pore structure. The 

resulting high surface area (~ 100 m2/g) also provides great chances for the study of interfacial 

behaviors and surface functionalization. Therefore, in this thesis, the interfacial properties of the 

membranes and the oil drop-fiber interactions would be mainly focused in order to evaluate the 

applicability of electrospun fiber membranes in separation of oil-in-water emulsions and their 

fouling mechanisms during the filtration process. After understanding the mechanisms, I expect to 

develop a strategy of membrane modification to reduce the fouling and improve the performance. 

The specific objectives involved in this work are as follows: 

 

1. To examine the performances of electrospun fiber membranes challenged by different types of 

emulsions and to elucidate the fouling mechanisms through application of fouling models. 

Fouling and cleaning mechanisms are studied by designing a filtration system that include both 

dead-end and cross-flow configurations. 

 

2. Based on the findings in Objective 1, to develop a method of surface functionalization on the 

electrospun fiber membranes to reduce the fouling and improve the efficiency. The method 

should be able to adapt to the variety of industrial oily wastewaters. 

 

~10k
V 
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3. To develop a direct three-dimensional visualization technique to observe and study the 

membrane fouling and oil drop-fiber interaction. The results of visualization are expected to 

compare with the modeling works of membrane fouling. 
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2 Separation of Oil-in-Water Emulsions Stabilized by Different 

Types of Surfactants using Electrospun Fiber Membranes 
Portions of this chapter are reprinted from Y.-M. Lin, G.C. Rutledge, J. Mem. Sci. 563 (2018) 247-

258, with permission of Elsevier. 

 

2.1 Introduction 

Oil-contaminated wastewater are produced by a wide range of industries, including petrochemical, 

metallurgical, pharmaceutical, food and beverage industries, every day [1]. The compositions and 

properties of these effluents therefore vary widely according to their sources. This variety creates 

great challenges for the reclamation of oily wastewater [2]. Free floating and unstable suspended 

oil can be removed inexpensively by conventional methods such as gravity-based or centrifugal 

separations. However, these techniques become inefficient when the oil is present as an emulsion, 

with droplet sizes below 20 µm [3]. In comparison, membrane separations have demonstrated high 

oil removal efficiency, low energy cost and compact design, which make them gain popularities 

in the treatment of oil-in-water emulsions [4,5]. However, the major challenge to the membrane 

technology is fouling, which can lead to flux decline, shorter lifetime of membrane and increased 

material and energy costs [6]. Therefore, it is critical to understand the mechanisms that cause 

fouling, and to reduce their negative effects on separation of oil-in-water emulsions. 

 

Electrospun fiber membranes have gained attention in separation applications over the past ten 

years [7–11]. This popularity is due to the small fiber diameters generated by electrospinning, 

typically on the order of 0.1-1 µm. In addition, the high porosity (~90%) and the highly 

interconnected pore structures allow liquids to find alterative paths through the membranes even 

when some channels are blocked by foulants, resulting in high permeability and improved 

robustness against fouling during filtration processes. Wang et al. and Choong et al. showed that 

electrospun fiber membranes exhibited higher flux than commercial microfiltration membranes 

with comparable mean pore sizes, while maintaining comparable levels of rejection [11,12]. 

Choong et al furthermore showed that the decline in flux with time due to fouling was slower in 

electrospun fiber membranes [13].  With these advantages, electrospun membranes are attractive 

candidates for the separation of oil-in-water emulsions. 
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Several works have been conducted to study the feasibility of using electrospun membranes as flat 

sheet microfilters for oil/water emulsion separation. Yoon et al. applied electrospun 

polyacrylonitrile scaffolds as the supporting layer coupled with a thin top layer of hydrophilic 

coating (e.g. chitosan) [9,10]. Raza et al. developed a composite membrane composed of an in situ 

cross-linked polyethylene glycol diacrylate nanofibrous layer and a polyacrylonitrile/polyethylene 

glycol nanofibrous layer by electrospinning, and obtained a high permeate flux, up to 10000 Lm-

2h-1 (LMH) [14]. Previous work in our own group examined the performance of electrospun 

polyamide membranes in dead-end filtration as a function of pressure drop, oil concentration and 

fiber diameter; the permeate flux of electrospun membranes was found to be three times higher 

than that of a commercial Nylon phase inversion membrane with comparable bubble point 

diameter while maintaining similar rejection [12]. Islam et al. also used an electrospun Nylon 

6/SiO2 membrane as supporting layer with polyvinyl acetate coating and showed a higher 

permeability (~2000 LMH/bar) than that of a commercial polysulfone microfiltration membrane 

with comparable pore size when separating oil-in-water emulsions with droplet size of 1.6 µm in 

a dead-end configuration [15]. Wang et al. prepared electrospun membranes decorated with 

polydopamine nanoclusters; the resulting hierarchical surface structure resulted in high 

hydrophilicity and underwater oleophobicity, and the membrane exhibited a high permeate flux 

(~1600 LMH) when separating oil-in-water emulsions in a dead-end configuration [16]. A number 

of studies have modified electrospun membranes in order to improve their filtration performance. 

However, investigation of the fouling mechanism of electrospun fibrous membranes has been 

limited [12,17]. 

 

Emulsified oils, whether encountered in industrial processes or released into the environment, are 

typically stabilized by surfactants, acids, bases or salts, which vary according to the application, 

and which lead to challenges in membrane separation [1]. Recently, a number of works have 

examined the effect of surfactants and salts on membrane fouling. Lu et al. examined the 

irreversible fouling of dead-end ceramic ultrafiltration (UF) membranes with emulsions of crude 

oil and diesel stabilized by anionic, cationic and non-ionic surfactants, respectively, by analyzing 

the recovered hydraulic flux after back-flushing [18]. Zhu et al. used commercial UF and 

nanofiltration (NF) membranes in cross-flow filtration under constant flux conditions to separate 
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emulsions of hexadecane in water stabilized by different surfactants (anionic, cationic and non-

ionic) and NaCl mixtures; they correlated the electrostatic charge of the emulsified oil to 

membrane fouling and wetting [19]. Banchik challenged commercial polyacrylonitrile porous 

membranes with hexadecane/water emulsions stabilized by anionic, cationic and non-ionic 

surfactants; they also confirmed the influence of surface charge on membrane fouling [20]. 

Tummons et al. used the technique of direct observation through the membrane (DOTM) to 

observe the attachment and coalescence of emulsified hexadecane droplets on the Anopore 

inorganic membrane during cross-flow filtration as a function of anionic surfactant and MgSO4 

concentration [21]. 

 

For the case of electrospun membranes, the high surface area (~100 m2/g) and unique fibrous 

structure are expected to impact the fouling mechanisms through electrostatic interactions and the 

structure and chemistry of the solid-liquid interfaces. To study the membrane-foulant and foulant-

foulant interactions during emulsion separation, we challenged electrospun polyamide membranes 

with model emulsions of dodecane in water, stabilized with different types of surfactants, including 

anionic, cationic, non-ionic and zwitterionic types. Different types of surfactants were chosen due 

to their important roles in stabilizing and separating emulsions when they adsorb at the oil/water 

interface and on the surfaces of the membrane [22,23]. Both dead-end and cross-flow filtration 

configurations were studied under constant pressure. The DOTM technique was used to investigate 

the interaction (i.e. fouling and de-fouling). Blocking filtration models are applied to elucidate the 

fouling mechanisms. 

 

2.2 Materials and Methods 

2.2.1 Emulsion Preparation and Characterization 

Four types of surfactants, sodium dodecyl sulfate (SDS, Sigma-Aldrich), 

dodecyltrimethylammonium bromide (DTAB, Sigma-Aldrich), polyoxyethylene (10) tridecyl 

ether (C13E10, Sigma-Aldrich) and cocamidopropyl betaine (CAPB, Mackam 35, courtesy of 

Lincoln Fine Ingredients) were used as representative surfactants of anionic, cationic, non-ionic 

and zwitterionic types, respectively. All of these surfactants have linear carbon chains as their 

hydrophobic tails, so that only the nature of the hydrophilic head group varies substantially from 

one surfactant to another. Oil-in-water emulsions were prepared by combining 5% by weight of 
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dodecane in aqueous solution of surfactants, followed by tip sonication (Branson Sonifier, 450) at 

20% duty cycle, power setting of 4, for 15 min. In order to exclude the influence of oil droplet size 

on the fouling [12], the emulsions were then left to stand at room temperature, coalescing for days, 

until the oil droplet diameter reached ~480 nm. Before usage, the 5 wt% dodecane emulsions were 

diluted with MilliQ water to 250 ppm, for use as feed solutions. The critical micelle concentration 

and actual concentration in feed solution for each surfactant are reported in Table 1. The droplet 

size distribution and zeta potential of the emulsions were measured using a particle size and zeta 

potential analyzer (Zeta PALS, Brookhaven Instruments Corp.) The droplet size distributions of 

the diluted emulsions were shown to remain stable for at least four hours. 

 

The interfacial tension for each emulsion was measured using the pendant drop method in an 

advanced goniometer (Rame-Hart, Model 500). First, the surface tensions of water, dodecane and 

aqueous solutions of surfactants were measured by dispensing a pendant droplet of 4 µL from a 

22 gauge stainless steel needle, and analyzed by the Rame-Hart DROPimage software. The data 

were then saved and used for interfacial tension measurement in the software. The concentrations 

of the aqueous solutions of surfactants were the same as those in feed solutions as reported in Table 

1. The interfacial tension measurement was performed in a quartz cell filled with DI water or one 

of the aqueous solutions with surfactant by creating a submerged drop of dodecane with an inverted 

22 gauge stainless steel needle. The surface and interfacial tensions were determined based on the 

shape of the pendant or submerged dodecane droplets.  

 

2.2.2 Filter Material and Fabrication 

Poly(trimethyl hexamethylene terephthalamide) (PA6(3)T), was purchased from Scientific 

Polymer Products, Inc. (Ontario, NY). This material is a polyamide with a glass transition 

temperature of 151 °C, as measured by differential scanning calorimetry (DSC, TA Q100).  It was 

chosen because it is hydrophilic, and readily electrospun into uniform fibers with narrow fiber 

diameter distribution and good control of average fiber diameter from about 0.1 to 1 µm, as shown 

in previous work [24]. N,N-dimethyl formamide (DMF) was obtained from Sigma-Aldrich, and 

used as solvent for preparing the PA6(3)T solution for electrospinning. Two percent by weight of 

formic acid was added to DMF to increase the electrical conductivity of the solution from 3.2 to 

182.4 µS/cm. All chemicals were used as received without further purification. 
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The electrospinning setup used in this work is the same as that reported by Shin et al. [25].  It 

consisted of two aluminum plates separated by a distance of 22 cm and oriented parallel to each 

other. The upper plate was 15 cm in diameter and charged with a high voltage supply (Gamma 

High Voltage Research, ES40P) to a voltage in the range of 34-37 kV. A 20 wt. % solution of 

PA6(3)T was pumped through Teflon tubing to a stainless steel capillary (1.6 mm OD, 1.0 mm ID) 

(Upchurch Scientific) that protruded 2.1 cm through the center of the upper plate. A digitally 

controlled syringe pump (Harvard Apparatus, PHD 2000) was used to obtain a flow rate of 0.2 

ml/hr. The grounded bottom plate, which served as the collector for the fibers, was a 15 cm ´ 15 

cm stainless steel platform. The whole spinning process was conducted at room temperature. The 

relative humidity was maintained between 25-30% using a humidity controller (Electro-Tech 

Systems, Model 5100). All the membranes were then thermally annealed, by draping the mat over 

a pyrex dish with 100-mm diameter in a Thermolyne benchtop oven (Thermo Scientific, FD1545M) 

at 145 °C for an hour, to improve the mechanical properties [26].  

 

2.2.3 Membrane Characterization 

All of the membranes used in this work were fibrous in structure, and were used as flat sheet 

membranes. The morphologies of the membranes were characterized using a scanning electron 

microscope (SEM, JEOL-JSM-6060). The average fiber diameter was calculated by taking 30-50 

diameter measurements of the fibers from a set of SEM images. Porosity of the membrane was 

determined gravimetrically. Sample thickness was measured using an adjustable Measuring Force 

Digimatic Micrometer (CLM 1.6² QM, Mitutoyo) with a constant force of 0.5 N. Using the 

measured volume and mass of the membrane, the apparent density was then converted to the mat 

porosity using the bulk density of PA6(3)T (1.12 g/cm3), as described in previous work [26]. 

 

It has been argued that both electrostatic and hydrophobic/hydrophilic interactions between 

membrane and foulant should be considered when studying the influence of polar interactions on 

colloid fouling. For this purpose, Brant and Childress developed the extended Derjaguin-Landau-

Verway-Overbeek (XDLVO) model, which includes three interaction energy components: van der 

Waals, electrostatic double layer, and acid-base interactions, to evaluate membrane-colloid 

interaction energies [27]. Kühnl et al. used the XDLVO model to study colloidal interactions in 
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cross-flow filtration of milk [28]. In this work, the electrostatic and interfacial properties of 

membrane and emulsions were characterized. The contact angles were measured using an 

advanced goniometer (Model 500, Rame-Hart). In this method, a nonporous film of PA6(3)T was 

cast from solution onto a silicon wafer.  A sessile droplet of 4 µL of deionized (DI) water was then 

dispensed onto the film, and measurements were taken within 30 seconds. The reported values 

were averaged over ten measurements. The underwater oil contact angle was measured by 

dispensing a 4 �L droplet of dodecane on the film surface, which faced downward, with DI water 

or aqueous solutions of surfactant as the continuous phase. The concentrations of surfactants were 

the same as those in feed solutions for filtration (c.f. Table 1). The DROPimage software was used 

to determine the contact angle in each case. 

 

Membrane zeta potentials were measured using an electrokinetic analyzer (SurPass, Anton Paar). 

A 100 mM potassium chloride solution was used as the background electrolyte solution. The pH 

of the electrolyte solution was adjusted by titrating with sodium hydroxide solution (100 mM) and 

hydrochloric acid solution (100 mM). The zeta potential was measured at various pH values in the 

range from 3.5 to 10.5. Two flat films of PA6(3)T were cast from solution onto polypropylene 

sheets and measured in the adjustable gap cell configuration with an applied pressure of 300 mBar. 

The zeta potential measures the charge at the Stern layer, typically 0.3-0.5 nm above the surface, 

not the actual surface charge. Measuring the actual surface charge is typically challenging, but in 

any case was not essential for this work. In this paper, “zeta potential”and “surface charge”are 

used interchangeably.  

 

2.2.4 Constant Pressure Emulsion Separation Experiments 

Electrospun PA6(3)T membranes were pre-wetted with ethylene glycol followed by extended rinse 

with DI water before usage, to ensure complete wetting of the membranes. Separation tests were 

carried out under constant pressure of 2 psi (13.79 kPa) in dead-end (UHP 25, Sterlitech) and 

cross-flow (CF016, Sterlitech) filtration cells, simultaneously. The filtration system and hardware 

control are shown in Figure 2-1. The unstirred dead-end cell was oriented vertically with a column 

of liquid (10 mL) connected to the tanks. Membranes were supported by a polypropylene screen. 

The effective filtration area of the dead-end cell was 3.5 cm2. The cross-flow module had an open 

channel with dimensions of 39 ´ 39 ´ 2.28 mm3, while the effective filtration area was 16 cm2. 
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Membranes were supported by a sintered steel screen. The transmembrane pressure for cross-flow 

filtration was determined as the difference between the average of inlet and outlet pressures on the 

feed side, and the permeate pressure. Feed and retentate flow rates were monitored by digital flow 

meters (Omega, FTB313D). Six liters of feed solutions were used for each batch, and the retentate 

was returned to the feed with constant stirring in the tank to maintain oil concentration; about 10% 

of the solution in the feed tank was processed in any single experiment.   

