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Abstract 

    Large-scale membrane technology has seen significant growth over the past 40 years. Despite 

its advancements, the industry lacks sustainability and cannot be considered entirely 

environmentally friendly. Membrane manufacturing primarily depends on nonbiodegradable 

petroleum-based polymers and hazardous solvents. These materials contribute to the energy crisis, 

pose disposal challenges and present risks to human health and the environment. Given the 

increasing energy crisis and environmental pollution concerns, the eco-friendly transformation of 

this engineering sector is imperative. Consequently, there is growing interest in utilizing bio-based 

polymers to enhance sustainability in membrane fabrication, with a particular focus on 

biodegradable materials. In the realm of sustainable and green chemistry, the exploration of 

greener alternative solvents is underway for membrane fabrication. This PhD research aims to 

develop a more sustainable approach for producing high-performance membranes using 

biodegradable materials and green solvents. 

    The first part of the study focused on developing high-performance poly (sodium 4-styrene 

sulfonate) (PSS) and polyethyleneimine (PEI) based polyelectrolyte complex membranes using an 

organic solvent-free aqueous phase separation (APS) process. This work aimed to enhance the 

pure water permeability (PWP) of the membrane, which is a primary concern for APS-based 

membranes. In order to achieve this goal, two key parameters4monomer mixing ratio and casting 

solution temperature4were varied. The results showed that nanofiltration and ultrafiltration 

membranes with different molecular weight cut-off values could be obtained by controlling these 

parameters. Optimal PSS/PEI monomer mixing ratios of 1:1.65 and 1:1.70 produced nanofiltration 

membranes with high pure water permeability and excellent divalent salt retention. On the other 

hand, PSS/PEI monomer ratios of 1:1.75 and 1:1.80 led to ultrafiltration membranes with high 

BSA retention and increased PWP. The casting solution temperature was found to be a crucial 

parameter in controlling the phase separation kinetics, resulting in membranes with different pore 

sizes and permeabilities. The increase in casting solution temperature from 25 to 60°C resulted in 

ultrafiltration membranes with high BSA retention and increased PWP.  

    In the second part, an eco-friendly and biodegradable electrospun membrane was fabricated 

using the electrospinning technique. The goal of this study was to enhance the sustainability of the 



membrane fabrication process by utilizing biodegradable materials and non-toxic green solvents. 

This was achieved by using biodegradable polycaprolactone (PCL) and sulfonated kraft lignin 

(SKL) blend as the membrane material. Additionally, using acetic acid as a benign solvent for 

preparing the PCL/SKL electrospun membrane prevented secondary pollution and contributed to 

the overall green approach. The influence of SKL content on the surface morphology, chemical 

composition, and mechanical properties of the electrospun membrane was studied in detail. 

Membranes modified with SKL exhibited superhydrophilicity and underwater superoleophobicity, 

with water contact angles of 0° and underwater oil contact angles over 150°. These membranes 

demonstrated high pure water flux (800-900 LMH) and effective emulsion flux during gravity-

driven filtration, with superior anti-oil-fouling performance. Moreover, the SKL-modified 

membrane showed consistent performance after several cycles and maintained stability across a 

wide pH range.  

    The last part of this research presents a facile and scalable method for fabricating a green and 

biodegradable PCL/SKL-based ultrafiltration membrane using a nonsolvent-induced phase 

separation approach. The study examined the impact of SKL content within the PCL matrix using 

various characterization techniques and evaluated the dye/salt separation performance of the 

prepared membranes. This is the first exploration of SKL and PCL as compatible materials for 

preparing biodegradable phase inversion membranes using acetic acid as a green solvent. The 

proposed method ensures simplicity and scalability in the membrane fabrication process. 

    The overall findings of this PhD research contribute significantly to advancing sustainability in 

membrane fabrication processes, offering insights into developing high-performance, eco-friendly 

membranes with potential applications across various fields. 

    Keywords: Membrane separation; Sustainable membrane fabrication; Phase separation; 

Electrospinning; Biopolymeric membranes; Lignin; Biodegradability; Polycaprolactone; 

Polyelectrolytes; Green Solvents; Fouling resistance  
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1.1 Water demand and membrane technology 

Water scarcity is one of the significant threats in the 21st century. Among 71% of the water on the 

earth's surface, only 1% can be accessed as freshwater, and the rest are seawater [1]. The increasing 

demand for clean water due to rapid population growth and economic development also reduces 

accessible freshwater sources per capita. Almost half of the population (about 4 billion people) 

live under conditions of limited freshwater supply for at least one month per year, which is 

expected to increase to 4.8-5.7 billion people by 2050 [2].  Therefore, there is an urgent need for 

more freshwater resources and energy-efficient wastewater treatment technologies. Wastewater 

treatment technologies are divided into three main categories: (i) physical methods, which include 

adsorption, membrane filtration, media filtration (using sand, gravel, and walnut shell), 

evaporation, distillation, and air flotation; (ii) chemical methods, such as chemical oxidation 

(utilizing ozone, chlorine, iodine, hydrogen peroxide, and permanganate) and electrochemical 

processes; and (iii) biological methods, including anaerobic reactors, activated sludge, aerated 

lagoons, and wetlands [3]. Among these, the most widely used for industrial and residential 

wastewater treatment are adsorption, chemical oxidation, biological treatment, and membrane 

processes. Adsorption, utilizing materials like activated carbon and zeolites, effectively removes 

pollutants such as organic matter, oil, and grease. However, its limitations include low adsorption 

capacity and environmental and cost concerns related to adsorbent disposal and regeneration [4]. 

Chemical oxidation decomposes pollutants through radical reactions facilitated by chemicals like 

ozone and hydrogen peroxide, but high salt concentrations and radical scavengers in some 

wastewater hinder its efficiency. Additionally, it is energy-intensive and may not completely 

remove low-concentration contaminants like pharmaceuticals and microplastics. Biological 

methods are mainly effective for municipal wastewater but face challenges with complex industrial 

effluents due to the harsh conditions that may harm microorganisms [4]. Membrane technology 

has become a widely implemented and rapidly growing separation technology over the past few 

decades. It has several advantages over conventional technologies, for example, easy installation 

and operation, low energy consumption, low chemical usage, low space requirement, and reduced 

environmental effects [5]. Moreover, membrane-based separation processes are more energy 

efficient and considered a low environmental impact route for many applications such as energy 

conversion [6], clean water production [7], gas barrier, food processing [8,9] and molecular 

separation [10].  
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A membrane is a selective barrier that allows certain substances to pass while retaining others in 

the presence of a certain driving force (i.e., pressure, concentration, electrical potential gradient, 

and temperature) [11]. Currently, the primary membrane separation processes for wastewater 

treatment and desalination include microfiltration, ultrafiltration, nanofiltration, and reverse 

osmosis (Figure 1.1). Microfiltration removes particles larger than 100 nm, such as oil, grease, 

and bacteria. Ultrafiltration targets solutes between 10-100 nm, including some viruses and organic 

matter. Nanofiltration filters solutes from 1-10 nm, effectively removing divalent ions for water 

softening. Reverse osmosis membranes, being dense and nonporous, separate even the smallest 

monovalent ions.  

 

Figure 1.1. Types of membrane separation processesbased on different driving forces. The Schematic also 

shows the most used pressure-driven membranes and their respective pore sizes. Reproduced with 

permission from Elsevier [3]. 
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Based on membrane materials, membranes are classified as inorganic, organic (mainly polymeric), 

and mixed matrix membranes. Among them, polymeric membranes have the advantages of high 

transport properties and low cost [11].   

1.2 Motivation 

Although the membrane process itself is recognized as a sustainable technology, the fabrication 

process of polymeric membranes cannot be considered fully green as it involves non-degradable 

polymer and generates a considerable amount of waste [12,13]. The fabrication steps of these 

membranes primarily relied on fossil-based polymers (e.g., polysulfone [14], polyacrylonitrile 

[15], polyamide-imide [16], and polyvinylidene fluoride [17]) and toxic organic solvents (e.g., 

dimethylformamide (DMF) [18], dimethylacetamide (DMAc) [19], and N-methyl-pyrrolidone 

(NMP) [20]), raising environmental concerns due to their toxicity, poor degradability at the end of 

their life cycle and potential for secondary pollution during recycling. Almost 50 billion liters of 

wastewater containing these toxic solvents are generated from the membrane industries annually 

[13,21]. These solvents are now added to the REACH list of the European Chemical Agency [223

24]. In the near future, these will be banned from being used as solvents in industrial membrane 

fabrication. Therefore, substituting hazardous solvents could effectively solve this problem and 

make the process greener. With the increasing interest in sustainable and green chemistry, new 

environmentally friendly solvents (e.g., CyreneTM [25], dimethyl isosorbide [26], and sulfolane 

[27]) are explored for membrane fabrication. However, the shift from traditional solvents to more 

eco-friendly alternatives depends not only on the accessibility of these options but also on the 

compatibility between the selected green solvents and the polymers employed in membrane 

fabrication [5]. Given the rising energy crisis and environmental pollution issues, the eco-friendly 

transformation of this engineering sector has become crucial. Hence, there is a growing interest in 

using bio-based polymers as raw materials and nontoxic solvents to improve sustainability in 

membrane fabrication.  

1.3 Membrane fabrication techniques 

Several well-established techniques, such as sintering, track-etching, template leaching, phase 

inversion, interfacial polymerization, solution coating, etc., can be used to prepare selective, high 

flux, and defect-free membranes with symmetric or asymmetric structures [28]. Among the various 
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available techniques, phase inversion (also known as phase separation) stands out as the most 

adaptable approach for preparing membranes, enabling the attainment of diverse morphologies. 

Much research has already been conducted on phase inversion membranes over the last six 

decades, as shown in Figure 1.2. The subsequent section provides a detailed description of the 

membrane fabrication through the phase separation technique. Comprehensive information about 

alternative methods for membrane fabrication can be explored in other sources [13,29]. 

1.3.1 Phase separation techniques 

The phase inversion technique, pioneered by Loeb and Sourirajan in the 1960s, is the foundation 

for synthesizing the most commercially available membranes in membrane technology [11]. A 

thermodynamically stable polymer solution undergoes a controlled transition from a liquid to a 

solid state in this process. A liquid-liquid demixing phenomenon precedes the solidification. After 

a specific period following the initiation of demixing, the phase with the highest polymer 

concentration undergoes solidification through mechanisms such as gelation, vitrification, or 

crystallization [29]. Consequently, the polymer-lean phase contributes to the formation of pores in 

the solidified material, while the polymer-rich phase forms the solid membrane matrix.  
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This demixing can occur by [29]: 

➢ Loeb-Sourirajan or Immersion Precipitation Process: In this method, also known as 

nonsolvent induced phase separation (NIPS), the polymer solution is cast and then 

immersed in a non-solvent, typically water. This immersion leads to the precipitation of a 

film through the solvent-nonsolvent exchange, involving water uptake and solvent loss. 

➢ Vapor Absorption Process: In this vapor-induced phase separation (VIPS), the cast 

polymer solution is exposed to a humid atmosphere, causing the absorption of water vapor 

and the subsequent precipitation of polymeric film. 

➢ Thermal Gelation: This technique, also known as thermally induced phase separation 

(TIPS), involves the precipitation of the polymer film due to the cooling of a hot cast 

polymer solution.  

➢ Controlled Evaporation: In evaporation-induced phase separation (EIPS), precipitation 

occurs in this method through the evaporation of a volatile solvent from the cast polymer 

solution, containing a mixture of volatile solvent and less volatile non-solvent solution. 

 

Figure 1.3. Comparison of different phase separation methods. Reproduced with permission from Royal 

Society of Chemistry [6]. 
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A combination of these methods can also induce film precipitation, such as water vapor absorption 

followed by an immersion precipitation process [11]. These methods are compared in Figure 1.3 

in terms of components required, membrane morphology, and advantages and disadvantages. 

Different techniques have different phase separation mechanisms, which leads to various pore 

structures such as cellular, finger-like, and sponge-like pores [6]. Of all the above techniques, NIPS 

is the most popular membrane formation technique as it permits the formation of different 

membrane morphologies using a wide variety of polymers [21,30]. The following section provides 

more information about the immersion precipitation process. 

1.3.1.1 Theoretical approach of nonsolvent-induced phase separation 

In the NIPS technique, a polymer-solvent solution (casting solution) is cast as a thin film on a 

support (e.g., a glass plate) and immersed in a nonsolvent bath. After immersion, the solvent 

diffuses into the coagulation bath, and the nonsolvent diffuses into the cast film. Over time, the 

exchange of solvent and nonsolvent leads to thermodynamic instability, resulting in demixing and 

forming a solid polymeric film with an asymmetric structure. A schematic illustration of the 

solvent-nonsolvent exchange process is shown in Figure 1.4A. The phase separation process can 

be explained based on two perspectives [12,31]: 

1. Thermodynamic perspective: A thermodynamically stable dope solution is prepared by 

dissolving the polymer in a solvent. It is then immersed in a nonsolvent bath, creating a 

thermodynamically unstable environment for the dope solution. For the mixing of two or more 

components, the free energy of mixing is expressed as [29]: 

 &ăÿÿą = &Ąÿÿą 2 ÿ&þÿÿą 1.1 

 

where &ăÿÿą is the Gibbs free energy of mixing, &Ąÿÿą and &þÿÿą are the enthalpy and entropy 

of mixing, respectively. For spontaneous mixing (polymer/solvent), the free energy of mixing is 

negative (&ăÿÿą < 0). Phase separation occurs when the free energy of mixing becomes positive. 