 

 
Figure 2-1.  Schematic diagram of membrane filtration. Black solid lines represent fluid flow; 
black dotted lines represent data connection, and red dashed lines represent membranes 
 

PA6(3)T membranes were first conditioned with hydraulic flow at 4 psi for 1 minute to complete 

membrane compaction [29]. Afterwards, the pressure was lowered and maintained at 2 psi. Pure 

water flux for each membrane was measured for 1 minute, followed by filtration of dodecane-in-

water emulsions for 4 hours. The permeate mass was recorded every 30 seconds for the first 10 

minutes, and then every 2 minutes thereafter. The mass was converted to volume using the density 

of water, since the concentration of dodecane was low. After the filtration was finished, the 

membrane in the dead-end module was reversed and back-flushed at 4 psi for 1 minute using pure 

water flow. Then, the hydraulic flux at 2 psi was measured again, to determine the recoverability 

of fouled membranes. Three replicates using different membrane samples were taken for each 

surfactant. 
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The oil concentrations in all streams were measured using a total organic carbon (TOC) analyzer 

(Shimadzu TOC-L). Since a minimum volume of 5 mL is required for a TOC analysis on a sample, 

aliquots of 0.2 mL were diluted 25-fold to a final volume of 5 mL using MilliQ water. A calibration 

curve with TOC concentration ranging from 0.1 ppm to 100 ppm was obtained using a 100 ppm 

potassium hydrogen phthalate (KHP) standard solution. The rejection of dodecane was calculated 

using the following equation: 

 

𝑅(%) = ;1 −
𝐶8
𝐶9
< × 	100 (2-1) 

 

where 𝐶8 and 𝐶9 are TOC concentrations of the permeate and feed, respectively. 

 

2.2.5 In-Situ Visualization in Cross-flow Filtration 

Direct Observation Through the Membrane (DOTM) was first developed by Li et al. to observe 

particle deposition on the surface of transparent membranes using an optical microscope from the 

permeate side [30]. Tummons then applied the technique to microfiltration of oil-water emulsions. 

However, DOTM requires membranes that have sufficient optical transparency. Tow et al. 

performed in-situ visualization of alginate fouling during reverse osmosis and forward osmosis 

using a camera without magnification [31]. A similar setup to Tow’s work was applied here and 

is shown in Figure 2-1. A camera (Guppy Pro F-031, Allied Vision) mounted with zoom lens 

(Quantaray AF LD 70-300 mm) recorded the fouling and de-fouling processes through an acrylic 

window (20 × 38 mm2) in the cross-flow module on the feed side. To image the fouling process at 

the membrane surface during cross-flow filtration, dodecane was dyed with Oil Red (Sigma-

Aldrich) before emulsion preparation. The exposure and gain of the camera was fixed at the 

beginning of filtration, and the images were captured in grayscale.   

 

2.2.6 Models of Fouling 

The classical blocking filtration models were originally proposed by Herman and Bredee, and 

subsequently re-derived by Hermia [32,33]. The models describe four different modes of filtration: 

complete blocking, intermediate blocking, standard blocking and cake filtration.  All four modes 
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are characterized by a power-law relationship between permeate flux (J) and its time-derivative, 

as shown below: 

 
𝑑𝐽
𝑑𝑡 = −𝑘𝐽?@A (2-2) 

 

where n is a dimensionless constant that varies with the mode of fouling: n = 0 for cake filtration, 

n = 1 for intermediate blocking, n = 1.5 for standard blocking (also called “depth filtration” or 

“deep-bed filtration” [34]) and n = 2 for complete blocking. The resistance parameter k has 

different definitions depending on the mode of fouling. The limiting cases of n = 0 and n = 2 can 

also be interpreted as indicative of fouling resistance accumulating in series or in parallel, 

respectively, with the membrane resistance [18]  

 

Field subsequently introduced the concept of critical flux (𝐽∗ ) for cross-flow filtration [35], 

resulting in the following a modified power law relationship for the blocking models:  

 
𝑑𝐽
𝑑𝑡 = −𝑘(𝐽 − 𝐽∗)𝐽C@A (2-3) 

 

Koltuniewicz, Arnot, and Field then used the modified equations to model the flux decline in cross-

flow filtration at constant transmembrane pressure; there, J* was identified as the terminal flux or 

steady-state flux [36,37].  

 

To analyze the fouling mechanism, we plotted the flux data as −𝑑𝐽 𝑑𝑡⁄  vs. 𝐽 in double logarithmic 

form. The fouling mode in dead-end filtration was then analyzed by linear regression using Eq. 2-

2.  The fouling mode in cross-flow filtrations was analyzed using Eq. 2-3, by minimizing root 

mean square of logarithm of residuals, so that the curve was fitted best in the long time region, 

where permeate flux was small. 
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2.3 Results 

2.3.1 Emulsion Characterization 

The coalescence of oil droplets in 5 wt% dodecane-in-water emulsions stabilized by different 

surfactants as functions of time at room temperature is shown in Figure 2-2(a). The emulsion 

stabilized by DTAB coalesced fastest, reaching 480 nm within 50 hours, while the C13E10-

stabilized emulsion coalesced slowest. When the droplet diameters reached ~480 nm, the 

concentrated emulsions were diluted to 250 ppm for use as feed solutions. The droplet diameter 

distributions of the feed solutions measured by dynamic light scattering ranged from 475 to 485 

nm. The volume distributions for a representative set of emulsions is shown in Figure 2-2(b). The 

droplet size distributions of the feed solutions in the feed tank were confirmed to be stable 

throughout the filtration tests. A Gaussian distribution was fit to the droplet size distributions, and 

the results reported in Table 2-1 as the mean ± one standard deviation.  

 

 
Figure 2-2.  (a) Dodecane droplet size of 5 wt% emulsions as function of coalescing time at room 
temperature. The dashed line marks the target droplet size as feed solution for filtration. (b) 
Dodecane droplet size distribution of feed solutions 
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Table 2-1.  Experimental parameters of 250 ppm feed emulsions with different surfactants 
 SDS DTAB C13E10 CAPB 

Surfactant 
concentration (mM) 0.25 0.5 0.25 0.25 

Critical micelle 
concentration (mM) 8.2 [38] 14.2 [39] 0.08 [40] 2.92 [41] 

Droplet diameter 
(nm) 480 ± 16 481 ± 12 485 ± 16 482 ± 19 

 

Figure 2-3 shows zeta potentials for the different surfactant-stabilized emulsions. The zeta 

potentials depended strongly on the head group of the surfactant. Emulsions prepared by SDS, 

DTAB and CAPB had zeta potentials of -40.2 ± 3.8 mV, 27.1 ± 0.6 mV and -23.1 ± 1.4 mV, 

respectively, due to their ionic head groups, while the C13E10-stabilized emulsion had a zeta 

potential of -14.1 ± 1.1 mV. The negative charges of the emulsion stabilized by non-ionic 

surfactant might result from the association of hydroxide ions in water with the hydrophilic head 

groups [42,43].  

 
Figure 2-3.  Zeta potential of PA6(3)T film and dodecane-in-water emulsions stabilized by 
different surfactants  
 

Interfacial tensions between dodecane and aqueous solutions of surfactants (𝛾FG) are shown in 

Table 2-2. Without surfactants, the interfacial tension of dodecane and DI water was measured to 

be 52.5 ± 0.2 mN/m, consistent with the value in literature [44]. With addition of surfactants, 

interfacial tensions decreased due to the adsorption of surfactants at the oil/water interface [23,25]. 

Both interfacial tension and surface charge are expected to affect stability of the oil droplets. As 

shown in Figure 2-2, the C13E10-stabilized emulsion coalesced most slowly, consistent with its 
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relatively low value of interfacial tension (10.7 ± 0.5 mN/m), while the DTAB-stabilized emulsion 

coalesced most rapidly, due to its relatively high interfacial tension (34.6 ± 0.2 mN/m). Although 

SDS-stabilized emulsion had the highest interfacial tension (39.2 ± 0.2 mN/m), the strong negative 

charges on the droplets led to electrostatic repulsions among oil droplets, increasing the stability 

of these emulsions [45].  

 

Table 2-2.  Interfacial properties of PA6(3)T film, dodecane and water in the presence and 
absence of surfactants  

 Water SDS DTAB C13E10 CAPB 

Interfacial tension, 𝜸𝒅𝒔 
(mN/m) 52.5 ± 0.2 39.2 ± 0.2 34.6 ± 0.2 10.7 ± 0.5 16.4 ± 0.8 

Contact angle of 
aqueous solutions (°) 77.2 ± 1.3 77.2 ± 1.2 68.4 ± 2.9 52.9 ± 1.8 61.0 ± 2.2 

Oil contact angle in 
aqueous solutions (°) 108.3 ± 0.9 106.8 ± 1.2 101.1 ± 1.3 148.0 ± 1.2 136.3 ± 4.1 

 

2.3.2 Membrane Characterization 

A scanning electron micrograph (SEM) of a PA6(3)T fiber membrane is shown in Figure 2-4. The 

nonwoven PA6(3)T membranes were electrospun to form uniform membranes with an average 

fiber diameter of 121 ± 22 nm. The membrane thickness was 50.4 ± 4.6 µm, and the porosity was 

88 ± 2 %. Previous studies have reported ratios of pore diameter to fiber diameter for electrospun 

fiber membranes ranging from 2 to 10, depending on methods and materials used, and on the 

simplifying assumptions generally required to convert measurements into pore size estimates.  A 

rough estimate of pore size can be made by the filtration velocity method, using the Guerout-

Elford-Ferry equation based on Hagen-Poiseuille Law [46]; this method predicts a ratio of 

effective pore diameter to fiber diameter of 2.8 for these membranes, which categorizes them as 

microfiltration membranes. 
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Figure 2-4.  SEM image of an electrospun PA6(3)T membrane 
 

The contact angle of the sessile drop of DI water on a flat film of PA6(3)T was 77.2 ± 1.3°, while 

the contact angle of the oil drop on the polymer film in water was 108.3 ± 0.9°; these results 

indicate that PA6(3)T is hydrophilic and oleophobic. The results of zeta potential measurements, 

shown in Figure 2-3, confirm that the PA6(3)T membranes were negatively charged in water 

within the pH range of the emulsions (pH = 5.5-6), consistent with previous work on polyamide 

membranes [47].   

 

The addition of surfactants to the DI water also influenced the contact angle measurements 

between the PA6(3)T film and the liquids, as shown in Table 2-2 and Appendix A. The contact 

angle of the dodecane droplet on PA6(3)T film in water was 108.3 ± 0.9°, while in the C13E10 and 

CAPB solutions, the contact angle increased to 148.0 ± 1.2° and 136.3 ± 4.1°, respectively. The 

increase of oleophobicity was also found in other work [19]. In solutions of DTAB, the oil contact 

angle decreased due to the adsorption of cationic head groups on the negatively charged polymer 

films, leaving the hydrophobic tails facing outward and making the surface more oleophilic [48]. 

 

2.3.3 Separation Experiments 

Prior to filtration, the pure water flux at 2 psi of each membrane was characterized first. The 

hydraulic flux of an electrospun PA6(3)T membrane with fiber diameter of 121 ± 22 nm was 

measured to be 3535 ± 354 LMH at 2 psi. The results of dead-end and cross-flow filtration with 

different surfactants are illustrated in Figure 2-5(a) and 2-5(b), respectively. In dead-end filtration, 

over essentially the entire filtration process, the SDS-stabilized emulsions maintained the highest 

flux, 34.7 ± 10.8 LMH at 4 hrs, followed by the CAPB-stabilized emulsions, 17.7 ± 0.4 LMH, and 
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then the C13E10-stabilized emulsions, 12.0 ± 3.0 LMH. The DTAB-stabilized emulsions also 

exhibited rapid fouling at short times (up to 1.4 hrs), comparable to the CAPB- and C13E10-

stabilized emulsions.  However, from 1.4 to 2.2 hrs, the permeate flux of the DTAB-stabilized 

emulsion increased, indicative of a de-fouling process; this behavior was reproducible. After 2.2 

hrs, the flux decreased again for the remainder of the experiment, so that the DTAB-stabilized 

emulsions ended up with the second highest flux at 30.3 ± 6.2 LMH at 4 hrs. In cross-flow filtration 

(Figure 2-5(b)), the permeate flux of all four emulsions decreased monotonically with filtration 

time, reaching or approaching a steady state flux in the long-time region (4 hrs). In addition, The 

rank order of the emulsions in terms of flux at 4 hrs was altered in the cross-flow configuration, 

with the C13E10-stabilized emulsion showing the highest flux, at 117.3 ± 12.2 LMH, followed by 

the CAPB-stabilized emulsion at 61.0 ± 2.3 LMH, the SDS-stabilized emulsion at 44.3 ± 2.6 LMH, 

and the DTAB stabilized emulsion at 31.8 ± 2.7 LMH.  

 

 
Figure 2-5.  The permeate flux (solid symbols) and oil rejection (open symbols) of surfactant-
stabilized emulsions of dodecane, for electrospun PA6(3)T membranes under (a) dead-end 
filtration and (b) cross-flow filtration conditions. Error bars in plots show the maximum and 
minimum value of three replicates (membranes) for each surfactant; ± values in text are standard 
deviation based on 3 measurements 
 

The oil rejections were stable throughout the filtration time, regardless of surfactant type or 

separation configuration, and were in the same rank order for the four surfactants (SDS > CAPB 

> DTAB > C10E13) for the two separation configurations. The oil rejection for the emulsions 
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prepared with SDS in both dead-end and cross-flow filtration were as high as 92.7 ± 1.5 %, leaving 

a TOC of 13.5 ± 1.4 ppm in the permeate after filtration for four hours; this performance is within 

the EPA’s regulatory limit for discharge of oily wastewater (15 ppm) [49]. However, these 

electrospun PA6(3)T membranes did not reduce the oil concentration under the regulatory limit 

when challenged with emulsions stabilized by DTAB, C13E10 and CAPB. The TOCs in the 

permeate after cross-flow filtration were 36.0 ± 6.8 ppm, 40.4 ± 6.0 ppm and 22.3 ± 1.3 ppm for 

DTAB-, C13E10- and CAPB-stabilized emulsions, respectively. 

 

2.3.4 DOTM results 

Optical images obtained by DOTM for each type of surfactant-stabilized emulsion at different 

cross-flow filtration times are presented in Figure 2-6. Although individual droplets of ~480 nm 

diameter are not resolvable in these images, Tanudjaja et al have demonstrated that DOTM with a 

high resolution camera can be used to image hexadecane droplets of 1-20 �m diameter on the 

membrane surface [50]. Oil droplet coalescence was significant during filtration of SDS- and 

DTAB-stabilized emulsions, with coalescence occurring faster for the DTAB-stabilized emulsion. 

On the other hand, oil droplets remained too small to be imaged individually for the C13E10- and 

CAPB-stabilized emulsions under current conditions of droplet size and image resolution. 

Nevertheless, from the grayscale images, one can still quantify fouling as the membrane surface 

becomes darker with increasing filtration time. Grayscale values (0-255) for each image were 

determined using the ImageJ software [51]. The intensities were then normalized by the values of 

the 5-min images and plotted as function of time. As shown in Figure 2-7, the membrane fouled 

by the CAPB-stabilized emulsion was darker than that fouled by the C13E10-stabilized emulsion, 

indicating a more severely fouled surface.   
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Figure 2-6.  DOTM images of the membrane surfaces in cross-flow filtration for each surfactant 
as function of filtration time 
 

2 mm 



 41 

 
Figure 2-7.  Normalized grayscale intensities of DOTM images for C13E10- and CAPB-
stabilized emulsions, as functions of filtration time 

 

2.3.5 Blocking filtration models 

Table 2-3 summarizes the model parameters obtained from the blocking filtration models. The 

results were acquired by fitting each of the three replicates for each surfactant and averaging the 

parameters. Figure 2-8 and Figure 2-9 show the fitting results for one of the replicates of each 

surfactant under dead-end and cross-flow filtration, respectively. Since the DTAB-stabilized 

emulsion exhibited a de-fouling process between 1.4 and 2.2 hours of filtration in the dead-end 

configuration, the data for permeate flux was analyzed only in the short time region for this case. 

The data in the long-time region was too noisy to determine a value of n with confidence. As 

shown in Table 2-3, all values of n are between 0 and 2, which accords with the blocking filtration 

models, but the values suggest coexistence of more than one mechanism, either consecutively or 

concurrently. In Figure 2-8, the slopes of the curves for dead-end filtration increase from the high 

flux region to the low flux region, suggesting a transition between mechanisms. For of SDS- and 

CAPB-stabilized emulsions, the slopes are about 1 initially, indicating complete blocking of some 

of the pores, followed by slopes of 3 at low fluxes, implying formation of cake layers at longer 

times. As for DTAB- and C13E10-stabilized emulsions, the slopes increase from 1.5 to 3 as the 

fluxes decrease, indicating a transition from standard blocking at high flux (short time) to cake 

fouling at low flux (long time). A similar two-step transition of fouling has been reported in other 

works [52–55]. Comparing the overall values of n for each surfactant-stabilized emulsion in Table 

3, the high values of n for DTAB- and C13E10-stabilized emulsions, 1.30 ± 0.12 and 1.06 ± 0.14 



 42 

respectively, indicate standard blocking was generally predominant, while the low values for SDS- 

and CAPB-stabilized emulsions, 0.51 ± 0.04 and 0.63 ± 0.07 respectively, indicate cake filtration 

predominated.  

 

Under cross-flow filtration, the values of n increased for all emulsions except the DTAB-stabilized 

emulsion. The increase of n indicates that the extent of cake filtration was less in this configuration.  

The constant cleaning effect of the crossing flow slows down the formation of a cake layer upon 

the membrane surface. SDS- and DTAB-stabilized emulsions had similar values of n, 0.73 ± 0.04 

and 0.75 ± 0.03 respectively, while the C13E10-stabilized emulsion showed the highest n of 1.28 ± 

0.02. The terminal flux value J* was estimated from the blocking filtration analysis and found to 

be consistent with the steady-state fluxes observed in Figure 2-5(b). The C13E10-stabilized 

emulsion showed the highest steady-state flux of 114.08 ± 11.59 LMH, while the DTAB-stabilized 

emulsion showed the lowest steady-state flux of 27.80 ± 3.71 LMH. 

 

Table 2-3.  Fitting results of blocking filtration model 
 n k × 103 J* (LMH) R2 

SDS 
Dead-end 0.51 ± 0.04 1.04 ± 0.49 NA 0.965 

Cross-flow 0.73 ± 0.04 14.67 ± 6.11 49.54 ± 2.20 0.987 

DTAB 
Dead-end 1.30 ± 0.12 97.02 ± 49.75 NA 0.908 

Cross-flow 0.75 ± 0.03 7.51 ± 2.11 27.80 ± 3.71 0.998 

C13E10 
Dead-end 1.06 ± 0.14 31.56 ± 18.90 NA 0.956 

Cross-flow 1.28 ± 0.02 1071.00 ± 232.15 114.08 ± 11.59 0.987 

CAPB 
Dead-end 0.63 ± 0.07 4.48 ± 1.45 NA 0.954 

Cross-flow 0.95 ± 0.22 104.93 ± 107 64.11 ± 0.73 0.989 
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Figure 2-8.  Representative fitting results of blocking filtration models on each surfactant in 
dead-end filtration. For reference purpose, lines of slope of 1, 1.5, and 3 (corresponding to values 
of 3 – n, as shown in Eq. 2-2) are presented, indicating different fouling mechanisms 
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Figure 2-9.  Representative fitting results of blocking filtration model on each surfactant in cross-
flow filtration 
 

2.4 Discussion 

2.4.1 Factors affecting separation performance 

As can be seen from Figure 2-5, the type of surfactant used to stabilize the emulsion influenced 

the separation performances in both dead-end and cross-flow filtrations in different ways.  These 

results suggest that both flux and fouling propensity are likely related to both membrane-foulant 

and foulant-foulant interactions. Omitting for the moment the exceptional case of DTAB-stabilized 

emulsion, over essentially the entire time of dead-end filtration, the rank order of each surfactant-

stabilized emulsion in terms of permeate flux was: SDS > CAPB > C13E10. This rank order 
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correlates well with the decreasing magnitude of negative zeta potentials of the emulsions (cf. 

Figure 2-3). The PA6(3)T membrane also showed a negative zeta potential. We conclude that oil 

droplets with greater negative charge are more strongly repelled from the membrane surface, and 

therefore foul the membrane more slowly.  This behavior leads to better retention of flux over time.  

Meanwhile, the positively charged oil droplets stabilized by DTAB were presumably attracted to 

the negatively charged membrane, resulting in rapid fouling at short times. A similar influence of 

foulant zeta potential on membrane fouling has been observed elsewhere [19,20,56,57].  

 

The rank order for the four surfactants in terms of oil rejection (SDS > CAPB > DTAB > C10E13) 

can also be attributed to electrostatic effects.  The negatively charged SDS- and CAPB-stabilized 

oil droplets would appear to be repelled from the membrane, while the DTAB-stabilized droplets 

were drawn to it and adsorbed.  The poor oil rejection for the C13E10-stabilized emulsions could be 

due to the relatively weak electrostatic interaction between the membrane and this nonionic 

surfactant, allowing droplets to pass through the membrane based mostly on steric effects. The 

results of the blocking filtration models support this explanation, showing depth filtration for 

C13E10-stabilized emulsions in both dead-end and cross-flow systems. Figure 2-10(a) shows that 

there exists a correlation between the mode of fouling, indicated by n, and the zeta potential of the 

foulant. With strongly repulsive electrostatic interactions, the oil droplets tend to accumulate above 

or upon the membrane surface, in the form of a cake layer, while with weakly repulsive or even 

attractive interactions, the oil droplets tend to accumulate within the pores.   

 

When a cross flow is introduced in cross-flow filtration, the rank order of for the four surfactants 

in terms of permeate flux changed to: C13E10 > CAPB > SDS > DTAB, which does not correlate 

with the zeta potential of the foulant. Instead, the permeate flux of cross-flow filtration is found to 

correlate with the oil contact angle, as shown in Figure 2-10(b). This behavior is consistent with 

XDLVO theory, in which not only electrostatic double layer interactions, but also 

hydrophobic/hydrophilic interactions affect membrane fouling. With an oil contact angle of 148.0 

± 1.2 °, the PA6(3)T membrane became more oleophobic under C13E10 solution, reducing the 

tendency for oil droplets to attach to the membrane surface and increasing the likelihood of 

removal by the shear forces associated with cross flow. On the other hand, the oil contact angle of 

PA6(3)T decreased under DTAB solution. The reduced oleophobicity permits more severe fouling 
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and therefore lower permeate flux for DTAB-stabilized emulsions. When the oil contact angle was 

smaller, the rejected oil droplets were hard to be removed by the shear flow, and therefore tended 

to form a cake layer upon the membrane surface. When the membrane became more oleophobic 

in contact with C13E10 and CAPB emulsions, the oil droplets could hardly stay upon the membrane 

surface, leading to standard blocking as the predominant fouling mechanism. This finding is also 

supported by the DOTM images in Figure 2-6. Visible oil droplets formed on the surface of 

membranes for SDS- and DTAB-stabilized emulsions, consistent with significant accumulation of 

oil in a cake layer at the surface, while there was no visible coalescence of oil droplets on the 

surface of membranes for C13E10- and CAPB-stabilized emulsions, consistent with accumulation 

of oil droplets within the pores. 

 

 
Figure 2-10.  The value of n (a) in dead-end filtration as a function of zeta potential of 
surfactants-stabilized oil droplets, and (b) in cross-flow filtration as a function of contact angle of 
a dodecane droplet on polymer film in surfactant solutions  
 

2.4.2 Comparison between recovered water flux and terminal flux  

Both the recovered water flux in dead-end filtration and the terminal, or steady state, flux in cross-

flow are sensitive to the ease with which foulants can be removed from the membrane by hydraulic 

mechanisms. The recovered water flux was measured after applying a backward flushing with 

MilliQ water at 4 psi on the fouled membranes in the dead-end configuration. In Figure 2-11, this 

flux and the terminal flux of cross-flow filtration acquired from the fitting results of blocking 

filtration models are plotted versus zeta potential and oil droplet contact angle, respectively. 
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Although the DTAB-stabilized emulsion exhibited the second highest permeate flux after 4 hrs of 

filtration in the dead-end configuration, the recovered flux was still the lowest. Similar to the trends 

in fouling, the cleaning effect was mainly influenced by the electrostatic and interfacial 

interactions for dead-end and cross-flow configurations, respectively. The low recoverability for 

membranes challenged by emulsions of DTAB and C13E10 are also consistent with the results of 

blocking filtration models, wherein it was concluded that depth filtration occurred for emulsions 

of DTAB and C13E10. We suppose that oil droplets stuck within the membranes are more difficult 

to remove by either back-flushing or cross-flow, compared to those that accumulate upon the 

surface of the membrane and form a cake layer. 

 

 
Figure 2-11.  The influence of back-flushing and cross-flow on recovery or retention of flux in 
dead-end and cross-flow configurations, respectively. (a) Recovered water flux of the fouled 
membrane in dead-end filtration after back-flushing (b) Terminal flux of cross-flow filtration 
acquired by fitting with blocking filtration models   
 

2.4.3 Coalescence of emulsions during filtration 

Finally, we discuss the recovery of flux observed at 1.4-2.2 hrs with the DTAB-stabilized emulsion 

in the dead-end configuration. A similar phenomenon was also found in Banchik’s work [24]. We 

hypothesize that the de-fouling process observed here is due to coalescence of the rejected oil on 

the membrane, which facilitates its removal by buoyancy forces. To study coalescence further, the 

thermodynamics and kinetics of emulsions need to be considered. For an emulsion of two bulk 

liquid phases, the free energy of formation can be described as follows: 
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Δ𝐺9LMN = ΔA𝛾FG − 𝑇Δ𝑆RLA9 (2-4) 

 

where ΔA is the change in interfacial area, and Δ𝑆RLA9 is the configurational entropy change at 

temperature T. To form a thermodynamically stable emulsion, a sufficiently low interfacial tension 

is required, typically 10-4 to 10-2 mN/m [58]. Due to the relatively high interfacial tensions in this 

study, the model emulsions were thermodynamically unstable, and therefore the droplet sizes 

increase as functions of time (c.f. Figure 2-2).  

 

Ostwald ripening and coalescence are the two main factors in emulsion instability, but the former 

is usually a much slower process [63]. Therefore, the kinetic theory of coalescence is discussed 

here. Davies has proposed a kinetic activation-controlled model for the coalescence of emulsions 

[64]. If the droplets have an electrical potential 𝜓T, the potential energy is proportional to 𝜓TC. The 

coalescence rate k is then given by: 

 

𝑘 = 𝐴exp	(@XYZ
[@\∑^_
`a

). (2-5) 

 

A is the hydrodynamic collision factor, given by 

 

𝐴 = bc`a
?d

, (2-6) 

 

where 𝜙  is the volume fraction of oil, 𝜂  is the viscosity of the emulsion, 𝜃  is the fraction of 

interface covered by surfactant molecules, 𝐸i  is the hydration energy barrier, and B is a constant, 

which has been determined empirically by Lawrence and Mills [60]. (𝐵𝜓TC + 𝜃 ∑𝐸i)  is the 

activation energy barrier for coalescence, resulting from the interaction energies between the 

droplets, including electrostatic repulsion and steric repulsion, respectively. While the electrostatic 

repulsive energy is proportional to 𝜓TC, steric repulsion can be attributed to the unfavorable mixing 

of hydrophilic chains of surfactants when the interfacial layers overlap, and the elastic interactions 

involving the compression of surfactant layers [61]. However, due to the complexity of the 

interfacial layers, measuring the steric interaction energy is challenging [62]. Georgieva found that 
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an octane/water emulsion stabilized by polyoxyethylene nonionic surfactant exhibited a higher 

Gibbs elasticity than that stabilized by DTAB, leading to a higher activation energy barrier and 

therefore slower droplet growth rate, which is consistent with the results here [63]. Furthermore, 

since emulsions tend to reduce the free energy by decreasing the surface area, reducing the 

interfacial tension can decrease the driving force of coalescence and increase the energy barrier 

[63,69]. Although the kinetics of coalescence is complicated and difficult to discuss thoroughly by 

either theory or experiment, from Eq. 2-5 and previous work, we can see how high zeta potential 

(e.g SDS), low interfacial tension or high surface elasticity (e.g. C13E10) serve to stabilize the 

emulsified oil droplets. Based on these arguments, the droplets stabilized by DTAB should 

coalesce most quickly due to the relatively low surface charge, high interfacial tension and low 

Gibbs elasticity.  

 

As an aside, the coalescence rate is also related to the probability of collision of droplets, which is 

influenced by the oil concentration, as demonstrated in Eq. 2-6. This is the reason why the 5 wt.% 

emulsions coalesced relatively quickly, while the diluted 250 ppm feed solutions remained stable 

for several hours. However, for the DTAB-stabilized emulsion in dead-end filtration, the oil 

concentration at the membrane surface increased critically, due to a combination of high rejection 

and electrostatic attraction between the membrane and the emulsified oil droplets.  These trends 

lead to concentration polarization at the membrane surface and therefore higher coalescence rate. 

As the oil droplets grow to a certain size, the buoyancy resulting from the difference in specific 

gravity between oil and water exceeds the electrostatic attraction. The droplets then detach from 

the membrane and float to the solution surface, leading to the de-fouling process observed in Figure 

2-5(a). As confirmation of this behavior, we observed by eye a layer of oil floating on the surface 

of the solution when opening the dead-end cell at the end of the test. Although no direct observation 

of the membrane was performed during dead-end filtration, images from the cross-flow 

configuration obtained by in-situ visualization support the idea that DTAB-stabilized emulsions 

coalesced much faster than other surfactant-stabilized emulsions did. These observations draw 

attention to the influence of foulant-foulant interactions on emulsion separation.  
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2.5 Conclusion 

Fouling of electrospun polyamide fiber membranes was investigated with oil-in-water emulsions 

stabilized by four different surfactants, SDS, DTAB, C13E10 and CAPB, used as representative 

anionic, cationic, non-ionic and zwitterionic surfactants, respectively. Dead-end and cross-flow 

filtrations with constant operating pressure were conducted simultaneously for each model 

emulsion to study the fouling and cleaning mechanisms. With the same membrane, droplet size 

and hydrodynamic conditions, the fouling was shown to depend on the membrane-foulant and 

foulant-foulant interactions. By analyzing the permeate flux and oil rejection, we found that the 

types of surfactants influenced the membrane fouling in both dead-end and cross-flow systems, 

but in different ways. In dead-end filtration, the fouling mainly depended on the electrostatic 

interactions between membrane and oil droplets, while in cross-flow filtration, the 

hydrophobic/hydrophilic interactions due to the adsorption of surfactant molecules at interfaces 

were determined to be the primary factor on fouling. This finding has implications for choosing a 

membrane to separate oil-in-water emulsions in industrial processes or in the environment.  Not 

only the type of oil, but also the nature of the surfactants stabilizing the emulsion and the membrane 

configuration should be taken into consideration.  To mitigate the effects of fouling, the membrane 

should be oleophobic and similarly charged to the predominant surfactant type in the emulsion, in 

order to maximize electrostatic repulsion between oil and membrane. When treating DTAB-

stabilized emulsions, a de-fouling process occurred during dead-end filtration. Based on the 

previous works and direct observation, coalescence of oil droplets at the membrane was identified, 

indicating not only membrane-foulant but foulant-foulant interactions should be considered when 

designing the microfilters. 
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3 Functionalization of Electrospun Fiber Membranes with 

Polyelectrolytes for Separation of Oil-in-Water Emulsions 
 

3.1 Introduction 

Every day, large quantities of oily wastewater are generated from petrochemical, metallurgical, 

pharmaceutical, food and beverage industries. The compositions and properties of these effluents 

vary widely according to their sources [1]. Unintentional release of the oily wastewater to the 

environment without appropriate treatment can cause negative impacts on the aquatic plants and 

animals. However, the large volume and the variety of the discharged solutions pose significant 

challenges to efforts aimed at reclamation of the wastewater [2]. Conventional techniques to 

separate oil and water, such as gravity-based or centrifugal separations, become inefficient when 

the oil is present as an emulsion, with droplet sizes below 20 µm [3]. In comparison, membrane 

separations have demonstrated high oil removal efficiency, low energy cost and compact design; 

they have therefor received attention for the treatment of oil-in-water emulsions [4,5]. However, 

the primary challenge of membrane technology in this application is fouling, which leads to flux 

decline, inefficient separation and increased material and energy costs [6]. Hence, developing new 

strategies and types of membranes to reduce the adverse effects of fouling is one of the most critical 

issues in separation of oil-in-water emulsions. 

 

It is generally thought that by using highly hydrophilic membranes, the adhesion of oil droplets on 

the membrane surface can be decreased, thereby reducing the degree of fouling [4]. Therefore, a 

number of studies have been reported to improve the antifouling property, hydrophilicity and 

underwater oleophobicity of polymeric membranes by blending with hydrophilic components or 

surface modification [7–12]. For example, Ochoa et al. blended poly(methyl methacrylate) 

(PMMA) with polyvinylidene fluoride (PVDF) ultrafiltration membranes, and showed that the 

addition of PMMA could reduce the deposition of foulants on the membrane surface [9]. Zhao et 

al. added amphiphilic zwitterionic copolymer brushes into PVDF casting solutions to prepare 

fouling-resistant ultrafiltration membranes [10]. Moghimifar et al. modified the surface of 

polyethersulfone phase-inversion membranes by corona plasma-assisted coating of TiO2 

nanoparticles, and enhanced the hydrophilicity and permeate flux [11]. Wang et al. prepared 
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electrospun membranes decorated with polydopamine nanoclusters by dip-coating; the resulting 

hierarchical surface structure resulted in high underwater oleophobicity and high permeate flux 

(~1600 L*m-2*h-1 (LMH)) when separating oil-in-water emulsions in a gravity-driven process [12]. 