Unlike low molecular weight solvents, polymers contribute less to the entropy of mixing, 

indicating that the enthalpy of mixing mostly determines the solubility of the polymer in a 

polymer/solvent system [29]. To evaluate the enthalpy of mixing, Hildebrand developed the 

following solubility parameter approach. &Ąÿÿą = āÿÿą�1�2(Ā1 2 Ā2)2 1.2 
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Ā = [&Ąā 2 ýÿā ]1/2 = [ÿāĀ]1/2 
 

1.3 

Where āÿÿą is the molar volume of the mixture, �1 and �2 are volume fractions of components, 

while Ā1 and Ā2 are the solubility parameters of the components. Since the negative value of &ăÿÿą 

is obtained when &Ąÿÿą approaches zero, components with close values of solubility parameters 

are likely miscible. The solubility parameter of a component is defined to be the square root of 

cohesive energy density, which accounts for the strength of interactions between molecules per 

unit volume [32,33]. It is possible to find &Ąā and Ā, by vaporizing the substance. However, for 

polymers, Ā is estimated commonly by swelling tests since polymers cannot be evaporated. The 

test consists of immersing the polymer into several solvents, and the solubility parameter of the 

solvent that swells the polymer most is taken to be the closest value to the solubility parameter of 

the polymer [29]. Hansen divided solubility parameters into three parameters, which quantitatively 

represent different aspects of bonding: the polar (atomic) bonding (·P), the permanent dipole-

permanent dipole (molecular) bonding (·D), and the hydrogen (molecular) bonding (·H). The total 

parameter, ·, is then calculated as follows [32,33]: 

 Ā2 = ĀĀ2 + ĀĀ2 + Ā�2  1.4 

 

The solubility parameters are typically expressed in MPa½ units. The smaller the difference 

between two polymers ·, the higher the likelihood of compatibility between them. When the · 

values of two components are similar, it suggests that their solubility parameters are closely 

matched, making them more likely to form a compatible blend or solution. The Hansen solubility 

parameters (HSP) distance between two molecules, conventionally called Ra, can also be utilized 

to assess the similarity between two molecules as follows: 

 

Ra² = 4(·D1-·D2)² + (·P1-·P2)² + (·H1-·H2)² 1.5 

 

The numerical coefficient of 4 preceding the term is determined based on experimental data. 

Additionally, another parameter, denoted as Ro or the radius of the solubility sphere, is 

experimentally assessed for individual components. Ro sets a threshold for the distance of 

solubility parameters, beyond which interactions between components are considered to have low 
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affinity. The relative energy difference (RED) is calculated by dividing the Ra value by the Ro 

value of the solute. 

RED = Ra/Ro 1.6 

 

The RED value below one suggests a strong affinity between components, whereas rising RED 

values signify diminishing affinity (Figure 1.4B). The boundary condition is specified at 1.0, 

where substance compatibility becomes uncertain. The solubility parameter approach can simplify 

the implementation of the phase inversion process by assisting in the selection of suitable solvent 

and nonsolvent combinations for the polymer. 

The nonsolvent-induced phase separation process can be elucidated using a ternary phase diagram, 

an approach initially introduced by Strathmann et al. [34], as depicted in Figure 1.4C. It is 

important to note that this figure only approximates the overall system and does not illustrate the 

variation in precipitation paths at different locations within the membrane.  

 

Figure 1.4. A) Exchange of solvent-nonsolvent during phase separation, (B) Hansen sphere to determine 

compatibility between two components, (C) schematic representation of the ternary phase diagram 

describing the formation of phase separation membranes. Reproduced with permission from Elsevier 

[29,31,35]. 
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The phase behavior of the polymer/solvent/nonsolvent system in Figure 1.4C is described below 

[11,31]: 

• The vertices of the triangle denote the pure components (polymer, solvent, and nonsolvent). 

Any point located within the triangle comprises all three components. 

• Within the triangle, there exist two regions: 

➢ A one-phase region where all components are fully miscible. 

➢ A two-phase region where the system segregates into two phases: 1) polymer-rich phase 

and 2) polymer-poor phase. 

• Throughout the membrane formation process, the composition evolves from point A 

(representing the initial casting solution) to point D (indicating the final membrane 

composition). The polymer composition undergoes a transition from the one-phase region to 

the two-phase region along the trajectory ABC. 

• Point B signifies the concentration at which the polymer initially precipitates. Progressing 

along the line BCD involves a loss of solvent and a gain of nonsolvent (usually water), resulting 

in an increase in polymer concentration and viscosity. At point C, the viscosity becomes 

sufficiently high to regard the precipitated polymer as solid. Beyond this solidification point, 

the mobility of polymer chains or bulk is impeded. 

• At point D, a state of equilibrium is reached with two phases. One phase, denoted by point S, 

constitutes the polymer-rich matrix, while the other phase, represented by point L, forms the 

pores in the membrane. The specific location of point D along the S-L line determines the 

overall porosity of the membrane. 

• The phase separation of the polymer solution can occur via two distinct pathways: binodal 

demixing and spinodal decomposition. In the case of binodal demixing, if the polymer solution 

reaches the metastable region, phase separation takes place through a nucleation and growth 

mechanism. Conversely, spinodal decomposition involves the polymer solution traversing 

both the bi- and spinodal regions, ultimately settling in the thermodynamically unstable region. 

This process results in the formation of two co-continuous phases that can subsequently 

transform into nuclei. 

Additionally, the precipitation rate and path differ across various locations within the membrane. 

For example, precipitation is swift at the top surface, leading to a deceleration in the rate of solvent-

nonsolvent exchange as it progresses toward the bottom surface of the film. 
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2. Kinetic perspective: The kinetic aspect is connected to the mass transfer (solvent out and 

nonsolvent into the casting solution) among all components throughout the precipitation process 

[36]. In this context, the membrane structure is influenced by the precipitation rate. There is a 

widely recognized consensus that parameters affecting precipitation kinetics, such as viscosity, 

and thermodynamics, such as solvent-nonsolvent and solvent-polymer interactions, play a 

significant role in shaping the ultimate membrane structure.  

 

Figure 1.5. Composition path of a cast film after immersion (t<1sec): A) instantaneous demixing and B) 

delayed demixing; T and B represent the top and bottom of the film; C) Membrane morphologies at 

instantaneous and delayed demixing. Reproduced with permission from American Chemical Society [30].
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Liquid-liquid demixing occurs when the polymer film comes into contact with the nonsolvent. 

Depending on the exchange rate, two distinct demixing types can be identified. The phase 

separation process can involve either an instantaneous or delayed demixing pathway, as illustrated 

in Figures 1.5A and 1.5B [36]. Instantaneous demixing occurs when liquid-liquid demixing 

initiates immediately after immersion in the nonsolvent bath. In contrast, delayed demixing takes 

place when the demixing process begins only after a significant period, signifying the penetration 

of more nonsolvent into the film. As depicted in Figure 1.5A, the overall composition surpasses 

the binodal boundary at t < 1 sec, resulting in an immediate demixing following immersion in a 

nonsolvent bath. Conversely, in delayed demixing (Figure 1.5B), overall compositions persist 

within the one-phase region after immersion in the nonsolvent bath and only traverse the binodal 

line after a more prolonged period. In the case of instantaneous demixing, there is a rapid exchange 

between solvent and nonsolvent, typically leading to a relatively porous upper layer with 

macrovoids (finger-like pores) in the sublayer. This step usually involves the abrupt intrusion of 

nonsolvent, promoting macrovoid formation through the local instability of the interfacial tension 

between the polymer solution and water [9]. In contrast, in delayed demixing, the exchange 

between solvent and nonsolvent occurs at a slower rate, typically leading to the formation of a 

dense upper layer with a sponge-like sublayer. The membrane morphology resulting from both the 

demixing processes, both instantaneous and delayed, is shown schematically in Figure 1.5C. 

1.3.1.2 Factors affecting membrane formation 

Several fabrication parameters can significantly influence the phase separation process and 

membrane morphology. Some crucial parameters are polymer types, molecular weight and 

concentration of polymers, types of solvent and nonsolvent, composition of coagulation bath, 

temperature, humidity, and modifier. A brief description of these parameters is provided below: 

The selection of the polymer is vital as it impacts the thermal and chemical stability of the 

membrane, as well as its charge and hydrophilicity. Additionally, in the case of a nonporous 

membrane, the solubility and diffusivity are directly influenced by the chosen polymer [30]. 

Typically, amorphous polymers with high molecular weights and toughness are preferred for 

membrane fabrication. Conversely, crystalline or rigid glassy polymers are generally unfavored 

because membranes formed from these materials tend to be too brittle [11]. Furthermore, the 

molecular weight of the polymer can impact the resulting membrane morphology. High molecular 



13 

weight polymers exhibit greater viscosity compared to low molecular weight ones. Considering 

the kinetics involved, the viscosity of the casting solution influences the inter-diffusion rate 

between solvent and nonsolvent. A highly viscous solution tends to have slower inter-diffusion, 

often leading to delayed demixing.  

The polymer concentration is another crucial parameter influencing membrane morphology, 

mechanical characteristics, and the flux through the membrane. Increasing the polymer 

concentration in the casting solution leads to a higher concentration at the nonsolvent interface. 

Consequently, the volume fraction of the polymer increases, resulting in membranes with lower 

porosity and reduced flux. In fact, beyond a specific polymer concentration, water flux can be 

reduced to zero, even in the presence of a porous sublayer in the membrane [30].  

Selecting a solvent plays a crucial role in determining the resulting membrane morphology. The 

solvent and nonsolvent must be miscible, and the polymer should readily dissolve in the chosen 

solvent. When there is strong miscibility between the solvent and nonsolvent, instantaneous 

demixing occurs; conversely, weak mutual affinity leads to delayed demixing [30,37].  

Additionally, the membrane structure can be controlled by introducing a solvent into the 

precipitation medium. However, [30].  A delay in the demixing process due to a decline in 

nonsolvent activity and the diffusion rate into the polymer film leads to a denser structure or a 

decrease in polymer concentration at the film interface, resulting in a more open structure. 

Temperature is another significant factor that influences membrane morphology [30]. It directly 

affects the viscosity of the casting solution, resulting in a change in the exchange rate of solvent-

nonsolvent during phase inversion.  

Adding modifiers in the casting solution can significantly change the membrane’s structural 

parameters, like porosity, thickness, and tensile strength. Including a co-solvent, a salt, or polymer 

additives are effective modifiers [38,39]. Adding an organic or inorganic component can induce 

changes in pore structure, transforming it from a finger-like to a sponge-like configuration or vice 

versa. Additionally, this modification can enhance pore interconnectivity, increase hydrophilicity, 

and improve permeability [21]. Some of the commonly used additives are pluronic F-127, 

polyvinylpyrrolidone (PVP), polyethylene glycol (PEO), LiCl, water, alcohols, propanoic acid, 

and surfactants [21,30,38].  
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Overall, an appropriate adjustment of one or a combination of the interdependent parameters 

allows for control of membrane morphology and structure.  

1.3.2 Electrospinning 

Electrospinning has advanced as a potent technology for producing membranes composed of fibers 

ranging from nano- to micrometer scales, resulting in distinctive membrane characteristics 

attributed to the exceptionally high surface-to-volume ratio and increased membrane porosity [40]. 

This versatility is broadened by various materials that can undergo electrospinning, encompassing 

biomaterials, and synthetic polymers. The ease of use and ability to scale up electrospinning make 

it attractive for producing nanofibers with tailored properties to meet diverse application needs. 

1.3.2.1 Working principle 

Electrospinning encompasses an electrohydrodynamic process in which a liquid droplet undergoes 

electrification to create a jet, followed by stretching and elongation to produce fibers [41]. As 

depicted in Figure 1.6, the basic electrospinning setup is relatively straightforward, allowing 

accessibility in nearly every laboratory. The primary components consist of a high-voltage power 

supply, a syringe pump, a spinneret (typically a hypodermic needle with a blunt tip), and a 

conductive collector. The power supply can be either direct current (DC) or alternating current 

(AC). In the electrospinning process, the liquid is expelled from the spinneret, forming a pendant 

droplet due to surface tension. Upon electrification, electrostatic repulsion among surface charges 

of the same sign causes the droplet to deform into a Taylor cone, releasing a charged jet. Initially 

extending in a straight line, the jet undergoes vigorous whipping motions due to bending 

instabilities. As the jet is stretched into finer diameters, it rapidly solidifies, resulting in the 

deposition of solid fibers on a grounded collector. Overall, the electrospinning procedure can be 

segmented into four sequential stages [42]: (i) electrification of the liquid droplet and creation of 

the Taylor cone or cone-shaped jet; (ii) elongation of the charged jet along a linear trajectory; (iii) 

narrowing of the jet under the influence of an electric field and the development of electrical 

bending instability, commonly referred to as whipping instability; and (iv) solidification and 

gathering of the jet as solid fibers on a grounded collector. 
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1.3.2.2 Processing parameters 

The selection of solvent is likely the most critical factor in electrospinning, as only a limited range 

of solvents and compositions can effectively dissolve specific polymers and facilitate fiber 

formation through electrospinning [40]. However, many polymers are typically challenging to 

dissolve, necessitating solvents with strong solvation properties. These solvents often tend to be 

toxic (such as halogenated solvents), challenging to recycle, and have a significant environmental 

impact (e.g., ionic liquids). Consequently, the choice of solvent significantly influences the 

environmental impact, safety, and overall sustainability of the ES process. 

 

 

Figure 1.6. Electrospinning principle and process parameters: a) schematic illustration of the 

electrospinning concept, b) Rapid-capture image providing the formation of the Taylor cone, showcasing 

the linear section of the polymer jet, succeeded by the region where the jet undergoes whipping motion 

[43]. 
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Numerous parameters are crucial and require careful consideration during electrospinning (Figure 

1.6) [43]. Solution parameters include polymer concentration, molecular weight, solvent volatility, 

solution viscosity, surface tension, and solution conductivity. When it comes to electrospinning 

parameters, it is crucial to adjust the electric field strength, electrostatic potential, flow rate, and 

the distance between the spinneret and the collector in coordination with the properties of the 

polymer solution. Lastly, ambient parameters include the temperature, humidity, and the type of 

atmosphere. More information on how these parameters affect the electrospun fibers can be found 

in detail in other literature [43,44]. 