However, in addition to hydrophobic interaction, several research groups and we have previously 

shown that the membrane fouling is also influenced by the electrostatic interaction between the 

membrane and the emulsified oil drops, due to the presence of stabilizing surfactants [13–15]. 

Since the compositions and properties of such surfactant-stabilized oil-in-water emulsions in 

industrial wastewaters vary widely, we would like to have a membrane design strategy by which 

the properties of the membrane can be adjusted according to the nature of the emulsion. We 

propose to take advantage of electrostatic interactions for this purpose to reduce fouling in the 

filtration process. 

 

One approach to modify the electrostatic properties of membranes is layer-by-layer (LbL) 

polyelectrolyte assembly. LbL polyelectrolyte assembly is a versatile nano-scale fabrication 

technique that forms a conformal coating on a wettable substrate with a combination of two or 

more polyelectrolytes possessing complementary interactions, e.g. oppositely charged functional 

groups [16,17]. The thin films are generated by sequential adsorption of polyanions and 

polycations, and can be tuned by adjusting the pH or ionic strength of the polyelectrolyte solutions, 

with thickness per bilayer down to a few nanometers. The surface charge of the substrate is thereby 

determined predominantly by the top layer of the film, being either polyanionic or polycationic. 

Choi et al. investigated the influence of degree of ionization of poly(allylamine hydrochloride) 

(PAH) and poly(acrylic acid) (PAA) on the bilayer thickness by adjusting the pH of solutions [18]. 

Tripathi et al. enhanced the hydrophilicty of poly(ethylene terephthalate) track-etched membranes 

by applying multilayer assemblies of poly(sodium styrenesulfonate) and 

poly(diallyldimethylammonium chloride) [19]. LbL depositions of polyelectrolytes have been 

used to render membranes resistant to proteins, cells or bacteria [19–21]. Also, polyelectrolyte 

multilayers can act as selective barriers for nanofiltration, reverse osmosis or forward osmosis 

membranes to separate monovalent or divalent cations and anions in aqueous solutions [22–25]. 

However, the study of LbL polyelectrolyte deposition on microfiltration of oil-in-water emulsions 

has been limited. In one particularly relevant study, Zhang et al. reported improved fouling 

resistance of polycarbonate track-etched membranes against emulsions stabilized with ionic 
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surfactants when the membranes were treated with poly(diallyldimethylammonium 

chloride)/polystyrene sulfonate (PDDA/PSS) [26].  However, the low porosity and corresponding 

low hydraulic flux of track-etched membranes leaves room for improvement. 

 

A particularly interesting class of membranes for LbL modification is that comprising electrospun 

fiber mats. Electrospun fiber membranes initially drew attention in air filtration applications due 

to their small fiber diameters, typically on the order of 0.1-1 µm, and correspondingly small inter-

fiber distances [27–29]. More recently, they have been considered for liquid separations [30–32], 

in particular emulsions [12,33–35]. The high porosity and highly interconnected pore structure of 

electrospun membranes allow fluids to find alternative paths of flow through the membrane even 

when some parts of the membrane are blocked, resulting in higher permeate flux and improved 

robustness again fouling [32,34]. Several works have reported improved underwater oleophobicity 

and thereby antifouling performance of electrospun membranes for separation of oil-in-water 

emulsions through modification of surface morphology [12,33,35,36]. Here, we demonstrate the 

antifouling enhancement of electrospun fiber membranes in microfiltration of oil-in-water 

emulsions through modification of surface charge using LbL deposition. 

 

To demonstrate the versatility of combining LbL polyelectrolyte assembly with electrospun 

polymeric mats for separation of oil-in-water emulsions, two model emulsions of dodecane-in-

water emulsions were prepared, stabilized by either anionic or cationic surfactants, to simulate the 

breadth of oily industrial wastewaters. Electrospun polyamide membranes were modified by 

plasma pre-treatment and by LbL deposition of polyelectrolytes for different depositions times and 

with either polyanion or polycation top-layers. The as-spun and modified membranes were then 

challenged by the emulsions in dead-end and cross-flow filtration configurations under constant 

pressure.  

 

3.2 Materials and Methods 

3.2.1 Emulsion Preparation and Characterization 

Sodium dodecyl sulfate (SDS) and myristyltrimethylammonium bromide (MTAB) were 

purchased from Sigma-Aldrich and used as representative surfactants of anionic and cationic types, 

respectively. Both surfactants have linear carbon chains as their hydrophobic tails, so that only the 
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nature of the charged head group varies substantially from one to the other. Oil-in-water emulsions 

were prepared by combining 5% by weight of dodecane in 50 mM aqueous solution of surfactant, 

followed by tip sonication (Branson Sonifier, 450) at 20% duty cycle, power setting of 4, for 15 

min. In order to exclude the influence of oil droplet size on fouling [34], the emulsions were then 

left to stand at room temperature, coalescing for days, until the oil droplet diameter reached ~480 

nm. Before usage, the 5 wt% dodecane emulsions were diluted with deionized (DI) water to 250 

ppm, for use as feed solutions. The critical micelle concentration and actual concentration in feed 

solution for each surfactant are reported in Table 1. The droplet size distribution and zeta potential 

of the emulsions were measured using a particle size and zeta potential analyzer (Zeta PALS, 

Brookhaven Instruments Corp.) The droplet size distributions of the emulsions used as feed 

solutions were shown to remain stable for at least four hours after dilution. 

 

3.2.2 Filter Material and Fabrication 

The base materials and methods of preparation are similar to those used previously [13].  

Poly(trimethyl hexamethylene terephthalamide) (PA6(3)T), was purchased from Scientific 

Polymer Products, Inc. (Ontario, NY). This polyamide has a glass transition temperature of 151 

°C, as measured by differential scanning calorimetry (DSC, TA Q100).  It was chosen because it 

is hydrophilic and readily electrospun into uniform fibers with average fiber diameter between 0.1 

to 1 µm and narrow fiber diameter distribution, as shown in elsewhere [37]. N,N-dimethyl 

formamide (DMF) was obtained from Sigma-Aldrich, and used as solvent for preparing the 

PA6(3)T solution for electrospinning. Two percent by weight of formic acid (FA) was added to 

DMF to increase the electrical conductivity of the solution from 3.2 to 182.4 µS/cm. All chemicals 

were used as received without further purification. 

 

The electrospinning setup used in this work is the same as that reported by Shin et al. [38].  It 

consisted of two metal plates separated by a distance of 22 cm and oriented parallel to each other. 

The upper aluminum plate was 15 cm in diameter and charged to a voltage in the range of 31-36 

kV using a high voltage supply (Gamma High Voltage Research, ES40P). A 20 wt. % solution of 

PA6(3)T in DMF/FA was pumped using a digitally controlled syringe pump (Harvard Apparatus, 

PHD 2000) at a flow rate of 0.2 ml/hr to a stainless steel capillary (1.6 mm OD, 1.0 mm ID) 

(Upchurch Scientific) that protruded 2.1 cm through the center of the upper plate. The grounded 
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bottom plate was a 15 cm ´ 15 cm stainless steel platform that served as the collector for the fibers. 

The whole spinning process was conducted at room temperature. The relative humidity was 

maintained between 25-30% using a humidity controller (Electro-Tech Systems, Model 5100). 

After electrospinning, the membranes were thermally annealed in a benchtop oven (Thermo 

Scientific, Thermolyne FD1545M) at 145 °C for an hour, to improve the mechanical properties 

[39].  

 

3.2.3 Surface Functionalization through Plasma and Polyelectrolyte Deposition 

Branched polyethylenimine (bPEI) with Mw ~ 25,000 g/mol was purchased from Sigma-Aldrich 

and used as the polycation. bPEI (0.1 wt%) was dissolved in DI water and the pH was adjusted to 

4 by titrating with 1.0 M hydrochloric acid. Poly(acrylic acid) (PAA) with Mw ~ 50,000 g/mol was 

purchased from Polysciences, Inc., and used as the polyanion. PAA (0.1 wt%) was dissolved in DI 

water and the pH was adjusted to 6 by titrating with 1.0 M sodium hydroxide. Electrospun PA6(3)T 

membranes were first pre-treated in the plasma cleaner (Harrick, PDC-32G) with room air for 3 

min (90 seconds per side) to make the mats hydrophilic and to impart an initial negative charge to 

the fibers (henceforth denoted “plasma-3” membranes) [40,41]. The power applied to the induction 

coil was 6.8 W at radio frequency of 8-12 MHz. The plasma-3 membranes were then immersed in 

bPEI solution for 5 min, followed by rinsing in two DI water baths (pH ~ 5.6) for 1 min each 

(denoted “bPEI-5”), to “flip the charge” on the membrane from negative to positive. Both plasma-

3 and bPEI-5 membranes were then challenged by emulsions stabilized with SDS and MTAB. To 

further investigate the influence of dipping time, plasma-3 membranes were also immersed in bPEI 

solution for 10 min (denoted “bPEI-10”) and challenged with MTAB-stabilized emulsions. The 

effect of polyanion was also studied by dipping the bPEI-5 membranes into PAA solutions for 5 

min, followed by rinsing in two DI water baths for 1 min each (denoted bPEI/PAA-5). The 

bPEI/PAA-coated membranes were challenged by SDS-stabilized emulsions in separation 

experiments.  

 

3.2.4 Membrane Characterization 

The morphologies of the membranes were characterized using a scanning electron microscope 

(SEM, JEOL-JSM-6010LA). All membranes were dried in air at room temperature for 12 hours 

before being characterized by SEM. The average fiber diameter was calculated by taking 30-50 
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diameter measurements of the fibers from a set of SEM images. Porosity of the membrane was 

determined gravimetrically. Sample thickness was measured using an adjustable Measuring Force 

Digimatic Micrometer (CLM 1.6² QM, Mitutoyo) with a constant force of 0.5 N. Using the 

measured volume and mass of the membrane, the apparent density was then converted to the mat 

porosity using the bulk density of PA6(3)T (1.12 g/cm3), as described in previous work [39]. 

 

Surface zeta potentials were measured using an electrokinetic analyzer (SurPass, Anton Paar). A 

10 mM potassium chloride solution was used as the background electrolyte solution. The zeta 

potential was measured at pH of ~5.6, the same as that in feed solutions for filtration. Flat films of 

PA6(3)T were cast from solution onto polypropylene sheets, and then modified with plasma and 

LbL deposition using the same protocols as described above for the electrospun membranes.  The 

measurement was conducted in the adjustable gap cell configuration with an applied pressure of 

300 mBar. The zeta potential measures the charge at the Stern layer, typically 0.3-0.5 nm above 

the surface, not the actual surface charge. Measuring the actual surface charge is typically 

challenging, but in any case was not essential for this work. In this paper, “zeta potential” and 

“surface charge” are used interchangeably. 

 

The contact angles were measured using an advanced goniometer (Model 500, Rame-Hart). In this 

method, a sessile droplet of 4 µL of DI water was dispensed onto the sample. Then the sample was 

covered by a glass chamber filled with water-wetted Kimwipes to create a humid environment and 

reduce evaporation of the sessile drop. By doing so, the contact angles were shown to remain stable 

for at least 30 minutes. The reported values were averaged over three measurements. The 

underwater oil contact angle was measured by dispensing a 4 µL droplet of dodecane on the sample 

surface, which faced downward, with DI water or aqueous solutions of surfactants as the 

continuous phase. The concentrations of surfactants were the same as those in feed solutions for 

filtration. The DROPimage software was used to determine the contact angle in each case. 

 

3.2.5 Constant Pressure Emulsion Separation Experiment 

Electrospun PA6(3)T membranes pre-wetted with ethylene glycol (EG) followed by extended 

rinse with DI water were used as a reference, to compare with those after plasma treatment and 

polyelectrolyte deposition(s). Separation tests were carried out under constant pressure of 2 psi 
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(13.79 kPa) in dead-end (UHP 25, Sterlitech) and cross-flow (CF016, Sterlitech) filtration cells, 

simultaneously. A similar microfiltration system was reported in previous work [13]. The unstirred 

dead-end cell was oriented vertically with a column of liquid (10 mL) connected to the tanks. 

Membranes were supported by a polypropylene screen (Sterlitech). The effective filtration area of 

the dead-end cell was 3.5 cm2. The cross-flow module had an open channel with dimensions of 39 

´ 39 ´ 2.28 mm3, while the effective filtration area was 16 cm2. Membranes were supported by a 

sintered steel screen (Sterlitech). The transmembrane pressure for cross-flow filtration was 

determined as the difference between the average of inlet and outlet pressures on the feed side, and 

the permeate pressure. Six liters of feed emulsion was prepared for each experiment, and the 

retentate was returned to the feed with constant stirring in the tank to maintain oil concentration; 

about 20-40% of the solution in the feed tank was processed in any single experiment; the oil 

concentration of the feed solution was monitored, and did not change appreciably during the 

experiments.  

 

The membranes were first conditioned with hydraulic flow at 4 psi for 1 minute to complete 

membrane compaction [42]. Afterwards, the pressure was lowered and maintained at 2 psi. Pure 

water flux for each membrane was measured for 1 minute, followed by filtration of dodecane-in-

water emulsions for 4 hours. The permeate mass was recorded every 30 seconds for the first 10 

minutes, and then every 2 minutes thereafter. The mass was converted to volume using the density 

of water, since the concentration of dodecane was low. Three replicates were taken for each 

condition of modification.  

 

The oil concentrations in all streams were measured using a total organic carbon (TOC) analyzer 

(Shimadzu TOC-L). Since a minimum volume of 5 mL is required for a TOC analysis on a sample, 

aliquots of 0.2 mL were diluted 25-fold to a final volume of 5 mL using DI water. A calibration 

curve with TOC concentration ranging from 0 ppm to 10 ppm was obtained using a 10 ppm 

potassium hydrogen phthalate (KHP) standard solution. The rejection of dodecane was calculated 

using the following equation: 

 

𝑅(%) = /1 − 12
13
4 × 	100  (3-1) 
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where 𝐶8 and 𝐶9 are TOC concentrations of the permeate and feed, respectively. 

 

3.3 Results 

3.3.1 Emulsion Characterization 

The droplet diameter distributions of representative feed solutions of dodecane-in-water emulsions 

(250 ppm) stabilized by SDS and MTAB are shown in Figure 3-1. A Gaussian distribution was fit 

to the volume distributions, from which the volume-weighted average diameter and standard 

deviation were determined to be 480 ± 33 and 485 ± 36 nm, for SDS and MTAB, respectively. 

The distributions of drop size in the feed solutions in the feed tank were confirmed to be stable 

throughout the filtration tests. The pH and zeta potentials of the dodecane emulsions are shown in 

Table 3-1. The zeta potentials depended strongly on the head group of the surfactant. Emulsions 

prepared by SDS and MTAB had zeta potentials of -50.2 ± 2.6 and 43.2 ± 2.6 mV, respectively, 

due to their ionic head groups. 

 

Table 3-1.  Experimental parameters and properties of 250 ppm feed emulsions of SDS and 
MTAB 

 Surfactant 
concentration (mM) 

Critical micelle 
concentration (mM) pH Droplet 

diameter (nm) 
Zeta potential 

(mV) 

SDS 0.25 8.2 [43] 5.5 ± 0.1  480 ± 33 -50.2 ± 2.6 

MTAB 0.25 3.9 [44] 5.8 ± 0.2 485 ± 36 43.2 ± 2.6 
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Figure 3-1.  Droplet size distribution of 250 ppm dodecane emulsions in aqueous solutions of 
SDS and MTAB, respectively.  The solid curves are the best fit Gaussian distributions 
 

3.3.2 Membrane Characterization 

A scanning electron micrograph (SEM) of a PA6(3)T fiber membrane is shown in Figure 3-2 (a). 

The nonwoven PA6(3)T membranes were electrospun to form uniform membranes with an 

average fiber diameter of 126 ± 21 nm. The membrane thickness was 47.5 ± 7.5 µm, and the 

porosity was 87 ± 1 %. The SEM images of membranes after plasma treatment and polyelectrolyte 

deposition(s) are also shown in Fig. 2. As can be seen in Figure 3-2, the fibrous structure of the 

electrospun mats appear to be unchanged by surface modification. The average fiber diameters are 

117 ± 21, 119 ± 26, 122 ± 24 and 123 ± 23 nm for plasma-3, bPEI-5, bPEI-10 and bPEI/PAA-5 

membranes, respectively. It was found that plasma treatment reduced the fiber diameter of 

electrospun PA6(3)T membranes, while dipping in polyelectrolyte solutions created a conformal 

coating with thickness around 2-5 nm. There was no evidence of compaction of the membranes 

due to capillary forces during drying. 