1.4 Current challenges and potential solutions for sustainable polymeric membrane 

fabrication 

Membrane technology has become an integral aspect of our everyday existence. The rapid 

advancement of this technology has given rise to a pressing challenge 4 the unsustainable disposal 

of used membranes. Moreover, some aspects of the membrane manufacturing process are not 

entirely sustainable. For instance, the involvement of fossil-based polymers and a large amount of 

toxic organic solvents in membrane fabrication create a severe risk to health and the environment 

[45]. In the past decades, the membrane market has been dominated mainly by petroleum-based 

nonbiodegradable polymers. Most membranes are prepared from fossil-based polymers such as 

polysulfone [14], polyacrylonitrile [15], polyamide-imide [16], and polyvinylidene fluoride [17]. 

Although these polymeric membranes are extensively used in different applications such as 

wastewater treatment, desalination, gas separation, biomedical, pharmaceutical, food, and 

beverage industries, the negative impacts of these polymers on the environment cannot be 

neglected [46]. They are usually nonrenewable and difficult to degrade. They can generate 

microplastics that adversely affect living organisms and the environment. A prior study has 

highlighted that approximately 12% of all polymers undergo incineration post-use, leading to the 

release of CO2, while 80% find their way into landfills, eventually contributing to ocean pollution 

[47]. Consequently, there is a compelling need to innovate and produce membranes that follow a 

sustainable lifecycle, both derived from bio-based sources and capable of biodegradation from 

their production to their end-of-life stage. Some promising strategies to improve the sustainability 

of membrane technology, considering the cradle-to-grave approach guided by the twelve 

principles of green chemistry, are schematically represented in Figure 1.7. Over the coming few 
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decades, the chemical sectors are expected to gradually transform into fully sustainable and 

environment-friendly processes. Five strategies are proposed to improve sustainability in the 

membrane manufacturing phase [5]. The first way is to replace the nonbiodegradable fossil-based 

polymers entirely or partially with renewable bio-based polymers.  Bio-based or biodegradable 

polymers have promising potential to substitute conventional fossil-based polymers due to their 

biodegradable nature, biocompatibility, versatility, low carbon footprint, low toxicity, and social 

acceptance [5,45]. Second, traditional solvents should be replaced with greener alternatives. The 

third way is to treat the wastewater, mainly containing organic solvents and polymers, generated 

during membrane fabrication. The annual wastewater generation worldwide from the membrane 

manufacturing process is estimated to be over 50 billion liters, of which only 31% is somehow 

treated nowadays [48].  

 

Figure 1.7. Strategies to improve the sustainability in membrane technologyfrom fabrication to end-of-life 

management: (A,B) characteristics of today’s and tomorrow’s membrane industry process, reproduced with 

permission from American Chemical Society [5], (C,D), promising approaches to improve the 

sustainability in membrane technology by replacing fossil-based polymer and toxic solvents, reproduced 

with permission from Royal Society of Chemistry [49].  
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The fourth strategy could be reducing membrane fabrication steps, resulting in less use of toxic 

solvents and reduced energy consumption and cost. Finally, room temperature should be 

considered for casting solution preparation to reduce energy consumption. 

1.4.1 Replacement of fossil-based non-degradable polymers 

Biodegradability is the key feature that needs to be considered to open a new horizon into a 

sustainable membrane separation technology, shifting the reliance on fossil-based polymers to bio-

based polymers. Bio-based polymers can eliminate many environmental problems related to fossil-

based nondegradable polymers. Therefore, the development of bio-based polymers for membrane 

fabrication has gained more attention in recent years. There is a key difference between bio-based 

and biodegradable polymers [50]. Not all bio-based polymers are biodegradable, and not all 

biodegradable polymers are bio-based. Bio-based polymers, usually obtained from renewable 

resources, can be biodegradable (e.g., polyhydroxyalkanoate (PHA)) or nondegradable (e.g., bio-

polyamide). Therefore, a polymer can be considered a biopolymer if it is obtained from bio-based 

or renewable resources with biodegradability potential. Biodegradable polymers primarily 

undergo degradation through physical decomposition and biological degradation [51].  

 

Figure 1.8. A schematic illustration of the interrelationship between bio-based and fossil-based polymers 

in terms of biodegradability. 
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While physical decomposition (e.g., oxidation, photodegradation, and hydrolysis) may lead to 

polymer degradation partially or completely, a complete degradation occurs by the action of 

microorganisms in the biological process, generating molecules like carbon dioxide, water, 

nitrogen, and biomass [52]. A schematic illustration of bio-based and fossil-based polymers is 

shown in Figure 1.8. Bio-based polymers can be obtained from three different renewable sources 

[53,54]: 

1. Plant or vegetable-based polymers (e.g., cellulose, starch, alginate, lignin) 

2. Animal-based polymers (e.g., chitin and chitosan, collagen and sericin) 

3. Bacterial fermentation (e.g., polylactic acid, polybutylene succinate, 

polyhydroxyalkanoates) 

Biodegradable materials have attracted significant attention in different applications, such as food 

packaging, water treatment, drug delivery, wound healing, and membrane manufacturing [55,56]. 

Considering biopolymers as membrane materials, they have been used for different membrane-

based applications, such as microfiltration, ultrafiltration, nanofiltration, pervaporation, gas 

separation, and tissue engineering [54]. Although bio-based materials are of great interest, 

extensive applications of these materials as a replacement for petrochemical-based materials in the 

membrane industry are still challenging due to some inherent limitations, such as poor 

processability, low thermal and mechanical properties, low melting point, and poor moisture and 

gas barrier [57]. Despite these challenges, bio-based materials have a promising future as an 

alternative to fossil-based materials. 

1.4.2 Solvent selection criteria for greener alternatives 

The membrane fabrication steps involve the use of harmful solvents during the membrane 

fabrication process, such as dimethylformamide (DMF) [18], dimethylacetamide (DMAc) [19], 

and N-methyl-pyrrolidone (NMP) [20]. Adopting greener alternatives is essential in response to 

the environmental and health risks linked with conventional solvents. One popular strategy gaining 

attention involves using non-toxic green solvents to replace toxic organic solvents completely [583

60]. Several factors must be considered when choosing a proper alternate solvent for the phase 

inversion process (Figure 1.9A). A thermodynamically stable dope solution needs to be prepared 

for this process; therefore, the chosen solvent should be a good solvent to solvate polymer at 

ambient temperature. Moreover, the morphology and properties of the membrane alter with the 
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properties of the solvent, such as viscosity, density, and polarity [61363]. A recent review of the 

progress on improving sustainable membrane fabrication is discussed in detail elsewhere [12,58]. 

The choice of a solvent has a significant role in final membrane properties. Solvent power or 

solvency describes the interaction of the solvents with the polymers. The higher the solvent power, 

the higher the solubility of polymers [38,63]. The varying solvent power of different solvents leads 

to differences in phase separation rates, ultimately impacting the resultant membrane structure and 

performance. For example, for polyethersulfone (PES) polymer, NMP has stronger solvent power 

than DMSO [39]. Therefore, the kinetics of phase separation (which typically depends on the 

polymer-solvent and solvent-nonsolvent affinity) will differ for both cases and eventually form 

membranes with different structures. The coagulation value, indicating the amount of nonsolvent 

needed to add to the polymer solution for phase inversion to occur, is also a representation of 

thermodynamic stability [37]. This value has a significant effect on the membrane morphology. 

For example, PES with PolarClean solvent produced a porous structure due to its low coagulation 

value (i.e., instantaneous demixing occurs), whereas cellulose acetate (CA) in PolarClean 

produced nonporous structures due to a higher coagulation value (i.e., delayed demixing occurs) 

[21]. Moreover, the choice of solvent and its effect on membrane structure also depend on the 

compatibility of nonsolvent and solvent in terms of their miscibility, polarity, boiling point, 

viscosity, and molecular weight [25,37,64]. For instance, a higher boiling point solvent allows the 

dissolving of many fluoropolymers and polysulfones [39,64].  

The solution viscosity also influences membrane morphology. A reduction in solution viscosity 

enhances the mutual diffusion rate between solvent and nonsolvent, leading to a more porous 

(finger-like) structure [39,65]. Systems with a less solvent-nonsolvent affinity are more prone to 

delayed demixing than those with a higher solvent-nonsolvent affinity. Again, highly polar 

solvents, i.e., those with a high affinity with water, require less nonsolvent to induce phase 

inversion. For instance, when DMSO (having polar sulfoxide group) is used as a solvent, it leads 

to a rapid phase inversion compared to NMP [39]. While choosing an alternative green substitute 

for toxic solvents, it is crucial to consider the parameters mentioned above. 
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Figure 1.9. (A) Considerations of parameters for solvent selection, (B) properties and advantages of green 

solvent, reproduced with permission from Elsevier [66] and (C) green and sustainable membrane for the 

circular economy, reproduced with permission from Elsevier [66]. 

1.4.3 Greener alternatives to toxic solvents 

Extensive research has been conducted to improve membrane sustainability using greener 

alternative solvents (Table 1.1). Figure 1.9B illustrates the advantages of employing 

environmentally friendly solvents. Marino et al. employed a green and eco-friendly solvent, 

methyl-5-(dimethylamino)22-methyl-5-oxopentanoate (PolarClean), for PES membrane 

preparation by coupling VIPS-NIPS method and successfully applied in ultrafiltration and 

nanofiltration applications [38]. PolarClean has high solvent power, high boiling point, excellent 

miscibility with water, and excellent toxicological and eco-toxicological profile such as inherently 
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biodegradable, not irritant, not mutagenic, and not skin sensitizing which makes it a better 

alternative green solvent for membrane preparation. Its solubility parameters are close to those of 

commonly used toxic solvents such as NMP, DMF, and DMAc, indicating that PolarClean can 

substitute conventional toxic solvents. Moreover, it may reduce the carbon footprint since it can 

be produced from the byproduct of Polyamide 6,6 synthesis [38]. Later, Wang and coworkers also 

used this solvent for polysulfone (PSF), PES, and cellulose acetate (CA) membrane formation 

using NIPS method [21]. Their findings demonstrated that this solvent exhibits suitable properties 

comparable to conventional toxic solvents and is compatible with traditional polymers. Another 

alternative bio-based solvent, dihydrolevoglucosenone (CyreneTM), was employed by Marino et 

al. for the first time for PES and PVDF membrane formation by the VIPS-NIPS method [25]. The 

absence of any pore-forming agent or additives in this process and the use of bio-based nontoxic 

solvents allow it to produce membranes sustainably for water treatment application. This bio-based 

solvent (synthesized from cellulose and levoglucosenone intermediate) is a dipolar aprotic solvent 

with high stability towards oxidation, and its polarity is similar to that of conventional solvents. 

Moreover, it has good water miscibility, a high boiling point, and good compatibility with 

conventional polymers. Marino’s group also showed that DMSO EVOLTM can be used as a greener 

alternative to toxic NMP for PES membrane preparation [39]. The obtained membrane resulted in 

higher pore size, thickness, and water permeability than the membrane prepared using NMP as a 

solvent. DMSO is a biologically harmless water-soluble organic solvent that can easily be derived 

from the renewable process stream in industrial paper production or extracted from lignin and the 

binding substances of trees [67]. It also has a high boiling point and good compatibility with 

polymers. DMSO EVOLTM used in this work was a re-engineered version of DMSO (pleasant-

smelling) with an unaltered solvency as DMSO. Recently, Russo et al. employed dimethyl 

isobromide (DMI) as a green solvent for preparing PVDF and PES-based membranes using the 

VIPS-NIPS method [64]. DMI is a non-toxic sugar-based solvent (derived from D-sorbitol). It is 

cheaper than Cyrene, which is also a sugar-based solvent. Furthermore, it has a high boiling point 

and good polymer solubility (PES and PVDF). Gronwald and Weber employed another green 

solvent, N-dimethyl lactamide (AGNIQUE AMD 3L), to prepare a PES membrane suitable for 

ultrafiltration applications [65]. They proposed this solvent as the only efficient solvent for the 

PES UF membrane preparation, which fully complies with the green chemistry principles. 
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AGNIQUE AMD 3L is a bio-based protic solvent based on lactic acid produced by microbial 

fermentation using starchy substrates.  

Table 1.1. A brief overview of the literature on sustainable membrane preparation utilizing biodegradable 

polymers and nontoxic solvents 

Polymer Solvent Fabrication 
method 

Application Comment Ref. 

PES PolarClean Phase separation UF, MF 

Nontoxic solvent and fossil-
based nonbiodegradable 

polymer 
[68] 

PES AGNIQUE AMD 3L Phase separation UF 

Nontoxic solvent and fossil-
based nonbiodegradable 

polymer 
[69] 

PLA/PBS DCM/DMF Electrospinning MF 
Toxic solvent and 

biodegradable polymer [70] 

PCL/Chitosan 
Formic acid/Acetic 

acid 
Electrospinning MF 

Slightly toxic solvent and 
biodegradable polymer [71] 

PVDF TamiSolve® NxG Phase separation UF, MF 

Nontoxic solvent and fossil-
based nonbiodegradable 

polymer 
[72] 

PES [EMIM]DDEP Phase separation UF 

Nontoxic solvent and fossil-
based nonbiodegradable 

polymer 
[73] 

PSF 
Rhodiasolv 
PolarClean 

Phase separation UF, NF 

Nontoxic solvent and fossil-
based nonbiodegradable 

polymer 
[74] 

PES Cyrene™ Phase separation MF, UF 

Nontoxic solvent and fossil-
based nonbiodegradable 

polymer 
[25] 

PES DMSO EVOL™ Phase separation MF 

Nontoxic solvent and fossil-
based nonbiodegradable 

polymer 
[39] 

PVDF Dimethyl Sulfoxide Electrospinning MF 

Nontoxic solvent and fossil-
based nonbiodegradable 

polymer 
[75] 

PLA NMP Phase separation UF 
Toxic solvent and 

biodegradable polymer [76] 

Cellulose 
acetate 

Methyl lactate Phase separation UF 
Nontoxic solvent and 

biodegradable polymer [77] 

PHBHV Cyrene Phase separation Pervaporation 
Nontoxic solvent and 

biodegradable polymer [78] 

Cellulose ([EMIM]OAc) Phase separation UF, NF 
Nontoxic solvent and 

biodegradable polymer [79] 
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The solvent’s biodegradability, high boiling point, toxicological profile, and good water 

miscibility make it a promising greener alternative to conventional toxic solvents in terms of 

sustainability. Ionic liquids, a relatively new class of chemicals, have attracted many applications 

as an alternative to conventional organic solvents [63]. They are more environment-friendly than 

typical toxic solvents but are not usually employed in membrane fabrication methods because 

polymers such as polyetherimide (PEI) and polyacrylonitrile (PAN) hardly dissolve in ionic liquids 

[80,81]. For example, Kim et al. proposed a new route for membrane preparation based on the 

dissolution of PES membrane in 1-ethyl-3-methylimidazolium dimethylphosphate ([EMIM]DEP) 

without the addition of organic or volatile solvent [9]. The synthesis of this ionic liquid involves 

non-hazardous chemicals, making the process environment-friendly and healthier than 

conventional membrane preparation methods. The water permeance of the resultant membrane 

showed two times higher permeance than in NMP, six times higher permeance than DMAc, and 

20-fold higher permeance than in DMF. Moreover, this ionic liquid can be recycled and recovered 

using simple steps based on evaporation [9]. Another promising ionic liquid, 1-ethyl-3-

methylimidazolium acetate ([EMIM]OAc), is used in many studies for membrane preparation by 

phase inversion [81383]. This ionic liquid has low toxicity and good dissolving power for 

cellulose. This also can be recycled and recovered using evaporation steps [9,84]. However, the 

structure and performance of the resultant membranes, while using ionic liquids as a solvent, 

showed considerable differences from the membrane prepared from commonly used solvents. This 

difference was attributed to ionic liquids' higher viscosity than conventional solvents [9,84]. 