 

Figure 3-3 shows the zeta potential of PA6(3)T films as-cast and after surface modification. The 

results confirm that PA6(3)T was negatively charged (-14.6 ± 1.6 mV) at pH ~5.6, and the plasma 

treatment imparted additional negative charge to the PA6(3)T film (-26.4 ± 3.9 mV). After the 
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plasma-treated PA6(3)T films were immersed in bPEI solution, the zeta potential was observed to 

be positive (2.3 ± 3.3 mV). With longer immersion time, i.e. bPEI-10, the zeta potential was 

increased to 11.8 ± 8.7 mV, which we attributed to better coverage of bPEI on the film. After the 

bPEI-5 films were immersed in PAA solution, the zeta potential was again observed to be negative 

(-33.7 ± 4.7 mV). Therefore, LbL polyelectrolyte deposition was confirmed to alter the surface 

charge of PA6(3)T films between negative and positive values. 

 

  

  

   
Figure 3-2.  SEM images of (a) as-electrospun PA6(3)T membrane, (b) membrane after plasma 
treatment for 90 sec each side (plasma-3), (c) membrane dipped in bPEI solution for 5 min 

(a) (b) 

(c) (d) 

(e) 
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(bPEI-5), (d) membrane dipped in bPEI solution for 10 min (bPEI-10), and (e) membrane coated 
with bPEI/PAA by dipping in each solution for 5 min (bPEI/PAA-5)).  All scale bars are 1 µm 
 

 
Figure 3-3.  Zeta potential of PA6(3)T film as-cast and after surface functionalization, compared 
with the zeta potential of dodecane-in-water emulsions stabilized by SDS and MTAB 
 

The contact angle in air of the sessile drop of DI water and the underwater contact angle of the oil 

drop on flat films of PA6(3)T as-cast and after surface functionalization are shown in Figure 3-4 

(a). The water contact angle on PA6(3)T film was 72.4 ± 1.4 °, while the underwater oil (dodecane) 

contact angle was 108.3 ± 0.9°; these results indicate that PA6(3)T is hydrophilic and oleophobic. 

After plasma treatment, the water contact angle decreased to 25.5 ± 1.6 °, and the water contact 

angles on polyelectrolyte-coated PA6(3)T films were around 45-52 °. The underwater oil contact 

angle of surface-modified films rose to 140-153 °, indicating that plasma treatment and 

polyelectrolyte coating increased both the hydrophilicity and oleophobicity. 

 

The addition of ionic surfactants to the DI water influences the oil contact angle measurements 

between the PA6(3)T film and the liquids through electrostatic interaction, as shown in Figure 3-

4 (b). If the surface charge of the polymer film was opposite to that of the surfactant, e.g. PA6(3)T 

and plasma-3 films in MTAB solution, or bPEI-5 film in SDS solution, the oil contact angle was 

reduced. The decrease of underwater oil contact angle might be due to the adsorption of ionic head 
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groups of surfactants on the oppositely charged polymer films, leaving the hydrophobic tails facing 

outward and making the surface more oleophilic [45]. On the other hand, when the surface charge 

of the polymer film was alike to that of the surfactant, e.g. plasma-3 and bPEI/PAA-5 films in SDS 

solution, or bPEI-5 and bPEI-10 films in MTAB solution, the oil contact angle was increased.  

 

 
Figure 3-4.  (a) Water contact angle and underwater oil (dodecane) contact angle on flat films of 
PA6(3)T as-cast and after surface functionalization (b) Oil contact angle on flat films of PA6(3)T 
as-cast and after surface functionalization, with either DI water (squares) or surfactant aqueous 
solutions (SDS: circles; MTAB: triangles) as continuous phase 
 

3.3.3 Separation Experiment 

Prior to filtration, the pure water (“hydraulic”) flux of each membrane at 2 psi transmembrane 

pressure was characterized; the results are shown in Figure 3.5. The hydraulic flux of an 

electrospun PA6(3)T membrane with fiber diameter of 126 ± 21 nm prewetted by ethylene glycol 

(EG) was measured to be 3766 ± 751 LMH at 2 psi. The average pure water fluxes of membranes 

after surface functionalization were improved to 4000-4200 LMH at 2 psi. The plasma-treated and 

LbL-coated membranes were then applied to microfiltration of SDS- and MTAB-stabilized 

emulsions in both dead-end and cross-flow configurations, and compared with the as-electrospun 

PA6(3)T membranes.  

 

(a) (b) 
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Figure 3.6 shows the permeate flux of plasma-3, bPEI-5 and bPEI/PAA-5 membranes when 

separating SDS-stabilized emulsions in dead-end and cross-flow systems, with as-spun PA6(3)T 

membrane prewetted by EG as reference. Although the reduction in flux relative to hydraulic flux 

due to fouling is still large (97-98%), both negatively charged membranes (plasma-3 and 

bPEI/PAA-5) exhibited significantly (230-320%) higher permeate fluxes (141.2 ± 34.7 LMH and 

102.8 ± 10.1 LMH, respectively) than the as-spun PA6(3)T membrane (44.3 ± 2.6 LMH) in cross-

flow configuration at 4 hr,. However, the positively charged bPEI-5 membranes barely altered the 

flux (46.0 ± 7.8 LMH) in cross-flow configuration after 4 hrs. The trends were qualitatively similar 

in the dead-end configuration, albeit with somewhat lower permeate fluxes.    

 

 
Figure 3-5.  Pure water flux of electrospun PA6(3)T, plasma-treated and polyelectrolyte-coated 
membranes at 2 psi.  Each data point represents the average and standard deviation of 6 
experiments 
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Figure 3-6.  The permeate flux for separation of SDS-stabilized emulsions with electrospun 
PA6(3)T membranes as-spun, plasma-treated and LbL polyelectrolyte-functionalized, in (a) 
dead-end and (b) cross-flow configurations. The error bars in the plot correspond to the 
maximum and minimum values of three replicates (membranes) 
 

Figure 3.7 shows the permeate flux of plasma-3, bPEI-5 and bPEI-10 membranes when separating 

MTAB-stabilized emulsions in dead-end and cross-flow systems, with as-spun PA6(3)T 

membrane prewetted by EG again as reference.  Both positively charged membranes (bPEI-5 and 

bPEI-10) exhibited significantly (250-340%) higher permeate fluxes (67.5 ± 4.0 LMH and 91.0 ± 

39.2 LMH, respectively) than the as-spun PA6(3)T membrane (27.3 ± 3.8 LMH) in cross-flow 

configuration at 4 hr. The negatively charged plasma-3 membranes, on the other hand, resulted in 

only a modest increase of permeate flux (38.0 ± 11.0 LMH). In dead-end configuration, the plasma 

treatment actually showed a negative influence on the permeate flux, which was decreased from  

22.2 ± 4.1 LMH to 14.5 ± 0.4 LMH at 4 hrs. Based on the results in Figure 3-6 and Figure 3-7, it 

is apparent that like charged membranes and emulsions result in higher ultimate permeate fluxes, 

whereas oppositely charge membranes and emulsion result in similar or lower permeate fluxes, 

compared to the as-spun PA6(3)T membrane.   

 

The quality of permeate obtained after 4 hours of filtration, expressed as TOC, are presented in 

Figure 3.8. The plasma treatment and polyelectrolyte deposition had no apparent influence on the 

permeate quality. The average TOC concentrations in the filtrate were mostly lower than 15 ppm, 

(a) (b) 
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which is the EPA’s regulatory limit for daily discharge of oily wastewater [46], except for MTAB-

stabilized emulsions using untreated PA6(3)T membranes, where the TOC concentration was 

slightly above the limit (15.2 ± 5.1 ppm). The membranes immersed in bPEI solution for 5 min 

exhibited the highest rejection of oil, with values of 93.0 ± 2.0 % and 92.1 ± 1.8 % for SDS- and 

MTAB-stabilized emulsions, respectively; this corresponds to permeate TOC concentrations of 

11.9 ± 3.9 ppm and 12.7 ± 2.3 ppm, respectively. 

 
Figure 3-7.  The permeate flux for separation of MTAB-stabilized emulsions with electrospun 
PA6(3)T membranes as-spun, plasma-treated and LbL polyelectrolyte-functionalized, in (a) 
dead-end and (b) cross-flow configurations. The error bars in the plot correspond to the 
maximum and minimum values of three replicates (membranes) 
 

(a) (b) 
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Figure 3-8.  TOC analysis of the membrane permeate 
 

3.4 Discussion 

3.4.1 Electrostatic Repulsion Strength 

In this work, model emulsions stabilized by SDS and MTAB were used to represent different types 

of industrial oily wastewaters. Previous works have confirmed that membrane fouling by 

surfactant-stabilized oil-in-water emulsions is influenced by the electrostatic interactions between 

membrane and emulsion [13,15,47]. Based on this principle, we envisioned a family of 

polyelectrolyte-functionalized membranes whose surface charge could be selected according to 

the electrostatic properties of the emulsion to be separated, in order to reduce the membrane fouling. 

The principle is that stronger repulsive electrostatic interactions translate to reduced fouling and 

higher retained permeate flux.   To demonstrate this principle, a design metric is proposed based 

on the product of zeta potentials of emulsion and membrane, which we call the “electrostatic 

repulsion strength”.  As measure of merit, we take the permeate flux at 4 hr, which is plotted in 

Figure 3-9 versus the electrostatic repulsion strength for both dead-end and cross-flow 

configurations.   Indeed, for both configurations, the measure of merit correlates well with the 

design metric, with coefficients of linear regression R2 = 0.79 and 0.61 for dead-end and cross-

flow systems, respectively.  The permeate flux in the cross-flow configuration is systematically 
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higher than that in the dead-end configuration, because cross-flow enjoys an additional hydraulic 

cleaning mechanism that is absent in the dead-end configuration.   

 
Figure 3-9.  Flux at 4 hr in dead-end (solid symbols) and cross-flow (open symbols) 
configurations as functions of electrostatic repulsion strength. Circle symbols represent 
anionically (SDS)-stabilized emulsions and triangle symbols represent cationically (MTAB)-
stabilized emulsions 
 

3.4.2 Fiber Diameter 

In addition to the primary effect on permeate flux exerted by the electrostatic repulsion strength, 

minor but systematic deviations can be identified based on fiber diameter.  In Figure 3-9, the 

membranes with smallest diameters (plasma-3 and bPEI-5) tend to fall above the trendlines (higher 

permeate flux) while those with largest diameters (as-spun PA6(3)T and bPEI/PAA-5) tend to fall 

below (with some outliers).  When removing emulsified oil stabilized by SDS from water, it was 

found that the plasma-treated membranes exhibited the highest permeate flux in both filtration 

configurations, despite the lower zeta potential and oleophobicity compared to those of bPEI/PAA-

coated membranes. Since the average fiber diameter of the plasma-3 membranes were reduced by 

~ 9 nm, we hypothesize that the plasma treatment alters not only the surface charge but also the 

membrane morphology (specifically, fiber diameter and porosity) of the electrospun mats, which 

can also affect the permeate flux. To verify that the changes in fiber diameter by ~10 nm are 

experimentally significant, electrospun PA6(3)T membranes were plasma-treated for 5 min on 
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each side (denoted “plasma-10”), and observed by SEM. As shown in Figure 3-10, some fibers 

were broken after 10 min of plasma treatment, and the average fiber diameter was further reduced 

to 95 ± 27 nm. The reduction in fiber diameter and breakage of fibers alters the pore morphology 

of the membranes, suggesting that it is more “open”.  The increase in pore space of plasma-treated 

mats was confirmed by the pure water flux, which increased from 3766 ± 751 LMH to 5039 ± 617 

LMH, as shown in Figure 3-11. The pure water flux of plasma-3 membrane was also the highest 

among those of membranes after surface functionalization (c.f. Figure 3-5). Figure 3-11 presents 

the zeta potential of the PA6(3)T films after plasma treatment as well. It shows longer time of 

plasma treatment led to more negatively charged surface, which could be an advantage for LbL 

deposition. The resulting high water permeability and negative surface charge could be also 

beneficial for separation of emulsions with anionic surfactants. 

 

 
Figure 3-10.  SEM image of a PA6(3)T membrane after plasma treatment for 5 min each side. 
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Figure 3-11.  The zeta potential of PA6(3)T films (solid symbols) and pure water flux of 
electrospun PA6(3)T membranes (open symbols) as a function of time for plasma treatment 
 

3.5 Conclusion 

In this work, a strategy to reduce membrane fouling in microfiltration of surfactant-stabilized oil-

in-water emulsions was developed, based on the electrostatic repulsion between membrane and 

emulsion. A family of polyelectrolyte-functionalized membranes and plasma-treated membranes 

were proposed to alter the surface charge with respect to the as-electrospun polyamide membrane. 

The membranes were then challenged by the model dodecane emulsions stabilized by anionic and 

cationic surfactants. The results show that like charged membranes and emulsions result in higher 

permeate fluxes at 4 hrs, while oppositely charged membranes and emulsions result in similar or 

lower permeate fluxes, compared to the as-spun membrane. The higher permeate flux is indicated 

of greater resistance to fouling.  This anti-fouling tendency can be expressed quantitatively as a 

function of electrostatic repulsion strength. Although the nature of the oily emulsions in industrial 

wastewaters vary greatly according to their sources, they can be sorted according to their 

electrostatic properties, or zeta potentials.  Similarly, polymer compositions can be devised, or the 

resulting membranes post-processed, to create families of membranes that vary in electrostatic 

charge, or zeta potential. The electrostatic repulsion strength then offers a design metric by which 

membranes may be selected for microfiltration of a particular oily emulsion in order to mitigate 



 75 

fouling.  This work demonstrates a simple but effective illustration of one such family of fouling-

resistant membranes for the separation of surfactant-stabilized oil-in-water emulsions. Using 

plasma treatment and LbL polyelectrolyte self-assembly, electrospun fiber membranes are made 

more fouling-resistant.  The same principles can be also applied to other types of membranes, such 

as  those made by phase inversion.  
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4 Direct Three-dimensional Visualization of Membrane Fouling by 

Confocal Laser Scanning Microscopy 
Portions of this chapter are reprinted with permission from Y.-M. Lin, C. Song, G.C. Rutledge, 

ACS Appl. Mater. Interfaces, 11 (2019) 17001-17008. Copyright (2019) American Chemical 

Society 

 

4.1 Introduction 

Oily wastewater is one of the major by-products of industries such as petroleum refining, food 

processing and metal finishing, the inadvertent release of which can cause concerns to the aquatic 

environment [1]. The method to remove the oil from contaminated water typically depends on the 

size and stability of the oil droplets [2]. Free floating and unstable suspended oil can be removed 

inexpensively by gravity-based techniques such as flotation and settling. However, these 

techniques are not efficient for removing emulsified oil stabilized by surfactants because of the 

small diameters of the droplets (< 20 µm) and the long settling time [3]. Compared to the 

conventional methods, membrane separation offers high oil removal efficiency, low energy cost 

and compact design, therefore becoming attractive in clean-up of emulsified oil [4,5]. However, 

membrane fouling, the process by which the rejected components deposit within or upon the 

membrane and thereby reduce the permeate flux, remains a challenge in the filtration process [6]. 

Therefore, it is critically important to understand the mechanisms that cause fouling, and to reduce 

their negative effects on separation of oil-in-water emulsions. 

 

Unlike solid particles, liquid droplets are deformable and can coalesce, which renders the study of 

membrane fouling by oils correspondingly more difficult. Several techniques have been developed 

to monitor the filtration process in real time non-destructively, such as direct observation through 

the membrane (DOTM) [7,8], ultrasonic reflectometry [9], in-situ visualization by camera [10], 

and optical coherence tomography (OCT) [11]. However, there are limitations associated with 

each of the methods. DOTM, which observes foulant deposition on the surface of the membrane 

from the permeate side using an optical microscope, requires membranes with sufficient optical 

transparency, and is limited to two-dimensional (2D) imaging. Ultrasonic reflectometry detects 

fouling through ultrasonic waves, but does not provide a direct image of the foulants. In-situ 
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visualization of the oil deposition taken by camera from the feed side can only give 2D images and 

has limited resolution. OCT generates three-dimensional (3D) images of foulant deposition by 

employing near-infrared light with depth resolution of about 2 µm and lateral resolution of about 

4 µm. However, since image contrast at the feed/membrane interface relies on the difference of 

refractive index between the feed solution and the polymer of the membrane, the feed solution is 

limited to low concentration (5 ppm). Also, since the refractive index of oils are close to those of 

most common polymers, the interface between the oil drops and the membrane is obscured. 