1.4.4 Aqueous phase separation approach 

Although some of the solvents explained above are non-toxic, some limitations still exist, such as 

cost, the requirement for an additional step in solvent synthesis, and challenges in recovering 

certain solvents. Very recently, some research showed that water can be used as a solvent to 

prepare polyelectrolyte (PE)-based free-standing membranes [59,85387]. Water is mostly 

abundant and does not require any additional step of solvent preparation. PEs are water-soluble 

polymers with ionizable groups in their repeating units. They dissociate into either positively or 

negatively charged polymeric chains (i.e., polycation and polyanion, respectively) in ionizing 

solvents such as water and polar organic solvents. In an uncharged state, the oppositely charged 

counterions maintain the electroneutrality of the repeating unit [88]. Based on the charge density, 



25 

PEs can be divided into two types: strong polyelectrolyte and weak polyelectrolyte. Strong PEs 

are permanently charged over a wide pH range; thus, their polymeric conformations cannot be 

modulated upon changing the pH. Conversely, the dissociation constant (pKa) of weak PEs is in 

the range ∽2-10, meaning that they dissociate partially over the intermediate pH range. Therefore, 

[89,90]. Polyelectrolytes (PEs) are of interest in scientific research due to their large potential in 

advanced technology, biomedical applications, and molecular biology [90]. 

Polyelectrolyte complexation refers to the phase separation between aqueous solutions of two 

oppositely charged polyelectrolytes, which form an insoluble complex after mixing together, 

resulting in a dense phase, either coacervate (liquid-like) or precipitate (solid-like) [91]. Research 

on polyelectrolyte complexes (PECs) gained attention after Bungenberg de Jong and coworkers 

came up with the idea of PEC in the early 1930s who showed complex coacervate formation by 

the interaction of natural PEs in aqueous media [92]. However, extensive research on PEC started 

when Michaels and co-workers presented their work on the formation and properties of 

stoichiometric complexes of poly(4-vinyl benzyl-trimethylammonium chloride) and poly(sodium 

styrene sulfonate) [93]. Since then, the fascinating potential of PECs in different fields has spurred 

the growing interest until now. Much research has focused on understanding the formation and 

behavior of PECs at various conditions, such as temperature, pH, ionic strength, solvent type, 

composition, and concentration. When two oppositely charged PEs mix together, they can form 

PEC spontaneously. Figure 1.10 represents the PEC formation mechanism. During this process, 

two oppositely charged PEs interact with each other by electrostatic interaction. Nevertheless, 

hydrogen bonding and hydrophobic interactions also have additional influence [94]. On the other 

hand, small counterions are not restricted to the PE chain and are released to the solution. As they 

are more random in solution rather than in the vicinity of PE backbones, there is an increase in 

entropy in the system, which favors the PEC formation [94,95]. Besides, when two oppositely 

charged PEs are mixed together, their charge can be compensated intrinsically or extrinsically. 

Intrinsic charge compensation is defined as the compensation of the charge of adsorbed polyions 

by the oppositely charged adsorbed polyions. On the contrary, when the charge is compensated by 

the counterions, it is defined as extrinsic charge compensation [96]. 
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Figure 1.10. Polyelectrolyte complexation mechanism [97] 

 

Conventional methods like solvent evaporation (Figure 1.11A) and nonsolvent-induced phase 

separation (NIPS) (Figure 1.11B) enable the preparation of free-standing membranes from a single 

polymer (PE). However, developing free-standing polyelectrolyte complex (PEC) membranes 

required new techniques such as interfacial complexation (Figure 1.11D), PEC deposition (Figure 

1.11E), and multicasting (Figure 1.11F) [98]. In interfacial complexation, a PE film is submerged 

in a bath containing PEs with opposite charges. The multicasting method involves either casting, 

drying, and recasting a PEC dispersion or casting a PE solution followed by an oppositely charged 

PE solution. The PEC deposition method mixes dilute solutions of oppositely charged PEs to create 

a dispersion, which is then cast, and the solvent (typically water) is evaporated to form the film, 

or the dispersion is filtered to obtain the membrane. These methods often take place in aqueous 

media, aligning with sustainability goals, but face challenges like nonuniform ionic cross-linking, 

lack of scalability, lengthy evaporation times, and poor control over membrane structure. Recent 

advancements, such as Krishna B et al.'s hot-pressing method (pressing a PEC agglomerate at a 

certain temperature) (Figure 1.11H), have mitigated these issues [99].  

Recently, de Vos introduced a water-based approach to preparing PEC membranes, known as the 

aqueous phase separation (APS) approach, which combines NIPS' versatility with the benefits of 
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PE membranes. This process involves adjusting pH to control PE solubility for single polymer 

membranes (Figure 1.11C) and using pH- or salinity-switch methods for PEC membranes (Figure 

1.11G), enhancing sustainability and scalability. Significant attention has been paid to fabricating 

PEC membranes using the APS approach. For example, Sadman et al. showed that polyelectrolyte 

complex membrane can be prepared from anionic PSS cationic poly(N-ethyl-4vinylpyridinium) 

(QVP-C2) using a salt-mediated aqueous phase separation process [59]. Here, only water was used 

as a solvent, and the salt concentration was used to trigger the phase separation. Durmaz et al. also 

reported that membranes can be prepared from anionic PSS and cationic PDADMAC by salinity 

change-induced APS process [100]. Baig et al. reported that the solution pH can also trigger 

aqueous phase separation [60]. They prepared membranes from PSS and PAH. Recently, Willot 

et al. and Nielen et al. also reported that membranes can be prepared from pH-responsive polymers 

using the APS process [85,86]. They used water and green acetic acid to prepare the membrane. 

Membranes prepared from the APS and NIPS show similar phase separation mechanisms, and the 

membrane structure can be controlled with different parameters. Since the APS process requires 

no toxic solvents (only water), it can be considered significantly more sustainable and greener than 

the conventional method. However, the main drawback of this process is that this process is only 

applicable to membrane preparation from water-soluble polymers. A brief summary of some 

aqueous phase separation membranes reported so far in the literature is provided in Table 1.2. 

Green and sustainable membranes represent a key technology for advancing the circular economy 

and achieving sustainable development goals (Figure 1.9C) [66]. They align with circular growth 

principles, particularly in areas such as water treatment, filtration, energy production, and material 

separation. The sustainable development of membranes, achieved by utilizing biopolymers or 

waste valorization, is crucial in reducing natural resource consumption. This approach aligns with 

the circular economy's objective of maximizing resource utilization. Moreover, membranes 

prepared from low carbon footprints (using green solvents) prioritize resource conservation and 

minimize waste generation. Overall, using biodegradable materials and non-toxic solvents 

enhances human health and environmental well-being and plays a pivotal role in fostering a 

greener and more sustainable membrane manufacturing industry. However, the shift towards 

environmentally friendly solvents that align with regulations poses various challenges that require 

careful consideration, especially concerning their performance and competitive pricing. 
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Figure 1.11. Illustrations of methods for preparing PE and PEC free-standing membranes: (A) solvent 

evaporation, (B) membrane formation from block copolymers via the NIPS technique, (C) membrane 

preparation with stimuli-responsive PEs via APS, (D) interfacial complexation between two oppositely 

charged PEs, (E) PEC deposition by removing water from PEC dispersion, (F) multicasting, where each 

layer can be formed from any PE or PEC solution, (G) membrane formation via complexation-induced 

APS, and (H) preparation of dense membrane by hot-pressing [98]. 
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Table 1.2. Summary of some literature studies on aqueous phase separation membranes 

Polymer Solvent Fabrication 

method 

Application Performance Limitation Ref. 

q-PVP-PSS Water 

Precipitation 

followed by 

redissolution 

casting 

UF 

PWP  95-375 

LMHbar-1, >95% 

rejection of 100 nm 

Polystyrene particles 

Multiple 

steps, time-

consuming, 

less control 

parameters 

[101] 

PVP 
Acetic 

acid/HCl 

pH shift-

induced APS 
MF, NF 

MF: PWP (250-950 

LMHbar-1), >97% oil 

droplet rejection, NF: 

PWP (2.2 LMHbar-1, 

94% calcein 

retention) 

Poor 

stability and 

mechanical 

properties 

[102] 

PSS/PAH 
High pH 

water 

pH shift-

induced APS 
MF, UF, NF 

MF: PWP (3200 

LMHbar-1), >99% oil 

droplet rejection,  

UF: PWP (12.5 

LMHbar-1 , 98% BSA 

retention,  

NF: PWP (2 LMHbar-

1), >80% 

micropollutant 

retention)) 

Harsh 

condition, 

low PWP 

for NF and 

UF 

[60,103] 

PAA/PDADMAC Water/H2SO4 
pH shift-

induced APS 
MF 

MF: PWP (1000 

LMHbar-1), >90% oil 

droplet retention 

Low 

stability, 

harsh 

condition 

PSS/PEI Water 
pH shift-

induced APS 
MF, NF 

MF: PWP (65-130 

LMHbar-1), >99% oil 

droplet retention, NF: 

PWP (1.7-4 LMHbar-

1), >97% MgCl2 

retention 

Low pure 

water 

permeability

, fossil-

based 

polymer 

[105] 

PSS/PDADMAC 
High salinity 

solution 

Salinity 

gradient-

induced APS 

NF 

NF: PWP (0.1-1 

LMHbar-1), >80% 

MgSO4 retention 

Low water 

permeability

, limited 

control 

parameters 

[100] 

PSS/PDADMAC 
High salinity 

solution 

Salinity 

gradient-

induced APS 

UF 

NF: PWP (20 

LMHbar-1), low salt 

retention 

Low salt 

rejection, 

limited 

control 

parameters 

[100] 

PSS/PDADMAC 
High salinity 

solution 

Salinity 

gradient-

induced APS 

UF, NF 

UF: PWP (6 LMHbar-

1), NF: PWP (0.1-0.2 

LMHbar-1), >90% 

MgCl2 retention 

Very low 

pure water 

permeability

, limited 

control 

parameters 

[106] 

Chitosan 

Acetic acid or 

base LiOH, 

KOH, Urea 

solution 

APS UF 

UF: PWP (100-110 

LMHbar-1), >99% 

100 nm PS particles 

retention 

Poor 

stability 
[107] 
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1.5 Perspective of biopolymers in membrane fabrication 

Bio-sourced and biodegradable polymers are gaining prominence as alternatives to conventional 

synthetic materials. The perspective of biopolymers in membrane fabrication holds great promise 

for sustainable and eco-friendly advancements in materials science. From water treatment to 

biomedical applications and sustainable packaging, the versatility of biopolymers opens up new 

possibilities for addressing global challenges while promoting a greener future. Continued research 

and technological advancements in this field are essential to unlock the full potential of 

biopolymers in membrane-based technologies. 

One key advantage of biopolymers is their eco-friendly origin and biodegradability, as they are 

sourced from renewable biomass. This stands in stark contrast to traditional non-degradable 

membrane materials, often derived from non-renewable petrochemical sources. Moreover, the use 

of biopolymers aligns with the principles of sustainability and circular economy, reducing 

dependence on finite resources and minimizing environmental impact. 

The majority of biodegradable polymers used in membrane fabrication can be made from biobased 

and petro-based materials, such as cellulose acetate (CA), lignin, sodium alginate (SA), polylactic 

acid (PLA), polyhydroxyalkanoate (PHA), polybutylene succinate (PBS), polycaprolactone (PCL, 

and poly-(butylene adipate-co-terephthalate) (PBAT) [108]. Biopolymers offer a versatile 

platform for tailoring membrane properties. By manipulating the molecular structure and 

composition, researchers can fine-tune parameters such as permeability, selectivity, and 

mechanical strength. This tunability allows for the customization of membranes to suit specific 

applications, making biopolymers an attractive choice for a wide range of membrane-based 

technologies.  In water treatment, biopolymer-based membranes have demonstrated comparable 

efficiency in separating contaminants and purifying water. Some examples of biopolymer usage 

in membrane fabrication have been discussed in brief below:  

Cellulose acetate (CA): CA membranes have been extensively used on an industrial scale since 

the first asymmetric CA membrane was developed with high flux and high salt rejection by Loeb 

and Sourirajan [109]. They were initially used for desalination and ultrafiltration applications; 

later, they were used in pervaporation and gas separation applications [77,110].  CA is likely the 

ideal bio-based material for membrane fabrication owing to its several advantages, such as low 

cost, biodegradability, hydrophilicity, and facile synthesis [111]. However, the major 
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disadvantages of the CA membranes are high fouling tendency, low flux, low oxidation, chemical 

resistance, and narrow operating ranges at different temperatures and pH. Most membranes also 

suffer from bacterial growth on the membrane surface, reducing membrane performance and 

service life. Several modifications on CA membranes have been reported to offset these issues, 

such as chemical grafting, surface modification, and plasma methods. Additive blending, for 

instance, the addition of pore formers and nanoparticles to the CA membrane, has also been 

investigated to improve the antifouling property as well as the performance of the CA membrane. 

Kalyani et al. blended sodium alginate and hydroxyethylcellulose to prepare a pervaporation 

membrane using phase inversion to separate t-butanol/water mixtures. After cross-linking with 

phosphoric acid, this membrane exhibited a selectivity of 3327 and a water flux of 0.2 kgm-2h-1 

[112]. Ying Ee et al. recently used the electrospraying technique to coat the CA ultrafiltration 

membrane with octahedral UiO66-NH2 nanocrystals and cellulose nanocrystals for desalination 

application [113]. The electrospray-coated CA membrane showed excellent resistance to 

biofouling, high water/salt permselectivity with almost double water permeability coefficient of 

0.24 Lm-2h-1bar-1, and retention efficiency over 94% for brackish water desalination. Goetz et al. 

prepared cellulose acetate membrane via an electrospinning approach [114]. CA, acetic acid, and 

acetone were used to prepare the dope solution for electrospinning. The membrane surface was 

coated with chitin nanocrystals via filtration and drying to tailor the surface characteristics. The 

chitin coating resulted in a superhydrophilic membrane with a contact angle of 0°, whereas 

uncoated CA mats had a contact angle of 132°. This CA mat coated with 5% chitin nanocrystals 

also showed a 131% increase in mechanical strength and a 340% increase in stiffness. Moreover, 

biofouling and biofilm formation were also significantly reduced due to chitin nanocrystals' 

antibacterial and antifungal properties.  

Bacterial cellulose (BC): BC is another cellulose-based material with high mechanical strength, 

hydrophilicity, and biodegradability. Due to its properties, it can be a promising material for 

membrane fabrication. Xi et al. prepared a bacterial cellulose-based underwater superoleophobic 

ultrafiltration membrane with nano-sized pores suitable for nanoparticles and nanoemulsions 

separation with sizes below 100 nm in an aqueous solution [115]. 

Lignin: Lignin is considered the second most abundant but underutilized biopolymer. It is 

primarily produced from the pulp and paper industry. Almost 50-70 million tons of lignin is 
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derived annually from wood. However, only 1-2% of the produced lignin is utilized as a value-

added product, while the majority is incinerated for energy generation [116]. The lignosulfonate 

molecule contains many aromatic rings and phenylpropane units containing hydroxyl and sulfonic 

groups [117]. These groups act as active centers for lignin modification and utilization. When 

added as a blend or composite, the interaction between lignin and polymers includes strong dipole-

dipole interaction, ion-dipole interaction, Lewis acid-base interaction and charge transfer 

complexation, etc [118]. Lignin possesses excellent physical and chemical properties, such as 

biodegradability, high carbon content, thermal stability, and UV absorption properties [119]. The 

high phenolic and methoxy hydroxyl groups provide lignin with excellent antimicrobial and 

antioxidant properties. Due to the presence of many functional groups in the lignin structures, 

lignin derivatives can be used to modify the membrane properties when added as an additive. For 

example, Shamaei et al. modified the selective layer of TFC forward osmosis (FO) membranes 

using different concentrations of hydrophilic sulfonated kraft lignin (SKL) (1, 3, and 5 wt%) [120]. 

The modified TFC-FO membrane with 5 wt% of SKL provided a 2-fold enhancement in water 

flux compared to the pristine membrane. Moreover, it exhibited excellent antifouling performance 

and enhanced wettability compared to the unmodified membrane.  

Sodium alginate (SA): SA is a hydrophilic anionic polysaccharide with a low price and good 

degradability [121,122]. It is easy to be crosslinked due to the presence of abundant carboxyl and 

hydroxyl groups. It is considered a promising material for different applications, such as 

dehydration of organics, oil/water separation, dye adsorption, and wound healing applications, due 

to its excellent resistance to organic solvents, solubility in water, biocompatibility, 

biodegradability, low toxicity, and good film forming properties [1233125]. Starch-based 

polymers have been used mostly as an additive for membrane fabrication. For instance, Ambre et 

al. prepared a mixed matrix nanofiltration membrane using hyperbranched graphene oxide-starch 

as an additive to improve the permeability and rejection efficiency [126]. Starch was also used in 

combination with polyvinyl alcohol (PVA) to prepare a hydrogel nanofiber membrane using an 

electrospinning technique to improve the water flux and separation efficiency [127].  

Polylactic acid (PLA): PLA is a kind of aliphatic polyester obtained from biodegradable resources 

[46]. Generally, PLA is described as a semi-crystalline polymeric material with melting 

temperature (Tm) in the 170-180℃ range and glass transition temperature (Tg) around 55-59℃. 
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The main issues with PLA polymer are its brittleness and low thermal stability, but different 

strategies, i.e., plasticizing, using it in combination with other polymers, or using some fillers, can 

help in increasing its applicability [51]. Zhang et al. synthesized PLA hollow-fiber membrane with 

improved hydrophilicity through a phase inversion process tailored by mixing some additives, i.e., 

PVP-K30 (polyvinylpyrrolidone K30) and Tween-80 [128]. The membrane showed high rejection 

of colloidal ferric hydroxide (98.5%), good permeance recovery (86.8%), pollution resistivity, and 

excellent antifouling behavior.  

Polyhydroxyalkanoates (PHA): PHA is another highly promising biopolymer made by various 

Gram-positive and Gram-negative bacteria through fermentation using different carbon sources 

[129,130]. Because of their plastic-like characteristics and biodegradable nature, PHAs have the 

potential to serve as alternatives to non-biodegradable materials like poly(ethylene) (PE) and poly 

(propylene) (PP). The most known PHA polymers generated by microbes are polyhydroxy 

butyrate (PHB) and poly(3-hydroxybutyrate-co-3-hydroxyvalerate) PHBHV. PHAs have strong 

hydrolytic and UV resistance and sink in water, which helps speed up soil anaerobic 

decomposition. Additionally, they exhibit piezoelectric behavior. Their melting temperature is in 

the range of 40 to 180°C, while glass transition temperature falls between 50 to 4°C. Tomietto et 

al. fabricated biobased PHBHV membranes through phase inversion induced by evaporation, and 

these membranes were tested for microfiltration (MF) applications [131]. The results demonstrated 

pure water permeabilities exceeding 200 Lm22h21bar21, coupled with an impressive bacteria 

rejection rate of 99.95%.   

Polybutylene Succinate (PBS): PBS is a promising aliphatic polyester with high chemical and 

thermal resistance, flexibility, low degradation rate, and affordable cost [46]. Butanediol and 

succinic acid, both of which can be found in bio-based renewable resources, were polymerized to 

prepare this semi-crystalline biopolymer. Its glass transition temperature and melting point range 

from 45 to -10°C and 90 to 120°C, respectively [51]. Its mechanical characteristics are comparable 

to PE and PP's, and its processibility is much better than that of other biopolymers like PLA. Bang 

et al. produced a nanofibrous membrane based on PBS, exhibiting impressive oil adsorption 

capacity (ranging from 18.7 g/g to 38 g/g) and high separation efficiency for water and oil mixtures 

(99.4399.98%) and emulsions (98.1399.5%) compared to conventional nanofibers made from 

organic polymers [132]. Importantly, in terms of disposal after use, this biodegradable nanofibrous 
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membrane demonstrated the ability to return to nature through hydrolysis and biodegradation 

processes.  

Ecoflex®: PBAT, predominantly derived from fossil sources, is commercially known as 

Ecoflex®, produced by BASF (Germany). Ecoflex® F Blend C1200 shares properties akin to 

LDPE due to its elevated molecular weight and long-chain branched molecular structure [133]. 

Ampawan et al. developed a PLA/PBAT-based membrane using a nonsolvent-induced phase 

separation process [134]. They blended PLA with PBAT and incorporated functionalized cellulose 

microfibers from empty fruit bunch (EFB), modified with maleic anhydride (MEFB). In a dynamic 

adsorption process, the PLA/PBAT-MEFB membrane exhibited a higher pure water flux (1214 

Lm22h21) than the PLA/PBAT membrane (371 Lm22h21). Notably, the PLA/PBAT-MEFB 

membrane demonstrated superior performance in removing 97.2% of MB (Methylene Blue), while 

the PLA/PBAT membrane removed only 58.7%. 

Overall, the above-mentioned biopolymer-based membranes not only address water scarcity 

challenges but also contribute to the development of sustainable water treatment solutions. Despite 

their numerous advantages, the widespread adoption of biopolymers in membrane fabrication 

remains challenging. Issues such as scalability, cost-effectiveness, and long-term durability must 

be addressed to ensure the commercial viability of biopolymer-based membranes. Lastly, finding 

compatible, non-toxic solvents for biopolymers that do not compromise membrane performance 

adds another layer of difficulty to their widespread adoption. Researchers and industry 

stakeholders are actively exploring innovative processing techniques and improving the 

understanding of the structural characteristics of biopolymers to overcome these challenges.  

1.6 Research objectives  

Membrane technology has become an integral aspect of our everyday existence. However, its rapid 

development has led to significant challenges, particularly the unsustainable disposal of used 

membranes. Additionally, certain aspects of membrane fabrication are not fully sustainable. For 

example, using fossil-based, non-biodegradable polymers and substantial amounts of toxic organic 

solvents in the manufacturing process poses serious health and environmental risks. The objective 

of this research was to explore innovative strategies to enhance the sustainability of the membrane 

fabrication process. This goal was achieved through several steps: replacing the conventional toxic 
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solvents with greener alternatives, introducing two tuning parameters to enhance the performance 

of APS membranes, and employing environmentally friendly solvents and biodegradable polymers 

as promising replacements for fossil-based non-biodegradable membrane materials. These steps 

were performed to promote sustainability in the membrane fabrication process. 

In order to achieve this research purpose, the following research initiatives were undertaken: 

1. Preparation of organic solvent-free polyelectrolyte complex membrane and investigation of 

the effect of two tuning parameters to enhance the performance of APS membrane: The first 

part of the research focused on developing high-performance polyelectrolyte complex (PEC) 

membranes using a toxic organic-solvent-free approach known as aqueous phase separation 

(APS). Two main methods, salinity change-induced APS and pH shift-induced APS, have been 

explored so far for APS membrane preparation. Salinity-gradient APS membranes exhibit robust 

stability in organic solvents, high salt rejection, and charge reversal capabilities, yet they face 

challenges with morphology control and low water flux. Conversely, pH shift-induced APS relies 

on PE charging behaviors at varying pH levels in the casting and coagulation solutions. This 

method allows for versatile combinations of strong and weak PEs to tailor microfiltration to 

nanofiltration membranes, but it requires extremely low pH solutions for complexation, limiting 

scalability. Recent advancements in mild pH-shift APS using PSS and PEI show promise but 

struggle with low pure water permeabilities. Therefore, there is still room to improve the APS 

membrane performance. Among the different combinations of PEs, the PSS-PEI combination 

could be the best choice due to the mild pH requirement and higher ionic crosslinking density. 

Like NIPS, the APS process showed excellent control over membrane pore size and performance. 

There are also some similarities in the key tuning parameters. For NIPS, it is well known that 

casting solution temperature significantly affects the thermodynamic and kinetics aspects of phase 

separation, which in turn significantly affects the structure and separation performance of 

membranes. However, the influence of this parameter was not investigated for any APS membrane 

formation. Besides casting solution temperature, the monomer mixing ratio could also affect the 

membrane morphology and performance. Therefore, introducing new tuning parameters4

monomer mixing ratio and casting solution temperature4aims to optimize PSS/PEI APS 

membrane morphology and performance.
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2. Developing a green and biodegradable high-performance electrospun membrane: The 

previous work focused on the fabrication of polyelectrolyte complex membranes based on a water-

based phase separation approach, which reduces toxic solvents. However, to achieve complete 

sustainability, non-biodegradable polymers must be replaced with biodegradable alternatives in 

membrane fabrication. Thus, the subsequent phase of this research focused on substituting non-

biodegradable polymers with bio-based materials and employing eco-friendly solvents. Bio-based 

membranes produced with green solvents offer significant advantages in water purification but 

face challenges such as membrane fouling and structural stability over time. This study focused 

on utilizing the electrospinning technique to develop an environmentally friendly and 

biodegradable electrospun membrane by blending biodegradable polycaprolactone (PCL) with 

biobased sulfonated kraft lignin (SKL). SKL, sourced from a local pulp mill, was used in its 

untreated form to preserve its environmentally benign properties. Membrane researchers recognize 

that transitioning away from toxic solvents in membrane production processes poses a significant 

challenge. The selection of a suitable benign solvent for preparing PCL/SKL electrospun 

membranes was crucial to avoid secondary pollution and align with sustainable practices. The 

research also delved into understanding how varying levels of hydrophilic SKL content influence 

the morphology, mechanical properties, and wettability of the resulting PCL-based electrospun 

membranes. This pioneering study marks the initial exploration of the potential of green PCL/SKL 

electrospun membranes for applications in wastewater treatment. 

3. Developing environmentally friendly membranes through a sustainable phase inversion 

approach: The growing energy crisis and environmental pollution issues have made eco-friendly 

transformation in the membrane industry essential. Consequently, there is increasing interest in 

using bio-based and biodegradable polymers for sustainable membrane fabrication. Alongside this, 

the exploration of new environmentally friendly solvents has become significant due to the rising 

focus on sustainable and green chemistry. Transitioning from traditional solvents to eco-friendly 

alternatives depends on both their availability and compatibility with the specific polymers used 

in membrane production. This part of the research explores the use of biodegradable PCL, low-

cost biobased SKL and a compatible green solvent in membrane fabrication via nonsolvent-

induced phase separation. This study is the first to examine the potential of SKL and PCL as 

compatible materials for fabricating high-performance, environmentally friendly phase inversion 
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membranes, employing acetic acid as a green solvent. The proposed approach not only ensures 

simplicity and scalability but also promotes sustainability in membrane fabrication. 