Another way to observe the deposition of oil is to characterize the fouled membranes after filtration. 

He et al. used scanning electron microscopy (SEM) to acquire high-resolution images of the feed 

and permeate faces of a membrane after fouling experiments with different oils [12]. Yet, SEM is 

not suitable for membranes fouled by volatile oils, and the information in the third dimension 

(depth) is still limited. 

 

Confocal laser scanning microscopy (CLSM) is a non-destructive imaging technique based on 

optical microscopy that can offer high-resolution images at different depths of a three-dimensional 

object. The in-plane and depth resolution are related to the incident wavelength (𝜆 ) of the 

fluorescent dye and the numerical aperture (NA), which is determined by the microscope objective. 

There are several criteria for specifying the optical resolution, the most common one being the 

Rayleigh criterion, in which the principle maximum of the diffraction pattern, also known as the 

Airy disk, from one point source coincides with the first minimum of the Airy disk from another 

other point source [13]. The lateral and axial Rayleigh criteria can be estimated through the 

following equations: 

 

𝑟n@o = 0.61𝜆 𝑁𝐴⁄  (4-1) 

𝑟s = 2𝜂𝜆 𝑁𝐴C⁄ , (4-2) 

 

where 𝜂 = 1.518 is the refractive index of the immersion oil for CLSM used in this work. and NA 

is 1.4 for the oil objective. From Eq. 4-1 and Eq. 4-2, the in-plane and depth resolution can be as 

fine as about 200 nm and 600 nm, respectively. By stacking the images obtained at different focal 

planes, a three-dimensional image can be built up. CLSM was first demonstrated for 

characterization of microporous membrane morphology and pore property by Charcosset et al. in 
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2000 [14,15]. Bagherzadeh et al. then applied CLSM to characterizing electrospun fiber mats by 

adding quantum dots into the polymer solution prior to fabrication [16]. The imaging depth was 

limited to the first few microns at the mat surface due to the scattering of light. By employing 

refractive index matching, Choong et al. was able to reconstruct 3D images of fibrous materials 

up to depths of ~50 µm, and to extract important structural metrics of electrospun mats using image 

analysis algorithms [17].  

 

CLSM has been applied recently to visualizing membrane fouling by protein and polysaccharide 

solutions in micro/ultrafiltration, forward/reverse osmosis and membrane bioreactors. Ferrando et 

al. characterized the fouling pattern of microfiltration membranes challenged by solutions of 

commercial protein-fluorescent dye conjugates; through image analysis they calculated the 

fraction of the pores in which proteins were detected [18]. Sun et al. stained the biofoulants, 

including cells, proteins and polysaccharides, by immersing the biofouled samples in a staining 

solution containing fluorescent dyes, and visualized the biofilms on the hollow fiber ultrafiltration 

membranes in drinking water treatment [19]. Xie et al. also applied a staining procedure to capture 

the distribution of alginate as foulant in forward and reverse osmosis [20]. However, none of these 

studies imaged both the membrane and the foulant simultaneously, as would be necessary to 

understand the relationship between membrane and foulant in separation of oil from water. The 

range of resolution and the similar refractive index between the oil and polymer make CLSM a 

great candidate for characterizing emulsified oil-fouled membranes. 

 

In this study, we demonstrate the power of this method to visualize membrane fouling by oil-in-

water emulsions using CLSM. In order to characterize the distribution of rejected oil and the fiber-

oil interaction, two fluorescent dyes with different absorbing and emitting wavelengths were added 

into polymer solutions for electrospinning and dodecane for preparing model emulsions, 

respectively. After the filtration tests, images of rejected oil and fiber media were captured by 

CLSM in different channels; then, 3D images of the oil-fouled membranes were reconstructed. 

Through direct visualization, the oil-fiber interaction and the evolution of fouling were further 

illuminated. 
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4.2 Materials and Methods 

4.2.1 Filter Material and Fabrication 

Electrospun fiber membranes have been examined as attractive candidates for separations 

applications since the late 1990s, due to their small fiber diameters, typically on the order of 0.1-

1 µm, and correspondingly small inter-fiber distances [10,21–27]. The high porosity allows for 

high permeate flux, while the massive interconnectivity of the pore space allow liquids to find 

alternative paths to flow through the membrane, improving robustness again fouling [23,24]. 

Several works have reported improved performance of electrospun membranes for oil/water 

emulsion separation [25–27]. However, investigation of the fouling mechanism and membrane-

foulant interaction has been limited [10,24,28]. Therefore, nonwoven sheets comprising 

electrospun fibers were chosen for this work. 

 

The materials and methods of preparation follow that of our previous work [10].   Poly(trimethyl 

hexamethylene terephthalamide) (PA6(3)T) is an amorphous polyamide with a glass transition 

temperature of 151 °C, as measured by differential scanning calorimetry (DSC, TA Q100); it was 

obtained from Scientific Polymer Products, Inc. (Ontario, NY). Polyvinylidene fluoride (PVDF, 

Kynar 741) is a semicrystalline polymer with a melting temperature of 170 °C; it was obtained 

courtesy of Arkema Inc. PA6(3)T and PVDF were chosen because of their different affinities for 

oils, and because they are conveniently electrospun into fibers with narrow diameter distribution 

and average fiber diameter around 500 nm [29,30]. N,N-dimethyl formamide (DMF), acetone, 

formic acid (FA), lithium chloride (LiCl), and Nile Red were obtained from Sigma-Aldrich and 

used as received without further purification. To increase solution electrical conductivity for 

electrospinning, 0.5 wt% FA was added to DMF as solvent for PA6(3)T, and 0.005 wt% LiCl was 

added to a mixture of 80/20 (by weight) DMF/acetone as solvent for PVDF [31,32]. Finally, to 

render the fibers fluorescent, 0.01wt% Nile Red was dissolved in both solvents before adding the 

polymers. PA6(3)T (30 wt%) or PVDF (20 wt%) was dissolved in a mixture of DMF/FA/Nile Red 

or DMF/acetone/LiCl/Nile Red, respectively, to form the solutions for elecrospinning. 

 

The electrospinning setup used in this work was the same as that reported by Shin et al [33].  It 

consisted of two parallel aluminum plates separated by a distance of 30 cm. The upper plate was 

15 cm in diameter and charged to a voltage of 25-28 kV using a high voltage supply (Gamma High 
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Voltage Research, ES40P). Polymer solutions were delivered at constant volumetric flow rates 

using a digitally controlled syringe pump (Harvard Apparatus, PHD 2000) via Teflon tubing to a 

stainless steel capillary (1.6 mm OD, 1.0 mm ID) (Upchurch Scientific) that protruded 2.1 cm 

through the center of the upper plate. The PA6(3)T and PVDF solutions were pumped at 0.2 and 

1 ml/hr, respectively. The grounded bottom plate, which served as the collector for the fibers, was 

a 15 cm ´ 15 cm stainless steel platform. The whole electrospinning process was conducted at 

room temperature. The relative humidity was maintained between 25-30% using a humidity 

controller (Electro-Tech Systems, Model 5100). All the membranes were then thermally annealed 

by draping each membrane over a Pyrex dish with 100-mm diameter in a Thermolyne benchtop 

oven (Thermo Scientific, FD1545M) at 145 °C for one hour, to improve the mechanical properties 

[34,35].   

 

4.2.2 Membrane characterization 

The morphologies of the membranes were characterized by scanning electron microscopy (SEM, 

JEOL-JSM-6060). Thirty to fifty measurements of fiber diameter were obtained, by which the 

average fiber diameter was determined. Sample thickness was measured using an adjustable 

Measuring Force Digimatic Micrometer (CLM 1.6² QM, Mitutoyo) with a constant force of 0.5 

N. Using the measured volume and mass of the membrane, the apparent density was then converted 

to the mat porosity using the bulk densities of PA6(3)T (1.12 g/cm3) and PVDF (1.78 g/cm3), as 

described in previous work [34]. 

 

The contact angles were measured by the sessile drop method using an advanced goniometer 

(Model 500, Rame-Hart). Each drop comprised 4 µL of deionized (DI) water. The sample was 

covered by a glass chamber filled with water-wetted Kimwipes to create a humid environment and 

reduce evaporation of the sessile drop. By doing so, the contact angles were shown remaining 

stable for at least 30 minutes. Each measurement was performed in triplicate and averaged. For the 

underwater oil contact angle, a 4 �L droplet of dodecane was dispensed on the sample surface, 

facing downward, with DI water or aqueous solutions of surfactant as the continuous phase. The 

contact angle was determined using DROPimage software. 
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4.2.3 Emulsion preparation and characterization 

First, perylene (0.1 wt%) was dissolved in dodecane. Model oil-in-water emulsions were then 

prepared by combining 5% by weight of this perylene/dodecane solution in a 50 mM aqueous 

solution of sodium dodecyl sulfate (SDS), followed by shearing in a blender (Oster 6847, with a 

450W motor and 12-speed operation) at purée mode for 1 minute. Before usage, the 5 wt% 

dodecane emulsion was diluted with deionized (DI) water to 100 ppm, for use as feed solution. 

The droplet size distribution of the emulsion was measured using a dynamic light scattering (DLS) 

analyzer (Zeta PALS, Brookhaven Instruments Corp.) The droplet size distribution of the diluted 

emulsion was shown to remain stable for at least one hour. 

 

4.2.4 Constant pressure emulsion separation experiment 

To ensure complete wetting, the electrospun membranes of PA6(3)T and PVDF were pre-wetted 

with ethylene glycol and ethanol, respectively, and rinsed extensively with DI water before usage. 

Constant pressure separation tests were carried out at 1.5 psi (10.34 kPa) in a dead-end (UHP 25, 

Sterlitech) filtration cell, as illustrated in Figure 4-1. The unstirred dead-end cell was oriented 

vertically with a liquid column of 10 mL. Membranes were supported by a polypropylene screen. 

The effective membrane area was 3.5 cm2. Five liters of feed solution were used for each 

experiment, and about 15% of the solution in the feed tank was processed in a 30-minute 

experiment. A total organic carbon (TOC) analyzer (Shimadzu TOC-L) was used to measure the 

oil concentrations in all streams. Aliquots of 0.2 mL were diluted 25-fold to a final volume of 5 

mL using DI water for TOC measurements. TOC measurements between 0 and 10 ppm were 

calibrated using a 10 ppm potassium hydrogen phthalate (KHP) standard solution. The rejection 

of dodecane was calculated using the following equation: 

 

𝑅(%) = /1 − 12
13
4 × 	100  (4-3) 

 

where 𝐶8 and 𝐶9 are TOC concentrations of the permeate and feed, respectively. 
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Figure 4-1. Schematic diagram of dead-end membrane filtration. Black solid lines represent fluid 
flow, black dotted line represents data connection, and the red dashed line represents the 
membrane 
 

Electrospun fiber membranes were first conditioned using pure DI water at 4 psi for 1 minute to 

compact the membranes. The pressure was then lowered to 1.5 psi and the pure water flux was 

measured for 1 minute for each membrane.  Filtration of dodecane-in-water emulsions was then 

performed for 45 seconds, 3 minutes, 10 minutes and 30 minutes. Fresh membranes were used for 

each of the different filtration times. The permeate mass was recorded every 10 seconds. The mass 

was converted to volume using the density of water, since the concentration of dodecane in the 

permeate was low. Two replicates were taken for each filtration time for imaging.  

 

4.2.5 3D image generation 

To prepare the substrate for the fouled membrane sample, several drops of 0.1 mM SDS aqueous 

solution, the same concentration as that used for the feed solution, were dispensed on a #1 cover 

glass of 50  ´ 45 mm. When the filtration experiment ended, the fouled electrospun membrane was 

removed from the dead-end cell and placed on the liquid-covered glass substrate with the feed side 

of the membrane facing downward. Another #1 cover glass was then put on top of the membrane, 

thereby keeping the sample within an aqueous environment similar to that operative during the 

separation of oil from water. The fouled membrane was then imaged using a confocal laser 

scanning microscope (Zeiss LSM 700).  

 

An air objective with a magnification of 20´ and an oil-immersion objective with a magnification 

of 63´ were used to image the fouled samples. The immersion oil was designed for high-
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magnification imaging, and has a refractive index (𝑛F) of 1.518, which is the same as that of the 

cover glass. To detect the fluorescence of Nile red in fibers, excitation at 488 nm and emission at 

540-700 nm were used in the first channel. Perylene in emulsified dodecane was detected by 

excitation at 405 nm and emission at 400-540 nm in the second channel. Both channels were 

measured simultaneously. Since the laser intensity attenuates as it travels through the sample due 

to scattering, the laser power for each of three depths, corresponding to the top, middle and bottom 

of the sample, was optimized manually. The Spline Interpolation correction algorithm (Zeiss) was 

used to determine the laser intensity as a function of depth. The in-plane resolution is determined 

by the imaging area and the pixel resolution of the image (1024 ´ 1024). The imaging parameters 

used in this work are summarized in Table 4-1. The scanning time for one image at each focal 

plane was 7.74 seconds; thus, acquisition of a complete 3D image of 20 µm depth required a total 

laser exposure time of about 10 minutes. Higher resolutions would require longer imaging time, 

which could result in photo bleaching of dyes. Calibration of axial distortion was performed with 

monodisperse fluorescent polystyrene microspheres having a diameter of 1.99 ± 0.13 µm 

(Spherotech Inc.), which was excited at 405 nm and detected at 400-500 nm [36]. Details of the 

calibration procedure are described in the Appendix B. All of the resulting 3D images were 

reconstructed with ImageJ, an open-source image processing package commonly used for 

biological image analysis, using 3D Viewer, an ImageJ plugin, with a resampling factor of 2 to 

generate the 3D images in an interactive visualization environment [37].      

 

Table 4-1.  Summary of imaging parameters used in CLSM 
 Air objective Oil objective 

Magnification 20´ 63´ 

Imaging area (µm2) 200.05 ´ 200.05 67.74 ´ 67.74 

In-plane resolution (nm/pixel) 195 66 

Depth increment (nm) 330 270 

 

4.3 Results 

4.3.1 Filter and Emulsion Characterization 

SEM images of electrospun PA6(3)T and PVDF fiber membranes are shown in Figure 4-2. Table 

4-2 summarizes the results of membrane characterization performed by the methods of gravimetry, 
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analysis of SEM micrographs, and contact angle goniometry. The average fiber diameter and 

porosity of both mats are similar, but the fiber diameter distribution of the PVDF membranes is 

more broad. In Figure 4-3 shows a sessile drop of DI water on flat films of PA6(3)T and PVDF, 

and a drop of dodecane in 0.1mM SDS aqueous solution; the contact angles thus obtained indicate 

that PA6(3)T is hydrophilic and oleophobic, while PVDF is vice versa. 

 

  
Figure 4-2. SEM images of electrospun (a) PA6(3)T and (b) PVDF fiber membranes. The scale 
bars in both images are 10 µm 
 

 
Figure 4-3. Water contact angle on flat films of (a) PA6(3)T and (b) PVDF, and underwater oil 
(dodecane) contact angle on flat films of (c) PA6(3)T and (d)PVDF, with 0.1 mM SDS solution 
as continuous phase. 
 

Table 4-2.  Results of conventional characterization methods 
 PA6(3)T PVDF 

Membrane thickness (µm) 89.5 ± 10.6 114.8 ± 14.3 

Porosity (%)a 91.1 ± 1.1 89.1 ± 2.3 

Fiber diameter (nm)b 492 ± 50 505 ± 166 

Water contact angle (degrees)c 63.9 ± 1.4 128.7 ± 2.0 

Oil contact angle in SDS solution (degrees)c 115.4 ± 2.5 64.3 ± 3.2 
a Determined gravimetrically 
b Determined from SEM micrographs 
c Determined by goniometer on the polymer films 

(a) (b) 

(a) (b) (c) (d) 
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The volume-weighted droplet diameter distribution of a representative feed solution of dodecane-

in-water emulsion is shown in Figure 4-4. The volume-weighted average diameter and standard 

deviation were determined to be 2.5 ± 0.7 µm by fitting to a Gaussian distribution. The 

distributions of drop size of the feed solutions were confirmed to be stable for the duration of the 

filtration tests. 

 

  
Figure 4-4. Droplet size distribution of 100 ppm dodecane emulsion in 0.1 mM SDS aqueous 
solution 
 

4.3.2 Fouling experiment and 3D image of an oil-fouled membrane 

Prior to filtration, the pure water flux at 1.5 psi for each membrane was measured. The hydraulic 

flux of an electrospun PA6(3)T membrane with fiber diameter of 492 ± 50 nm was measured to 

be 19348 ± 1364 L/m2/hr (LMH) at 1.5 psi. In order to observe the interaction between the rejected 

oil droplets and the fibers, PA6(3)T membranes fouled for 45 seconds were imaged using CLSM. 