1.7 Thesis structure 

The current thesis is prepared in a paper-based format. Chapters 2, 3, and 4 were based on the 

published journal papers.  

Chapter 1 introduces the research background and literature review, highlights research gaps, 

challenges, and potential solutions to research problems, and finally provides the research 

questions and objectives. 

Chapter 2 presents an organic solvent-free aqueous phase separation process as a sustainable 

alternative for membrane fabrication. It introduces the monomer mixing ratio and casting solution 

temperature as new tuning parameters for preparing APS-based membranes. The chapter also 

provides a detailed investigation into how these parameters affect membrane morphology and 

performance. 

Chapter 3 introduces a simple and eco-friendly method to fabricate biodegradable electrospun 

membranes by blending polycaprolactone with sulfonated kraft lignin in acetic acid using the 

electrospinning technique. This study highlights a novel functionality of the PCL/SKL blend, 

demonstrating its capability to fabricate superhydrophilic electrospun membranes with excellent 

anti-oil fouling properties. The study details the impact of SKL content on membrane morphology, 

mechanical properties, and wettability, as well as their stability, reusability, and biodegradability.  

Chapter 4 uses the NIPS method to explore the potential of sulfonated kraft lignin as an 

environmentally friendly additive in producing biodegradable PCL membranes. This approach 

enhances environmental sustainability by employing a benign solvent (acetic acid) to prevent 

secondary pollution. The proposed approach in this study ensures simplicity, scalability, and 

sustainability in the membrane fabrication process. Additionally, this chapter provides a thorough 

characterization and performance analysis of the prepared membranes. 

Finally, Chapter 5 summarizes the key findings of the research presented in this dissertation. This 

chapter offers insights into future research directions in sustainable and green membrane 

fabrication processes.  
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2.1 Introduction 

Membrane-based technology has been used in a wide range of applications, including water and 

wastewater treatment [135], controlled drug delivery [136], food and dairy [137], pharmaceutical 

removal [138], and gas separation applications [139]. Most commercial polymeric membranes are 

prepared using phase separation techniques, mainly nonsolvent-induced phase separation (NIPS).  

One of the significant drawbacks of NIPS is the use of toxic organic solvents such as 

dimethylformamide (DMF), N-methyl pyrrolidone (NMP), and dimethyl acetamide (DMAc), 

which are harmful to human health and the environment [21]. Recently, the European Union has 

added these solvents to the restriction list through Registration, Evaluation, Authorisation, and 

Restriction of Chemicals (REACH) legislation [22324]. The adverse effect of these toxic solvents 

led the researchers to look for alternative nontoxic, nonhazardous, and greener solvents for 

membrane fabrication [63,72,140,141]. Very recently, a complete water-based approach has been 

proposed for polymeric membrane fabrication, known as aqueous phase separation (APS) [142]. 

It eliminates the use of toxic organic solvents. In replacement, water is used as both solvent and 

nonsolvent mediums. Therefore, a particular class of water-soluble polymers, known as 

polyelectrolytes, is used in this novel technique. Polyelectrolytes (PEs) are polymers with 

ionizable groups in their repeating units [88]. Their dissociation in ionizing solvents, such as water 

and polar organic solvents (DMSO), determines the charge density in the polymeric chains [143]. 

Based on the charge density, PEs can be of two types: strong polyelectrolytes and weak 

polyelectrolytes [89,90]. Strong PEs are permanently charged over a wide pH range. Conversely, 

weak PEs dissociate partially over the intermediate pH range depending on their acid dissociation 

constant (pKa). Therefore, the pH of the polymer solution can be used to control its solubility and 

charge. 

Two methods have been utilized so far to prepare APS membranes, i.e., <salinity change-induced 

APS= and <pH shift-induced APS’ [59,60,100,144]. In the former method, homogeneous casting 

solutions are prepared using two oppositely charged PEs at a high salt concentration. High salt 

concentration prevents the complexation between PEs by charge screening. It is then immersed in 

a low salt concentration at which complexation occurs, resulting in a water-insoluble solid film 

[100]. The membranes prepared using this method exhibited excellent stability in organic solvent 

(e.g., 2-propanol), high salt rejection, and charge reversal behavior [59,145,146]. However, limited 



control over membrane morphology and low water flux (~0.1-1 LMH/bar) are the major downsides 

of these salinity-based APS membranes. On the other hand, the pH shift-induced method involves 

either a single pH-responsive PE [26, 29] or a mixture of two oppositely charged PEs [60]. This 

method relies on the charging and uncharging behaviors of the PEs at different pH of the dope 

solution and coagulation bath. First, the casting solutions are prepared at a pH where one of the 

PEs is charged and the other is uncharged so that no interaction occurs between them. Afterward, 

this cast film is immersed in a nonsolvent at a pH where both the PEs are charged. Hence, 

complexation occurs between the PEs, resulting in the formation of a water-insoluble 

polyelectrolyte complex (PEC) membrane.  

Many combinations of strong and weak PEs can be utilized to prepare microfiltration to 

nanofiltration membranes via pH shift-induced APS. Baig et al. reported two combinations of PEs 

to prepare different kinds of microfiltration and nanofiltration membranes [60,105]. One of them 

is the mixture of strong polyanion poly (sodium 4-styrene sulfonate) (PSS) and weak polycation 

poly (allylamine hydrochloride) (PAH). They prepared the casting solution at a high pH (~pH 14) 

where PSS is charged but PAH is uncharged, thus preventing the complexation. Then, the cast film 

was immersed in a low pH (~pH 1) solution, which charged the PAH, resulting in complexation 

and controlled precipitation, thus forming an insoluble PEC membrane [60]. Later, they 

systematically studied the influence of different tuning parameters, such as casting solution 

composition and coagulation bath composition, on preparing nanofiltration, ultrafiltration, and 

microfiltration membranes [103]. They reported that the difference in pH between the casting 

solution and coagulation bath acted as a driving force for H+ diffusion into the solution; a rapid 

exchange of H+ ions resulted in faster precipitation. However, the need for solutions with 

extremely low pH for complexation could limit its large-scale production. Recently, Baig et al. 

reported another combination of PEs (PSS and branched PEI (Polyethyleneimine)) that required 

mild pH conditions (~pH 12 to ~pH 4) for APS membrane preparation [105]. Although they 

reported decent salt and oil retentions in this work, pure water permeabilities were low for NF 

(~1.7 LMH/bar) and MF (~130 LMH/bar) membranes. Therefore, there is still room to improve 

the APS membrane performance with these monomers. PSS-PEI combination in this regard could 

be the best choice due to the mild pH requirement and higher ionic crosslinking density compared 

to PSS-PAH [147] and PAA-PDADMAC (Polyacrylic acid-Poly (diallyldimethyl ammonium 

chloride)) [104]. 



Like NIPS, the APS process showed excellent control over membrane pore size and performance. 

There are also some similarities in the key tuning parameters, such as casting solution and 

coagulation bath compositions. For NIPS, it is well known that casting solution temperature has a 

significant effect on the thermodynamic and kinetics aspects of phase separation [1483152], which 

in turn significantly affects the structure and separation performance of membranes. However, the 

influence of these parameters has not yet been investigated for any APS membrane formation. 

Previous studies on APS membranes, particularly PSS-PEI membranes, showed low pure water 

permeabilities, which need to be improved by fine-tuning the key parameters. Besides casting 

solution temperature, the monomer mixing ratio could also enhance the water flux. It was reported 

for PSS-PAH and PSS-PDADMAC systems that the monomer mixing ratio significantly affects 

the final membrane morphology, pure water permeability, and surface charge [103,146].  

Given the gaps and drawbacks of APS membranes, the present work focused on improving the 

performance of the PSS-PEI membrane prepared via an organic solvent-free APS process. We 

systematically investigated the effect of monomer mixing ratio and casting solution temperature 

on PSS-PEI membrane formation. We will demonstrate how monomer mixing ratios control the 

final membrane morphology and improve the water flux. Moreover, casting solution temperatures 

were varied to investigate their effects on final membrane morphology and pure water 

permeability. The findings of this work will contribute to developing high-performance organic 

solvent-free NF and UF membranes simply by tuning the casting solution temperature and 

monomer mixing ratio. 

2.2 Experimental 

2.2.1 Materials 

PSS (average Mw. 1000 kDa, powder form) and Branched PEI (average Mw. 25 kDa, 100 wt%) 

were purchased from Sigma Aldrich and used as polyanion and polycation, respectively. Glacial 

acetic acid (ReagentPlus, ≥99.0%), sodium acetate (anhydrous, ReagentPlus, ≥99.0%), 

glutaraldehyde (GA, 25 wt% in water), glycerol solution (83.5-89.5%), polyethylene glycol (PEG) 

with different molecular weights (200, 400, 600, 1500, 2000, 6000, 10000, 20000 and 35000 gmol-

1), humic acid (HA), n-hexadecane and salts such as magnesium sulfate (MgSO4, >99.5%), 

magnesium chloride hexahydrate (MgCl2.6H20, ≥99%), sodium chloride (NaCl, >99.5%) and 



sodium sulfate (Na2SO4, 99%) were purchased from Sigma Aldrich. Bovine Serum Albumin 

(BSA) was purchased from ChemCruz. Phosphate buffer saline (PBS) of pH 7.4 was kindly 

provided by the Biochemistry lab of the National Research Council (NRC), Canada. Deionized 

water (18.2 M cm-1, Milli-Q, Millipore) was used to prepare the casting solution and the 

coagulation bath. All the chemicals were used without further purification.  

2.2.2 Membrane preparation 

2.2.2.1 Casting solution preparation 

The casting solutions were prepared in two steps. The first step consists of preparing two individual 

solutions of PSS and PEI. In this step, pure PSS was dissolved in deionized water to obtain a 25 

wt% aqueous solution of PSS (pH of ~8). Likewise, a 25 wt% aqueous solution of PEI was 

prepared by diluting pure PEI with deionized water (pH of ~12). Then, both solutions were 

continuously stirred to make them homogeneous. In the next step, two polyelectrolyte solutions 

were mixed at different monomer molar mixing ratios, ranging from 1:1.65 to 1:1.80, to prepare 

25 wt% casting solutions. The pH of all the casting solutions was ~12 (Figure A.S1). The 

molecular weights of the monomers (PSS ~206.19 Da and PEI ~43.04 Da per ethylenimine unit) 

were used to calculate the desired molar mixing ratio. The casting solutions were then stirred until 

they became homogeneous. The composition of the casting solution is shown in Table 2.1. Casting 

solutions with other monomer ratios, such as 1:1, 1:1.50, and 1:1.60, were also prepared; however, 

these resulted in either a soft gel-like material or a very dense membrane with low water flux. 

Moreover, the monomer mixing ratio above 1:1.80 resulted in an irregular top surface. All the 

casting solutions were left unstirred overnight until they became bubble-free.

Table 2.1. Composition of casting solution prepared at different monomer ratios 

Monomer Ratio 

(PSS:PEI) 
PSS (wt%) PEI (wt%) Water (wt%) 

1:1.65 18.62 6.38 75 

1:1.70 18.45 6.55 75 

1:1.75 18.30 6.70 75 

1:1.80 18.16 6.84 75 

 



2.2.2.2 Casting 

The PSS-PEI casting solutions, prepared at different monomer mixing ratios, were cast on a 

plexiglass plate and then spread over the plate using a micrometer film applicator (Gardo, 

Pompano Beach, FL, USA) with a clearance gap of 500 µm. An automatic film applicator (TQC 

Sheen, AB3120, The Netherlands) was used to adjust the casting speed at 10 mm/s. The plexiglass 

plate is then immersed in a 0.5 M acetate buffer bath at pH 4. The buffer bath was prepared at 

room temperature by adding a specific amount of acetic acid and sodium acetate. Compared to 

other pH and acetate buffer concentrations, PSS-PEI membranes prepared at 0.5M acetate buffer 

bath at pH 4 exhibited relatively better water permeability and mechanical strength performance, 

as reported in the literature [105]. In addition, Glutaraldehyde (GA) was added to the buffer bath 

to densify the membrane structure and improve the mechanical strength. GA reacts with the 

primary amine groups of PEI under aqueous conditions and forms an imine bond via the Schiff 

base reaction [153,154]. The effect of GA on APS membranes has already been elaborately studied 

by Baig et al. for the PSS-PEI and PSS-PAH aqueous phase separation membranes [60,105]. Based 

on their study, a 0.01 wt% concentration of GA was chosen to keep its concentration as low as 

possible since it is toxic at higher concentrations. The cast films precipitated in less than 30 seconds 

after immersion. After five hours, they were removed from the buffer bath and stored in deionized 

water for further characterization and performance tests.  To evaluate the effect of casting solution 

temperature, the homogeneous casting solution was heated to the desired temperature (40 and 

60℃) without stirring using a hot plate for about 15 min. The plexiglass plate was also heated to 

adjust the casting solution temperature. The heated casting solutions were then cast and immersed 

immediately in the buffer bath. After five hours, the precipitated films were removed from the 

acetate buffer bath and stored in deionized water for further use. 

2.2.3 Membrane characterization 

2.2.3.1 Evaluation of the viscosity of the casting solutions 

The viscosity of the casting solution was measured using a rotational rheometer (Malvern Kinexus 

Lab+) at three different temperatures, namely at 25, 40, and 60℃. The sample solutions were 

loaded between two plates and waited until stabilization at the desired temperature. The dynamic 

viscosities were recorded as a function of shear rate (0.1-100 s-1). 



2.2.3.2 Evaluation of the surface potential of the membranes 

The zeta potential of the membranes was evaluated with a SurpassTM 3 Electrokinetic analyzer 

(Anton Paar, Graz, Austria). The zeta potential values were measured over the pH range of 4-9 

using a 1 mM KCl solution. Sodium hydroxide and Hydrochloric acid were used to adjust the pH 

to desired values. 