The 3D images reconstructed using ImageJ are presented in Figure 4-5, where the PA6(3)T fibers 

are red and the rejected dodecane drops are bright green. The image size of Figure 4-5(a) is 

approximately 68 ´ 68 ´ 14 µm3. Although the thickness of the PA6(3)T membrane was around 

90 µm, images beyond a depth of 14 µm were too dark to be characterized due to light scattering, 

which results from the difference of refractive index between PA6(3)T (𝑛F = 1.566) and water 

(𝑛F = 1.33). PA6(3)T fibers and dodecane drops can be characterized separately in different 

channels, as shown in Figure 5b. At the higher magnification shown in Figure 4-5c, PA6(3)T fibers 



 90 

are observed to be oleophobic, with the emulsified dodecane forming droplets with the “clam-shell” 

conformation (c.f. Section 4.4 Discussion) on the fibers.  

  

 

  

 
Figure 4-5. The 3D image of the PA6(3)T fiber membrane fouled for 45 seconds reconstructed 
using ImageJ. (a) image size of 68 ´ 68 ´ 14 µm3; (b) fibers and oil drops characterized in 
separate channels (c) magnified image of size of 30 ´ 30 ´ 14 µm3 
 

To investigate the evolution of membrane fouling with time, PA6(3)T fiber membranes operated 

for 3, 10 and 30 minutes in the dead-end configuration were imaged using CLSM. The permeate 

flux as function of time is shown in Figure 4-6, and the 3D images of the green (oil droplet) channel 

(a) 

(b) 

(c) 
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at the four different filtration times are presented in Figure 4-7. The permeate flux at 30 min (based 

on 3 runs) was 2212 ± 151 LMH, and the TOC was 8.8 ± 5.5 ppm, for an oil rejection of 91.2 ± 

5.5 % after filtration for 30 minutes; the EPA regulatory limit for discharge of oily wastewater is 

15 ppm [38]. For the purpose of comparison, the images of feed solution and filtrate acquired from 

optical microscope (Zeiss Axioplan 2) are presented in the Appendix B. Coalescence of rejected 

dodecane droplets at different times, imaged using an air objective of 20´, are shown in Figure 4-

7. The sample sizes are approximately 200 ´ 200 ´ 15 µm3. As filtration progressed, oil drops 

coalesced and their size increased. After 30 minutes, an oily “cake” or film layer can be observed 

in some parts of the membrane.  

 
Figure 4-6. The permeate flux versus time for separation of 100 ppm emulsified dodecane from 
water using electrospun PA6(3)T membranes in the dead-end configuration. The error bars in the 
plot correspond to the maximum and minimum values of three replicates (membranes). 
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45 seconds 3 minutes 10 minutes 30 minutes 

    

    
Figure 4-7. 3D images of oil fouling the PA6(3)T electrospun membranes at different filtration 
times (2 replicates each, top and bottom) in the dead-end configuration  
 

4.3.3 Comparison between polymers of different affinity for oil 

To study the influence of oleophilicty of the polymer on fouling, electrospun PVDF fiber 

membranes were applied to the separation of dodecane emulsions in the dead-end configuration. 

The hydraulic flux of a PVDF membrane with fiber diameter of 505 ± 166 nm at 1.5 psi was 

measured to be 16245 ± 1447 LMH, which is slightly lower than that of the PA6(3)T membrane 

and might be due to the larger membrane thickness and lower porosity of the PVDF membranes. 

To compare with PA6(3)T, a PVDF fiber membrane fouled for 45 seconds was imaged and 

reconstructed using ImageJ; the results are shown in Figure 4-8. The sample size is about 68 ´ 68 

´ 17 µm3. Compared to the PA6(3)T samples, images of the PVDF sample at greater depths within 

the membrane could be acquired due to its relatively low refractive index of PVDF (𝑛F = 1.426), 

which is closer than PA6(3)T to that of water. The PVDF membrane has a broader fiber diameter 

distribution. Significantly, because of the oleophilicty of PVDF, the morphology of emulsified oil 

on the PVDF membrane is qualitatively different from that on the PA6(3)T membrane. After 

filtration for only 45 seconds, rejected dodecane is observed to wet the fibers and spread on the 

membrane. Some fiber-shaped oil layers can be also found in the green channel of Figure 4-8b. 
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Figure 4-8. (a) The 3D image of the PVDF fiber membrane fouled for 45 seconds (b) fibers and 
oil drops characterized in separate channels 
 

4.4 Discussion 

4.4.1 Shape of Oil Drops on Fibers 

When a liquid drop is placed on a cylindrical fiber, one of two fundamentally different 

conformations may be observed, asymmetric “clam-shell” or symmetric “barrel” droplets, 

depending on the contact angle, drop volume and fiber radius. The transition from barrel to clam-

shell – “the roll-up process” – was first discussed by Adam [39]. Subsequently, Carrol developed 

a theory for the roll-up process by solving the Young-Laplace equation [40]. For an oil-water 

system where the effect of gravity can be considered negligible, when the oil contact angle exceeds 

a critical value, or the droplet volume is below a certain value, the asymmetric clam-shell 

conformation is thermodynamically favored. Carrol derived the relationship between the critical 

contact angle and the critical ratio of drop radius to fiber radius (𝑟F 𝑟9⁄ ), and thus obtained the 

boundary where the roll-up process occurs. From the theory, for 𝑟F 𝑟9⁄  of about 5, which is 

approximately the value in this work, the critical contact angle is around 70°. As can be seen in 

Table 2, the dodecane contact angle in 0.1 mM SDS aqueous solution on PA6(3)T flat film was 

(a) 

(b) 
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115.4 ± 2.5°, which is much higher than the critical contact angle; therefore, drops of clam-shell 

conformation are predicted by the theory, consistent with what is observed in the 3D images in 

Figure 4-5. On the other hand, when dodecane drops were rejected by PVDF fiber membranes, 

barrel-shaped droplets are predicted by the theory, since the oil contact angle on PVDF (64.3 ± 

3.2°) is slightly smaller than the critical value; however, no such barrel-shaped droplets are 

observed in Figure 4-8. This is probably due to the dense distribution of fibers in the membrane, 

in contrast to the single fiber analysis by Carrol. In multi-fiber configurations, oil drops that would 

otherwise form barrel-shaped drops on a single fiber can further reduce their energy by maximizing 

their contact with multiple fibers, spreading along and between the fibers in a complicated manner 

that depends on the distance between and relative orientation of fibers within the membrane.  We 

believe that a detailed analysis of this multi-fiber wetting behavior, made possible by such 3D 

images, will eventually shed new light on the nature of fouling in such membranes. 

 

4.4.2 Transition of fouling modes 

In Figure 4-7, liquid films of dodecane are found in some spots on the PA6(3)T membranes after 

30 minutes of filtration. To study the fouling modes, the flux data was analyzed using the classical 

blocking filtration models [41,42]. Four modes of fouling have been proposed, which are all 

characterized by a power-law relationship between permeate flux (J) and its time-derivative, as 

expressed by Eq (4-4): 

 
Fy
Fz
= −𝑘𝐽?@A, (4-4) 

 

where n is a dimensionless constant and the resistance parameter k has different definitions 

depending on the mode of fouling. Depending on the mode of fouling, n = 0, 1, 1.5 or 2, indicative 

of cake filtration, intermediate blocking, standard blocking (also called “depth” or “deep-bed” 

filtration[43]) or complete blocking models, respectively. The liquid films observed here are 

morphologically similar to the cake layers observed in solids filtration.  To analyze the mode of 

fouling, the flux data from Figure 4-6 was plotted as −𝑑𝐽 𝑑𝑡⁄  vs. 𝐽 in log-log form; the results are 

shown in Figure 4-9. The data was smoothed using the unweighted sliding-average algorithm with 

window of 4 to reduce the noise. The trend in the data increases qualitatively from the high flux 

region (short times) to the low flux region (long times), suggesting a transition between 
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mechanisms. Lines of slope = 1 (blue line) and 3 (red line), corresponding to the extreme cases of 

complete blocking and cake filtration, respectively, are shown in Figure 4-9 as guides to the eye.  

One may infer that the data are consistent with the complete blocking of some of the pores initially, 

but then transitions to cake filtration by 30 min, as the flux decreases. This transition can also be 

interpreted in terms of two resistances in parallel (suggestive of sections of clean and fouled 

membrane) initially, followed by resistances in series (suggestive of a film-like layer forming 

within or on top of an otherwise porous membrane) at long times [24]. A similar two-step transition 

of fouling has been reported in other works [10,44]. Therefore, the results of blocking filtration 

models are consistent with the 3D images of the evolving oily fouling layer.   

 
Figure 4-9. The flux data for filtration up to 30 minutes, plotted as −𝑑𝐽 𝑑𝑡⁄  vs. 𝐽 in log-log form. 
Lines of slope = 1 (blue) and 3 (red), which correspond to values of n  = 0 and n = 2, 
respectively, are also shown, as guides to the eye .  These lines are consistent with cake filtration 
and complete blocking modes. 
 

4.5 Conclusion 

In this work, high-resolution 3D imaging of electrospun fiber membranes fouled by emulsified oil 

were obtained using confocal laser scanning microscopy. By adding two fluorescent dyes with 

different absorption and emission spectra into polymer solutions for electrospinning and oil for 

emulsion preparation, respectively, 3D images of oil-fouled membranes could be reconstructed in 

separate channels in the microscope. Through direct visualization, the interactions between oil 

drops and fibers, e.g. wetting behavior and contact angle, were observed and compared between 

two polymers with different oleophobicity. In the early stage of filtration, rejected oil formed drops 
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of clam-shell conformation within PA6(3)T membranes, while the oil wet the fibers and spread on 

the mats within PVDF membranes. In the late stage of filtration, the accumulated oil coalesced, 

forming larger drops, and eventually liquid films in some cases, after 30 minutes. Blocking 

filtration models are consistent with this transition between fouling modes, but the noise in the 

data is too large to draw quantitative conclusions based on flux alone. For this reason, direct 

visualization in 3D offers a new avenue by which to evaluate the development of fouling within a 

microfiltration membrane during separation of oil-in-water emulsions. In general, this technique 

is not limited to the current testing conditions. It can also be applied to fouling with different 

emulsions (e.g. different types of oil), different filtration configurations (e.g. cross-flow system), 

and other types of membranes (e.g. made by phase inversion), so long as scattering and/or 

absorption of light is not limiting. When sequenced in time, the 3D images of fouling can be 

combined to visualize the evolution of fouling effectively in 4D.  This method yields information-

rich data sets by which future analyses towards understanding the fouling mechanisms in emulsion 

separation or developing new types of membranes or cleaning methods to improve the efficiency 

of filtration can be evaluated. 
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5 Conclusions and Recommendations 
 

5.1 Conclusions 

Electrospun fiber membranes have gained attentions in microfiltration of oil-in-water emulsion. 

However, due to the deformability of oil drops and the unique fibrous structure, the fouling 

mechanism of electrospun membranes is still not fully understood. To investigate the membrane-

foulant interactions and the applicability of electrospun membranes in the diverse industrial oily 

wastewater, emulsions stabilized by different types of surfactants were examined with polyamide 

electrospun microfilters in dead-end and cross-flow filtration configurations. The results show that 

the fouling in dead-end filtration is mainly determined by the electrostatic interactions between 

membrane and oil droplets, while in cross-flow configuration the membrane performance is 

primarily influenced by the hydrophilic/hydrophobic interactions due to the adsorption of 

surfactant molecules at interfaces. The classical block filtration models were used to corroborate 

these finding and illustrate the transition of fouling modes in the filtration process. This work 

indicates that the fouling of electrospun membranes can be influenced by the electrostatic and 

hydrophobic interactions between membrane and emulsified oil drops according to the nature of 

surfactants that stabilize the emulsions.   

 

Since the compositions and properties of surfactant-stabilized oil-in-water emulsions in industrial 

wastewaters vary widely, based on the conclusion drawn from Chapter 2, a membrane design by 

which the properties of the membrane can be adjusted according to the nature of the emulsion is 

developed with layer-by-layer polyelectrolyte assembly. The strategy is to reduce the fouling in 

filtration process by inducing electrostatic repulsions between the membrane and emulsions. A 

family of polyelectrolyte-functionalized membranes and plasma-treated membranes were 

proposed to alter the surface charge and challenged by the model dodecane emulsions stabilized 

by anionic and cationic surfactants, which were used to simulate the breadth of oily industrial 

wastewaters. The results show that like charged membranes and emulsions result in higher 

permeate fluxes after 4 hours of filtration, while oppositely charged membranes and emulsions led 

to similar or lower permeate fluxes, compared to the as-spun membrane. A design metric 

“electrostatic repulsion strength” was proposed and the anti-fouling tendency could be expressed 

as a function of electrostatic repulsion strength. With plasma treatment and LbL polyelectrolyte 
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self-assembly, the anti-fouling properties of electrospun fiber membranes against oil-in-water 

emulsions are successfully improved.  

 

In Chapter 2, the fouling mechanisms of electrospun membranes for oily emulsion separation were 

illustrated with the classical blocking filtration models, which was also supported by the in-situ 

visualization of the oil depositions on the membrane surface taken by camera. However, this 

technique can only give 2D images and has limited resolution. A direct, three-dimensional 

visualization of emulsified oil-fouled electrospun membranes using confocal laser scanning 

microscopy is developed. The rejected oil was found to form droplets of clam-shell shape on the 

oleophobic polyamide fibers, while the oil tended to wet the oleophilic PVDF fibers and spread 

across the membrane. The morphology of oily foulants as function of filtration time was also 

observed and found to be consistent with the transition of fouling modes indicated by the blocking 

filtration models. This direct 3D imaging CLSM technique is a powerful tool for understanding 

the fouling mechanism in emulsion separation or developing new types of membrane or cleaning 

methods to improve the filtration efficiency. 

 

In conclusion, this thesis has studied the fouling mechanisms of electrospun fiber membranes when 

separating oil-in-water emulsions through both modeling and direct visualization. Based on the 

findings, a membrane design strategy combining LbL polyelectrolyte assembly and 

electrospinning is proposed to adapt to the diversity of industrial oily wastewaters and to resist the 

fouling via electrostatic repulsions. The toolset and strategy developed in this thesis can be used 

for investigation of fouling process and design of anti-fouling membranes in emulsion separation, 

which are not only limited to electrospun membranes, but also other types of membranes. 

 

5.2 Recommendations 

Although surface functionalization of plasma treatment and polyelectrolyte assembly has 

successfully improved the permeate flux of electrospun fiber membranes by ~ 300 %, the flux after 

four hours of filtration still lose 95 % of the hydraulic flux due to fouling. How to retain the 

permeate flux and optimize the performance of electrospun membranes is a critical issue. 

Parameters such as the ratio of droplet size to fiber size, shear-flow velocity, and membrane 
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thickness are recommended for further investigation. The preliminary experiments have been done 

and reported in Appendix C. 

 

Industrial oily emulsions typically contains different components, such as surfactants, salts, 

acid/base and their mixtures. The salts can cause screening effects in electrostatic interactions, 

while the pH can influence the dissociation of surfactants and polymers. Therefore, an examination 

against emulsions with mixtures of surfactants (usually non-ionic/cationic or non-ionic/anionic), 

salts and acid/base is recommended. To compare with state-of-the-art, one should also test the 

electrospun membranes against the produced water generated from industries and compare to the 

membranes used in industrial wastewater treatment. 

 

The improvement on the fouling-resistance of electrospun membranes with LbL polyelectrolyte 

assembly and the influence of dipping time have been studied in Chapter 3. Further works can be 

done on choosing different polyelectrolytes and adding more bilayers of polyelectrolytes. Since 

PEI and PAA are weak polyelectrolytes, they can be partially dissociated at intermediate pH. 

Strong polyelectrolytes such as poly(diallyldimethylammonium chloride) (PDAC) and 

poly(sodium styrene sulfonate) (PSS) might be able to induce more charge on the membranes and 

adapt to emulsions of different pH. The increase of number of polyelectrolyte bilayers can lead to 

higher fiber diameter and therefore lower porosity. However, the LbL conformal coating might 

also influence mechanical properties of the electrospun mats, whose compressibility is a potential 

issue in pressure-driven separation process [1,2]. Therefore, different polyelectrolytes and the 

number of bilayers are recommended for future work. 