2.2.3.3 Evaluation of the chemical compositions of the membranes  

The chemical nature of the fabricated membranes was determined using attenuated total 

reflectance-Fourier transform infrared (ATR-FTIR). The infrared spectra were measured at room 

temperature using Agilent Technologies, Cary 600 series. All samples were scanned thirty times 

over the wavelength range of 400-4000 cm-1 and with a resolution of 4 cm-1. 

2.2.3.4 Evaluation of the surface topography of the membranes 

The surface morphology and cross-sectional structure of the fabricated membranes were examined 

by a field emission scanning electron microscope (FESEM, Zeiss Sigma 300 VP) at the 

acceleration voltage of 10 kV. Before SEM analysis, all the membrane samples were immersed in 

20 wt% glycerol solution, followed by drying in a fume hood to prevent pore collapse. For cross-

section SEM imaging, the samples were first immersed in liquid nitrogen and then fractured 

carefully. Afterward, all the SEM samples were kept in a vacuum oven at 30 ℃ overnight. Before 

imaging, all the membrane samples were sputter-coated with gold (~10 nm). ImageJ software was 

used to determine the average thickness of the membranes. The surface topography of the 

fabricated membranes was evaluated using atomic force microscopy (AFM, Bruker Dimension 

Icon, USA). All the AFM measurements were executed in tapping mode at a scan rate of 1.0 Hz 

under ambient temperature and humidity over a 10 µm × 10 µm surface area of the samples. 

Nanoscope analysis software V.1.40 was used to analyze the AFM data and to calculate the surface 

roughness parameters. 

2.2.3.5 Evaluation of the surface wettability of the membranes 

The surface wettability of the membranes was evaluated by contact angle analysis. The analysis 

was carried out by sessile drop method using a contact angle analyzer (Kruss DSA 100 Gmbh 

Germany) with a 2 µL droplet of DI water in air. The droplet of water was deposited on the 



membrane surface using a micro syringe. At least three droplets were placed on the surface for 

each sample, and average contact angles were measured. 

2.2.3.6 Evaluation of the permeation performance of the membranes 

Membrane filtration was conducted using a dead-end setup (Amicon, UFSC05001). The effective 

membrane area was 13.4 cm2. Compressed nitrogen gas was used to apply the desired pressure. 

Each membrane was compacted until a steady flux was reached at 10 psi and 40 psi for UF and 

NF membranes, respectively. The permeate weight was recorded with a weighing balance 

(ME4002, Mettler Toledo, USA) at regular time intervals. Pure water flux (J) was then determined 

using the following equation: 

              Ć (Ĉÿ22ℎ21) = Ā(ýĀ)Ā(ýĀÿ−1)ý(ÿ2)�ā(/)           (2.1) 

where M is the mass of the permeate, ρ is the density of water, A is the effective membrane area, 

and Δt is the measurement time. The permeability (P) was calculated from the slope of the constant 

flux versus transmembrane pressure as follows: Č (Ĉÿ22ℎ21ÿþÿ21) = � (ÿÿ−2/−1)ÿĀĀ (Āÿÿ)                        (2.2) 

where TMP is the transmembrane pressure, defined as the pressure difference between the feed 

and permeate sides.  

2.2.3.7 Evaluation of the molecular weight cut-off of the membranes  

The molecular weight cut-off (MWCO) of the fabricated membranes was evaluated using dilute 

aqueous solutions (250 ppm) of PEG having different molecular weights, ranging from 0.2-35 

kDa. Before each experiment in a dead-end cell, all the NF-type membranes were pre-compacted 

at 40 psi to reach a steady state of pure water flux. Similarly, membrane pre-compaction was done 

at 10 psi for UF membranes to achieve a stable pure water flux. Afterward, MWCO measurements 

were conducted starting from the lowest MW of the PEG solution. Different MW of PEG solutions 

were filtered through the dead-end cell, and samples from feed, permeate, and retentate solutions 

were collected for the total organic carbon (TOC) analysis using a total organic carbon analyzer 

(TOC-L CPH, Shimadzu, Japan). During the filtration, the PEG solution inside the cell was 

continuously stirred to minimize the concentration polarization. Before replacing different MW of 

PEG solution, membrane surfaces were washed by stirring with deionized water for 20 min at 200 

rpm. The MWCO is defined as the minimum molecular weight of a solute at which the membrane 



retains 90 % of the solute. The TOC retention results were calculated using Eq. 2.4 were plotted 

against the molecular weights of PEGs and extrapolated to 90% retention to determine the MWCO 

of each sample. MWCO values (in Da) were used to determine the average pore size of the 

membranes (dp in nm) using the following equation [155]:                                                        āþ = 0.09(ĉĂÿċ)0.44     (2.3) 

2.3.8 Evaluation of the separation performance of the membranes  

The nanofiltration performance of the membrane was evaluated by different monovalent and 

divalent salt retention tests in the dead-end cell. Approximately 40 ml of 5 mM aqueous solution 

of NaCl, NaSO4, MgSO4, and MgCl2.6H20 were used as the feed and filtered through the cell at 

40 psi. Salt solutions were stirred continuously to minimize the concentration polarization during 

the experiment. The feed, permeate, and retentate samples were collected and tested for 

conductivity using a Fisher Scientific AR50 ion conductivity meter. Separate calibration curves 

were first generated using the known concertation of salt solutions. The salt concentration in the 

feed, permeate, and retentate was then evaluated by analyzing their conductivities. The salt 

retention (R) was then calculated using Eq. 2.4.                                        ý(%) =  (1 2 ÿĀ(ÿ�+ ÿ�)/2) × 100            (2.4) 

Where CF, Cp, and CR are the feed, permeate, and retentate concentrations, respectively. Since the 

feed concentration constantly changes in the dead-end cell, an average of CF and CR was 

considered for retention calculation. 

The ultrafiltration performance of the membranes was investigated using protein (BSA) and a 

model organic matter (HA) retention test. An aqueous solution of BSA was prepared by dissolving 

100 ppm of BSA in 1× phosphate buffer saline (PBS) of pH 7.4. The solution pH was then adjusted 

at 7.0 using 0.1 M hydrochloric acid (HCl). BSA is negatively charged at this pH . Next, the 

BSA solution was filtered through the membranes in a dead-end cell at 10 psi. The concentration 

of BSA in feed, permeate, and retentate was analyzed using a total organic carbon analyzer (TOC-

L CPH, Shimadzu, Japan), and retention was calculated using Eq. 2.4. A 100 ppm of HA was 

prepared by dissolving in 0.1 M sodium hydroxide, followed by the pH adjustment to 7.0 with 1 

M HCl. Humic acid is negatively charged at this pH . The as-prepared HA solution was then 



filtered through the membranes in a dead-end cell at 10 psi, and permeate sample was collected. 

The HA concentration in the feed, permeate, and retentate was evaluated from their absorbance at 

the wavelength of 254 nm using a UV3Vis spectrophotometer (Thermo Electron Corporation, 

model: Genesys 10- S). The HA retention was then determined using Eq. 2.4. The flux Ć1 while 

filtering the BSA and HA solution was recorded and used to find the flux decline rate (FDR) based 

on the following equation:  ĂĀý = (1 2 �1� ) × 100                                                 (2.5) 

 After filtering BSA and HA solution, membrane is washed and filtered with pure water again. 

This pure water flux (Ć2) was recorded and used to determine the flux recovery rate (FRR) of the 

membrane using the following equation: Ăýý = (Ć2/Ć) × 100                                                    (2.6) 

2.3 Result and Discussion 

In this work, PSS-PEI complex membranes were prepared using a pH shift-induced APS approach 

at varying casting solution temperatures and monomer molar mixing ratios. The effect of the PSS-

PEI monomer molar mixing ratio and casting solution temperature on the membrane structure and 

performance are discussed in the following sections. 

2.3.1 Effect of monomer molar mixing ratio 

The casting solutions were prepared at different PSS and PEI monomer mixing ratios, varying 

from 1:1.65 to 1:1.80. These homogeneous solutions had a pH of ~12, which is higher than the 

pKa of primary (4.5), secondary (6.7) and tertiary amines (11.6) of branched PEI [158,159]. At 

such pH in the casting solution, branched PEI remained at a deprotonated (uncharged) state; hence 

no complexation between PSS and PEI was observed. After immersing the cast film in a bath 

containing 0.01 wt% GA and 0.5 M acetate buffer bath at pH 4, the branched PEI is fully charged. 

Hence, pH-induced complexation occurred between PSS and PEI immediately after immersing in 

an acetate buffer bath, resulting in a water-insoluble solid film. The fabrication process is shown 

schematically in Figure 2.1. 



 

Figure 2.1. A schematic illustration and mechanism of the membrane fabrication process. (1) Dissolution 

of PSS/PEI with different mixing ratios in water, (2) casting of the polymeric solution through a film 

applicator, (3) immersing of the cast solution in an acetate buffer bath for phase inversion, and (4) washing 

of the solidified membrane with DI water. As can be seen, the low pH of the acetate buffer solution bath 

promotes protonation along branched PEI chains where the electrostatic forces between negative PSS and 

positive PEI cause complexation in the cast membrane film.   

The surface and cross-section morphology of these membranes were evaluated using SEM 

analyses. Figure 2.2 shows the SEM images of the membranes prepared at different monomer 

ratios. All the membranes were asymmetric in structure, having a dense top layer with a finger-

like substructure. Baig et al. also observed a similar membrane structure for a 1:2 ratio of PSS and 

PEI [105]. The rapid precipitation due to the large driving force (pH~12 to pH~4) was attributed 

to the formation of the finger-like substructure of these membranes. There is no clear observation 



of defects on the top surface of the membranes even at ×30,000 magnification. Membranes 

prepared above the 1:1.75 ratio of PSS-PEI formed patterned surfaces, as seen from the photograph 

in Figure A.S1. The higher degree of branching in the presence of excess PEI can be the reason 

for this patterned surface formation. It was reported in the literature that the precipitation process 

slows down in the presence of excess charge [103]. Therefore, another possible reason for this 

patterned morphology can be the branched-chain rearrangement during the slower precipitation 

process. This morphology is a new finding for PSS-PEI membranes, which was not observed in 

the previous studies at varying monomer ratios.  

The surface topography images of the membranes at different monomer ratios are shown in Figure 

2.3. The arithmetic average roughness (Ra) and root mean square average roughness (Rq) are 

shown in Table 2.2. Membrane surface roughness increased from ~6 nm to ~12 nm when the 

monomer ratio of PSS-PEI changed from 1:1.65 to 1:1.80. This trend can be attributed to the excess 

amount of PEI, generating more heterogeneous morphology [160,161]. The higher content of PEI 

in the casting solution resulted in positively charged membranes, as seen in Figure 2.4A. Zeta 

potential tests indicated that surface charge increased from ~7 mV to ~21 mV at pH 6 with the 

changes in the PSS-PEI monomer ratio (Table 2.2). This increase in zeta potential suggests a lower 

number of ion pairs per carbon atom in the PEC membranes at a higher monomer ratio [147]. 

Hence, at a 1:1.65 monomer ratio, a relatively compact membrane is expected due to a lower 

excess charge and higher ionic crosslinking. 

 

Figure 2.2. Top surface and top cross-section SEM images of PSS-PEI membranes at different 

monomer ratios. Top surface images were taken at ×30000 magnification. 



In contrast, a more swollen and open structure is expected with higher excess charges [146,162]. 

This hypothesis agrees with the experimental observation, as a more swollen and pattern-like 

surface was formed at a PSS-PEI monomer ratio of 1:1.80. Therefore, the change in roughness is 

mainly due to the more compact structure at a lower monomer ratio compared to the more swollen 

structure at a higher monomer ratio of PSS-PEI. The excess charges due to the excess PEI and the 

increased surface area due to the patterned and rougher surface could synergistically improve the 

membrane performance. 

The water contact angle of the membranes is shown in Table 2.2. It can be seen that the contact 

angle did not change significantly, it reduced slightly from 42° to 40° with the change in monomer 

mixing ratio, likely due to the excess amine group on the membrane surface. 

 

Figure 2.3. AFM topographic images and surface roughness values of the membranes were prepared at 

different monomer mixing ratios of PSS and PEI. 



Table 2.2. Surface roughness parameters, zeta potential, and contact angle values of the membranes at 

different monomer mixing ratios of PSS and PEI. All values are reported from at least three different 

measurements from different samples. 

Monomer mixing 

ratio (PSS:PEI) 
    Ra (nm)   Rq (nm) Contact angle (°) 

Zeta potential 

at pH 6 (mV) 

1:1.65 6 ± 1.3 8 ± 1.5 42.2 ± 1.0 7.8 ± 1.0 

1:1.70 9 ± 1.0 12 ± 1.0 41.5 ± 0.7 11.4 ± 1.0 

1:1.75 10 ± 1.0 14 ± 1.5 42.0 ± 0.5 13.2 ± 1.2 

1:1.80 12 ± 1.0 16 ± 1.5 40.4 ± 0.8 20.6 ± 1.5 

 

 

Figure 2.4. Effect of PSS-PEI monomer ratio on (A) surface zeta potential and (B) FTIR spectrums of the 

resultant membranes. The zeta potential values are reported from at least three different measurements from 

different samples. 

The information about the chemical composition of the membranes was obtained using FTIR 

analysis, as shown in Figure 2.4B. There are no significant changes in the FTIR spectrum for 

different monomer ratio membranes, which is expected since all of them were prepared using the 

same recipe except for a change in monomer ratio. All spectra exhibited characteristic peaks at 

3400 cm-1 (N-H stretch), 2975 cm-1 (C-H stretch), 1167 cm-1 (C-N stretch), and 678 cm-1 (N-H 

wag). The peak at 1660 cm-1 represented the imine bond formed from the Schiff-base reaction 



between GA and the primary amine of PEI [154]. Two peaks at 1006 and 1035 cm-1 are ascribed 

to the sulfonate moieties of PSS [163]. 

Figure 2.5A shows the effect of monomer mixing ratios on pure water permeability (PWP) values. 