 

The cleaning method is another critical topic in membrane separation. The recovered pure water 

flux after backflushing was discussed in Chapter 2. Since the degree of ionization of the 

polyelectrolyte is influenced by the pH value, one might use acid or base as the cleaning agent for 

the polyelectrolyte-functionalized membranes. We expect that using acid for polycation-coated 

membranes and base for polyanion-coated membranes are able to induce stronger electrostatic 

repulsions between the membranes and emulsions, and therefore to clean the membrane fouling. 
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As stated in Chapter 3, in addition to the adjustment of electrostatic properties, improving the 

hydrophilicty and underwater oleophobicity of the membranes might be the other way to reduce 

fouling and enhance the membrane performance. In order to do so, one possible strategy is to 

generate wrinkled fibers by using highly volatile solvents for electrospinning. The wrinkled 

roughness on the fiber surface is attributed to two mechanisms: rapid phase separation and breath-

figure formation during the electrospinning process. The wrinkled fiber membranes have already 

been shown exhibiting superhydrophobicity and can be great candidates as microfiltration 

membranes for emulsion separation [3]. 

 

The direct 3D visualization technique using CLSM has offered great potentials in the study of 

emulsion separation. This method can be applied to the fouling with different types of membranes, 

emulsions and filtration configurations. The information-rich data set can be used for quantitative 

image analysis on the coalescence of rejected oil drops and the confirmation of oil drop on fiber. 

A similar technique of image analysis algorithm has been applied in the previous work of Rutledge 

Group [4]. However, some post-processing of images such as deconvolution might be required 

before the analysis. 
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Appendix A. Supplementary Information for Chapter 2 
 

Water 0.25 mM SDS 0.5 mM DTAB 0.25 mM C13E10 0.25mM CAPB 

     
Figure A-1. Dodecane contact angle on PA6(3)T flat film with different solution as continuous 
phase 
 

 
Figure A-2. The value of n (a) in dead-end filtration as a function of contact angle of a dodecane 
droplet on polymer film in surfactant solutions, and (b) in cross-flow filtration as a function of 
zeta potential of surfactants-stabilized oil droplets. 
 

 

  

(a) (b) 
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Appendix B. Supplementary Information for Chapter 4 
 

B.1 Image calibration 

An axial distortion was observed in 3D images acquired by confocal laser scanning microscopy 

(CLSM). The distortion results from the lower optical resolution in the z direction compared to 

that in the x-y plane, leading to the extension after convolution. Therefore, calibration was 

performed with fluorescent polystyrene microspheres of diameter of ~2 µm, purchased from 

Spherotech Inc. The microspheres were excited at 405 nm and detected at 400-500 nm. The ratio 

of lateral diameter to axial diameter of the microspheres was used to calculate the calibration factor, 

which was then applied to the 3D images of oil-fouled membranes. For the air objective, the 

calibration factor was 2 2.64⁄ = 0.76 , while the calibration factor for the oil objective was 

2 2.7⁄ = 0.74.  

 

Before calibration After calibration 

  
Figure B-1. Images of polystyrene microspheres before and after calibration 
 

B.2 Images of feed emulsion and permeate acquired from optical microscope 

Drops of feed dodecane emulsion (100 ppm) and permeate were dispensed on a glass slide and 

observed by the optical microscope (Zeiss Axioplan 2) with an objective of 50´. As shown in 

Figure S2, there are no observable oil droplets in the permeate under current image resolution. 
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 Figure B-2. Images of the (a) feed solution and (b) permeate  
 

B.3 Comparison of 3D images fouled by emulsions with different surfactants 

To study the influence of surfactants stabilizing the emulsions on the fouling, electrospun PA6(3)T 

membranes were challenged by the dodecane emulsion stabilized by MTAB in dead-end filtration 

for 45 seconds. The reconstructed 3D images are shown in Figure B-3. The rejected oil drops are 

observed to wet the fibers at the membrane surface, and to form the clam-shell conformations in 

the deeper pore spaces. Since the dodecane contact angle on PA6(3)T film under MTAB aqueous 

solution is 102.4 ± 4.2 °(c.f. Figure 2-4), which is between those on PA6(3)T and PVDF films 

under SDS aqueous solution, a combination of spreading and clam-shell shapes of oily foulants is 

formed. The orthogonal projections of the 3D images of rejected emulsified oil stabilized by SDS 

and MTAB at 45 seconds are shown in Figure B-4. As can be seen, the rejected SDS-emulsified 

oil is mostly clogged close to the surface of the membrane, while MTAB-emulsified oil drops can 

accumulate in the deeper pore spaces, i.g. within the electrospun membrane. By analyzing the 

averaged fluorescence intensity as function of depth, a similar trend is found quantitatively. The 

fluorescence intensity of rejected SDS-emulsified oil decreases to 1% at the depth of ~6.5 µm 

below the membrane surface, while the intensity of MTAB-emulsified oil declines to 1% at the 

depth of ~9.5 µm. The findings in Figure B-4 and Figure B-5 is consistent with the results of 

blocking filtration models in Chapter 2: with strong electrostatic repulsions between the membrane 

and emulsions, the oil droplets tend to accumulate above or upon the membrane surface, while 

with attractive interactions, the oil droplets tend to accumulate within the pores. 

 

40 µm 

(a) 

40 µm 

(b) 
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Figure B-3. The 3D image of the PA6(3)T fiber membrane fouled by MTAB-stabilized emulsion 
for 45 seconds in dead-end filtration. 
 

SDS-emulsion MTAB-emulsion  

 
 

 

Figure B-4. The orthogonal projections of oil fouling the PA6(3)T electrospun membranes at 45 
seconds. The white dashed line indicates the membrane surface.  
 

 
Figure B-5. The average fluorescence intensity as function of depth of the 3D images of oily 
foulants. 
  

14.6 µm 
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Appendix C. Parameters in addition to surface properties 

influencing the fouling of electrospun membranes  
 

In Chapter 3, plasma treatment has reduced the fouling of electrospun PA6(3)T membranes in 

separation of SDS-stabilized emulsions, increasing the permeate flux at 4 hrs of cross-flow 

filtration from 44.3 ± 2.6 LMH to 141.2 ± 34.7 LMH. To compare the performances of the 

functionalized electrospun membranes with those in the literature, the permeate flux divided by 

trans-membrane pressure (J/ΔP) was plotted in three-dimension as a function of filtration time and 

oil rejection, as shown in Figure C-1. The performance data of other works and their sources are 

listed in Table C-1. As can be seen from the projections of the data acquired from literature and 

the drop lines of the data acquired from Chapter 3, the functionalized electrospun membranes 

exhibit high permeability even after 4 hours of cross-flow filtration. There is still room for 

improvement for the oil rejection (~ 90 %). The relatively low oil rejection might be due to the 

passage of surfactant in the filtrate. The concentration of the feed solution in Chapter 3 (250 ppm) 

is also much lower than those in most works, leading to a relatively low oil rejection. 

 

The plasma-3 membrane is also compared to a commercial Nylon phase inversion membrane. A 

Nylon 6,6 membrane (NY459025, Sterlitech) with a nominal bubble point diameter of 450 nm, 

which is similar to the bubble point diameter of the electrospun PA6(3)T membranes with fiber 

diameter of 126 ± 21 nm [1], was challenged by the SDS-stabilized emulsions in cross-flow 

configurations. The results are shown in Figure C-2 (a). As can be seen, at constant pressure of 2 

psi in cross-flow filtration, the plasma-3 membrane exhibited higher permeate flux than that of the 

commercial Nylon membrane (105.1 ± 18.2 LMH) at 4 hrs, while maintaing the high oil rejection 

of 90.5 ± 2.7 %. The oil rejection of Nylon 6,6 phase inversion membrane is 85.8 ± 2.2 %. However, 

when the permeate fluxes are normalized by the hydraulic flux (J0), presented in Figure C-2 (b), 

the reduction in flux relative to J0 due to fouling is larger for electrospun fiber membranes (97-98 

%). How to improve the fouling is another topic recommended for future work. Some ideas and 

the preliminary results are presented here.  
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Figure C-1. Comparison between permeate fluxes for the functionalized electrospun membranes  
in Chapter 3 and those reported in literature. Circle symbols represent SDS-stabilized emulsion 
and triangle symbols represent MTAB-stabilized emulsion. 
 
Table C-1 The data shown in Figure C-1 and their sources 

J/ΔP (Lm-2hr-1psi-1) Oil rejection (%) Filtration time (hr) Refs 
5 98.8 2 [2] 
1.35135 97.9 2 [2] 
5.76923 98.8 2 [2] 
75.86207 99.8 2 [3] 
22.125 91.2 4 [4] 
13.625 90.8 4 Chapter 3 
3.81679 98 1 [5] 
1.93 98.8 1 [6] 
1.60643 93 2 [7] 
55.17241 99.5 3 [8] 
50 80 0.16 [1] 
225 50 0.2 [1] 
100 70 0.2 [1] 
250 35 0.16 [1] 
7.46667 87.8 1 [9] 
15.17241 95.4 1 [10] 
10.33172 98.04 1 [11] 
22.06897 99.9 1 [12] 
10.34483 97 3.3 [13] 
5.13333 87 1 [14] 
27.58621 70 5 [15] 
33.10345 99 5 [15] 
15.25253 75 1.67 [16] 
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2068.96552 97 0.1 [17] 
151.72414 99 2 [18] 
40.76923 99.5 0.5 [19] 
20.37037 95 1.5 [20] 

 
 

 
Figure C-2. (a) Comparison between plasma-3 membrane and the commercial Nylon phase 
inversion membrane in cross-flow filtration. (b) The flux normalized by the hydraulic flux J0. 
The hydraulic flux for electrospun membrane and phase inversion membrane are 3766 ± 751 
LMH and 1717 ± 138 LMH, respectively. 
 

One possible factor is the ratio of oil drop diameter to fiber diameter (do/df). Choong et al. 

examined the influence of the ratio do/df from 0.6 to 2.5 on the membrane performances, and he 

found only when do/df was larger than 2.5 could the oil rejection of the membrane reach 90 % [1]. 

However, as can be seen in the 3D images of the dodecane-fouled PA6(3)T fiber membranes in 

Chapter 4, even when the do/df was ~ 4.4, the emulsified oil drops could still penetrate into the 

electrospun membranes, making the shearing flow in cross-flow configuration difficult to clean 

the rejected foulants. Therefore, increasing the ratio do/df might be a strategy to improve the anti-

fouling property of electrospun mats. Figure C-3 shows the normalized fluxes of as-spun PA6(3)T 

membranes with different do/df by challenging the membranes with fiber diameter of 126 ± 21 nm 

with dodecane emulsions with different droplet sizes. As can be seen, the larger do/df leads to more 

reduced fouling and higher flux. Therefore, fabricating electrospun fiber membranes with smaller 

fiber diameter and increasing the ratio of do/df can be one method to resist fouling for consideration.  

(a) (b) 
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Figure C-3. Normalized flux of as-spun PA6(3)T membranes with df of 126 ± 21 nm against the 
dodecane emulsions with different droplet diameters in (a) dead-end and (b) cross-flow systems. 
The hydraulic flux of as-spun PA6(3)T membranes are 3545 ± 624 LMH. 
 

Another possible factor can be the membrane thickness. Since the fouling is sensitive to the flux, 

a higher initial permeate flux leads to faster depositions of the foulants in the feed solutions onto 

the membranes. To prevent the overly high permeate flux at the initial stage of separation, a simple 

way is to fabricate a membrane with a similar pore structure and nominal bubble point pore size 

but a larger thickness [21]. By electrospinning for longer time, a PA6(3)T fiber membrane with 

thickness of 124 µm was prepared and challenged by the SDS-stabilized emulsions in dead-end 

and cross-flow systems. The normalized flux is compared with that of the as-spun PA6(3)T 

membranes in Chapter 3. As shown in Figure C-4, the reduction in flux is successfully improved 

by increasing the membrane thickness.   

(a) (b) 
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Figure C-4. Normalized flux of as-spun PA6(3)T membranes with different membrane thickness 
in (a) dead-end and (b) cross-flow filtrations. The hydraulic fluxes for membranes with thickness 
of 50 µm and 124 µm are 3766 ± 751 LMH and 2073 ± 250 LMH, respectively.  
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Appendix D. The Effect of Conformal Coating with Different 

Surface Energies by Chemical Vapor Deposition 
This work is done in conjunction with Professor Karen K. Gleason’s research group in the 

Department of Chemical Engineering at MIT. 

 

D.1 Introduction 

In Chapter 3, the surface charges of electrospun polyamide membranes are altered by plasma 

treatment and polyelectrolyte dipping depositions, in order to reduce the fouling through 

electrostatic repulsions between the membrane and foulants. Based on the results from Chapter 2, 

in addition to electrostatic interactions, membrane fouling is also influenced by 

hydrophilic/hydrophobic interactions, especially in cross-flow filtration. Therefore, a method of 

surface functionalization to form conformal coatings with different surface energies on the 

electrospun mats is applied by initial chemical  vapor deposition (iCVD).   

 

The iCVD process is a one-step, solvent-free deposition technique in which conformal coatings of 

nanoscale thickness are formed by radical polymerization from the vapor phase.  The surface 

energy of the fibers can thus be tuned by selection of monomers for polymerization. iCVD 

deposition of low surface energy, highly fluorinated coatings like poly(perfluoroalkyl ethyl 

methacrylate) (PPFEMA) onto electrospun fiber mats have been shown to render such membranes 

superhydrophobic and superoleophobic [1]. On the other hand, iCVD deposition of high surface 

energy coatings like poly(hydroxyl ethyl methacrylate) (PHEMA) has been shown to render such 

membranes hydrophilic, reducing the WCA of PA 6(3)T mats from from 122 ± 5˚ to 48 ± 3˚ [2]. 

The electrospun membranes used in this work were made of PA6(3)T with fiber diameter of 121 

± 22 nm, and the hydrophilic and hydrophobic coating applied via chemical vapor deposition were 

poly(hydroxyethyl methacrylate) (PHEMA) and poly(divinylbenzene) (PDVB), respectively. 

 

D.2 Results 

The results of characterization of iCVD coating are listed in Table D-1. The thickness was 

measured by ellipsometry, and the surface energy was measured using a contact angle goniometer. 

The thickness of coatings are ~ 20 nm, and the surface energy of PHEMA is almost 2-fold higher 
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than that of PDVB. The SEM images of as-spun PA6(3)T, PHEMA-coated and PDVB-coated 

membranes are shown in Figure D-1. As can be seen, the pore structure of electrospun membranes 

after iCVD process are not significantly altered, indicating a conformal coating on the fibers. 

 

Table D-1 Characterization of iCVD coatings  
Coating Thickness (nm) Overall Surface Energy (N/m) 

PDVB 18.67 ± 3.21 34.9 

PHEMA 19.67 ± 1.53 59.7 

 

  

 
Figure D-1. SEM images of (a) PA6(3)T (b) PDVB-coated (c) PHEMA-coated electrospun 
membranes. 
 
The membranes after surface functionalization were challenged by the model dodecane-in-water 

emulsions with droplet diameter of ~ 480 nm in both dead-end and cross-flow filtration 

configurations. The results are presented in Figure D-2. Surprisingly, no significant differences is 

found between the two coatings, in both configurations. There are several possible explanations. 

First, PHEMA is soluble in water. The coating of PHEMA might be washed away during the 

filtration process. To examine the stability of PHEMA coating in water, three samples of PHEMA-

(a) (b) 

(c) 
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coated silicon wafers with different film thicknesses were immersed in DI water; then the thickness 

of the films were measured after immersion for 30 min and 20 hrs. As shown in Figure D-3, the 

thickness of PHEMA films were decreased 30% after immersion in water for only 30 minutes. 

Therefore, a crosslinker, such as diethylene glycol vinyl ether (DEGVE) might be needed for 

PHEMA coating process. Another risk is the pre-wetting procedure with ethylene glycol (EG). 

The stability of PHEMA and PDVB in EG needs further confirmation. 

 
Figure D-2. The permeate flux (solid symbols) and oil rejection (open symbols) of electrospun 
PA6(3)T membranes with PHEMA and PDVB coatings under (a) dead-end filtration and (b) 
cross-flow filtration conditions. 
 

 
Figure D-3. The change of thickness of PHEMA coating deposited on silicon wafer after 
immersion in DI water. 
 

(a) (b) 



 119 

D.3 References 

[1] Minglin Ma, Yu Mao, Malancha Gupta,  and Karen K. Gleason, G.C. Rutledge, 

Superhydrophobic Fabrics Produced by Electrospinning and Chemical Vapor Deposition, 

(2005).  

[2] L.T. Choong, Application of electrospun fiber membranes in water purification, (2015).  

 

 