Membranes prepared at 1:1.65 and 1:1.70 showed relatively less permeability, i.e., ~4.5 and ~8 

LMHbar-1, respectively, compared to membranes prepared at 1:1.75 and 1:1.80 ratio, i.e., ~39 and 

~199 LMHbar-1, respectively. Figure A.S2 shows the change in pure water permeability with time. 

The sharp increase in permeability can be attributed to the more open structure and higher surface 

area of membranes at a higher monomer ratio. As shown in Figure 2.4A, surface charges increase 

with the increase in monomer ratios. The excess charge results in a more swollen and open 

membrane structure, resulting in more water pathways through the membrane and enhanced PWP 

[146]. Moreover, membranes with higher surface charges can attract more water molecules, 

increasing the water flux through the membrane [146,164,165].  

Another apparent reason for the increasing trend in permeability is the change in the pore sizes of 

the membranes with a monomer ratio. MWCO of the membranes was evaluated to determine the 

average pore sizes and the potential application of these membranes. Figure A.S4 presents the 

molecular sieving curves of the membranes. The MWCO was calculated at 90% retention of PEG 

solutes. It shows that MWCO varies with the monomer ratio, i.e., ~214 Da and ~294 Da for 1:1.65 

and 1:1.70, respectively, which are ideal for nanofiltration (NF) applications (200-1000 Da) [11]. 

Therefore, these membranes would be suitable for water softening by retaining hydrated divalent 

and multivalent cations [166] and removing small organic molecules in pharmaceutical wastewater 

[167]. On the other hand, MWCO was ~10100 Da for the ratio of 1:1.75, which is in the range of 

ultrafiltration (UF) applications (1-1000 kDa) [168]. The average pores size of the membranes was 

calculated using Eq. 2.3 and presented in Figure 2.5B. The average pore sizes were 0.95, 1.10, 

and 5.20 nm for 1:1.65, 1:1.70, and 1:1.75 membranes, respectively. The larger pore size usually 

resulted in an enhancement in permeate flux [169], which was also in line with the membrane 

performance observed from the PWP values in Figure 2.5A. The pore size enlargement can be 

attributed to less ionic crosslinks and more branched chains of PEI at a higher monomer ratio 

[170]. It was reported in the literature that PECs that are closer to the stoichiometric ratio of PEs 

have more ionic crosslinks resulting in a more compact (i.e., denser) structure [171]. Therefore, 

with a higher concentration of PEI, such as for PSS-PEI monomer ratios of 1:1.75 and 1:1.80, less 

ionic crosslinks can be expected, resulting in a less compact structure on the surface (i.e., larger 



pores). The operation pH range of the PSS-PEI APS membrane was determined by the pH stability 

test of the membrane. The membranes prepared at 1:1.70 were immersed in different pH aqueous 

solutions, i.e., pH 1, pH 4, pH 8 and pH 10, for seven days and then tested to evaluate their 

performance. The pH stability experiment showed that pure water permeability remained the same 

for the membranes treated at pH 1, 4 and 8 (Figure A.S2). However, the pH 10 treated membrane 

showed instability, probably due to the APS membrane's decomplexation (PEI becomes uncharged 

at this pH). Therefore, pH 1 to 8 is the operating range for this developed membrane. This finding 

agrees with the previous APS membrane study [105].  

The nanofiltration performance of the membranes prepared at different monomer mixing ratios 

was evaluated based on retention tests of four types of salt, consisting of monovalent and divalent 

anions and cations. Figure 2.5C shows the salt retention performance of membranes formed at 

1:1.65 and 1:1.70 monomer ratios. Since all the membranes have an excess amount of PEI, positive 

surface charges are expected, which was confirmed by their zeta potential values (Figure 2.4A). 

 

Figure 2.5. (A) Pure water permeability, (B) pore size, (C) salt retention, and (D) humic acid and BSA 

retention of membranes at different monomer mixing ratios. All permeability and retention values are from 

at least three different measurements from different samples. 



The salt retention data shows that all membranes retain divalent cations (i.e., MgCl2 and MgSO4) 

more than monovalent cations (i.e., NaCl and Na2SO4), signifying the influence of species charge 

on separation performance. This separation phenomenon can be explained based on the Donnan 

exclusion mechanism. According to this mechanism, membranes with an excess charge repel the 

ions of the same charge and vice versa [162,172]. In contrast, size exclusion (also known as the 

sieving effect), dielectric exclusion, and steric hindrance can also determine the salt retention 

performance [173,174]. As can be seen from Figure 2.5C that NaCl salt retained less than Na2SO4, 

revealing that salt separation occurred due to the size exclusion effect. These findings are in 

agreement with the salt separation performance of PSS-PEI APS membranes reported by Baig et 

al. [105]. For 1:1.65 monomer ratio, salt retention was following the order of MgCl2 (~90%) > 

MgSO4 (~86%) > Na2SO4 (~64%) >NaCl (~57%). Similarly, 1:1.70 ratio membranes followed the 

order of MgCl2 (~85%) > MgSO4 (~77%) > Na2SO4 (~47%) >NaCl (~42%). The lower salt 

retention in the 1:1.70 than 1:1.65 membrane can be due to the larger pore size and less dense 

structure of the 1:1.70 membrane, allowing slightly more salt passage through the membrane. 

According to the salt retention performance, it can be said that these membranes function based 

on both the size exclusion and Donnan exclusion mechanism. 

The separation performance of ultrafiltration membranes was evaluated based on the retention test 

of BSA as model protein (average hydrodynamic diameter ~8.6 nm [175]) and HA as model 

natural organic matter (average hydrodynamic diameter ~10.6 nm). The average hydrodynamic 

diameter of Sigma Aldrich HA was estimated from the literature [1763179].  Figure 2.5D shows 

the BSA and HA retention values of two different monomer ratio membranes. At a 1:1.75 ratio, 

membranes showed 100% retention of BSA and HA, which was expected since the average pore 

size of this membrane (~5.20 nm) is less than the average size of BSA and HA. In contrast, the 

membrane formed at a 1:1.80 ratio showed retention of ~98% for HA and ~36% for BSA. This 

implies that the average pore size of this membrane is within the range of ~8.6 nm to ~10.6 nm. 

According to the BSA and HA retention performance, membranes prepared at monomer ratios 

1:1.75 and 1:1.80 can be good candidates for protein and natural organic matter removal 

applications. The only drawback of these membranes is that they are positively charged, which is 

less advantageous for antifouling behavior than the negatively charged membranes. As can also 

be seen from Figure A.S3, the FDR values of the membranes are significant (40-64%) and also 

FRR values are low (55-70%), indicating a high fouling tendency of these membranes during 



filtering negatively charged foulant. Therefore, some surface modifications can be done in future 

studies for getting better antifouling properties of these membranes. Overall, this section indicates 

that nanofiltration and ultrafiltration membranes can be prepared just by a small change in the 

monomer mixing ratio. 

2.3.2 Effect of casting solution temperature 

To evaluate the effect of casting solution temperature, homogeneous casting solutions (at 1:1.70 

PSS-PEI monomer mixing ratio) were heated to 40°C and 60°C before casting and immersing into 

an acetate buffer bath. PSS-PEI membrane (1:1.70 at room temperature (25°C)) was used as the 

control membrane. Figure 2.6 shows the top surface and cross-section SEM images of the 

membranes prepared at three different casting solution temperatures, i.e., 25, 40, and 60°C. No 

significant difference is observed among the membrane structures; all membranes have 

asymmetric structures consisting of a thin top layer and a finger-like substructure. No visible 

defects were seen on the top surfaces of the membranes. The finger-like morphology suggested 

that phase separation occurred mainly due to the instantaneous onset of the demixing process since 

the rapid demixing process usually resulted in finger-like structures [180]. 

Figure 2.6. Top surface and top cross-section SEM images of PSS-PEI membranes (1:1.70 monomer ratio) 

at different casting solution temperatures: 25°C, 40°C, and 60°C. Top surface images were taken at ×30000 

magnification. A zoomed cross-section with the skin layer is also shown in the inset. 



The effect of casting solution temperature on final membrane morphology is evident on the skin 

layer. A closer look at the top layer reveals that the skin layer becomes thinner with the increase 

in casting solution temperature (as shown in the inset of Figure 2.6). This change in the skin layer 

can be attributed to the change in viscosity of the dope solution at different temperatures, as shown 

in Figure 2.7A. Shear viscosity at zero shear rate was measured as 2.3, 1.4, and 1.1 Pa.s for casting 

solution at 25, 40, and 60°C, respectively. The change in shear viscosity with shear rate is 

presented in Figure A.S5. Temperature induces some segmental motion in a glassy polymer (e.g., 

Tg of PSS is ~228°C [181]). In contrast, a higher degree of polymeric chains mobility is expected 

at a temperature above the glass transition temperature (Tg) (e.g., Tg of branched PEI is -53°C 

[182]) since it provides sufficient thermal energy to overcome the rotational restrictions and the 

interactions between chains [183], resulting in reduced viscosity at higher temperatures [184,185].  

Moreover, polymeric chains become more extended with increasing temperature resulting in 

reduced thickness [149,183], as was also evident from the total thickness of the membranes shown 

in Figure 2.7B. The reduction in skin layer thickness with temperature can be explained by the 

phase inversion kinetics. It is well known that viscosity significantly affects the solvent-nonsolvent 

diffusion rate, i.e., low viscosity facilitates solvent-nonsolvent exchange rate and fastens the top 

layer solidification [183,186]. Therefore, the onset of precipitation is faster for the membranes 

prepared at high temperatures (low viscosity) compared to the low-temperature dope solution (high 

viscosity), resulting in a relatively thinner top layer. These observations on the effect of casting 

solution temperature and viscosity on the membrane morphology are consistent with the previous 

studies [148,149,187,188]. 

The AFM images and surface roughness values of the membranes are shown in Figure A.S6 and 

Table 2.3. It can be seen that surfaces become slightly smoother with the increase in dope solution 

temperature. This smoothening of the surface can be ascribed to the lower casting solution 

viscosity at a higher temperature, which is in line with the previous studies on the effect of solution 

viscosity on PVDF membranes [189,190]. 

 



Figure 2.7. Effect of casting solution temperature on (A) viscosity at zero shear rate and (B) total and skin 

layer thickness of membranes. PSS-PEI at a ratio of 1:1.70 was used for preparing the casting solution. All 

values are reported from at least three different measurements from different samples. 

Zeta potential measurement reveals that the temperature of the casting solution does not 

significantly affect the surface charge of the membranes (as shown in Figure A.S7). As expected, 

all the membranes were positively charged (~11 mV) due to excess positively charged PEI in the 

casting solution. Moreover, casting solution temperature does not show any change in the chemical 

composition of the membranes, as was evident from the similar FTIR spectra of the membranes 

(Figure A.S7). The water contact angle of the membranes prepared at different casting solution 

temperatures is shown in Table 2.3 and in Figure A.S8. It can be seen that the contact angles 

were almost similar (~41°) for all the membranes. 

Table 2.3. Surface roughness parameters, Zeta potential, and contact angle values of the membranes at 

different casting solution temperatures. All values are reported from at least three different measurements. 

Casting solution 

temperature 
    Ra (nm)   Rq (nm) Contact angle (°) 

Zeta potential at 

pH 6 (mV) 

25°C 9 ± 1.0 12 ± 1.0 41.5 ± 0.7 7.8 ± 1.0 

40°C 5 ± 1.0 6 ± 1.5 40.6 ± 0.5 8.7 ± 1.0 

60°C 6 ± 1.0 7 ± 1.0 41.1 ± 1.0 8.1 ± 1.1 

 



 

Figure 2.8. Effect of casting solution temperature on (A) average pore size of membranes and (B) water 

permeability and BSA retention. PSS-PEI at a ratio of 1:1.70 was used for preparing the casting solution. 

All permeability and retention values are from at least three different measurements from different samples. 

To determine the pore size and application range of these membranes, MWCO was evaluated by 

a molecular sieving curve (Figure A.S4). Based on the different molecular weights of the PEG 

solute retention test, MWCO was measured as ~3662 and ~12437 Da for 1:1.70 (40°C) and 1:1.70 

(60°C) membranes, respectively, which are in the ultrafiltration range (1-1000 kDa) [168]. The 

previous section showed that the 1:1.70 monomer ratio of PSS-PEI at room temperature (25°C) 

resulted in a nanofiltration membrane (MWCO of ~294 Da). The MWCO data suggests that 

ultrafiltration and nanofiltration type membranes can be fabricated simply by tuning the casting 

solution temperature. MWCO values were further used to determine the average pore size of the 

membranes based on Eq. 2.3 and presented in Figure 2.8A. The average pore size was calculated 

as 1.1, 3.3, and 5.7 nm for membranes prepared at casting solution temperatures of 25, 40, and 

60°C, respectively. As can be seen, the average pore size is enlarged with the increase in 

temperature of the casting solution. These changes in pore size with casting solution temperature 

can be ascribed to the phase separation kinetics. It is well known that the viscosity of the casting 

solution largely affects the phase separation kinetics, resulting in different membrane 

morphologies[60]. For example, the low viscosity of the casting solution usually fastens the 

solvent-nonsolvent exchange rate, resulting in more porous structures [148,191]. Therefore, the 

pore enlargement of membranes with higher casting solution temperatures is due to the relatively 

faster demixing process than the lower casting solution temperature. Figure 2.8B shows the pure 



water permeability and BSA retention results of membranes at different casting solution 

temperatures. PWP increased sharply with the increasing temperature in casting solutions. PWP 

for membranes at 25, 40, and 60°C casting solution temperature was measured as ~8, 53, and 140 

LMH/bar, respectively. The permeability change with time is shown in Figure A.S2. The 

considerably higher PWP of membranes at higher casting solution temperatures can be ascribed to 

the thinner skin layer (Figure 2.7B) and larger pore size of the membranes (Figure 2.8A). The 

ultrafiltration performance of the membranes was evaluated by the BSA retention test. As can be 

seen from Figure 2.8B, BSA retention was ~100%, 98%, and 90% for membranes prepared at 

casting solution temperatures of 25, 40, and 60°C, respectively. The BSA (hydrodynamic diameter 

~8.6 nm) retention results are in accordance with the average pore size of the membranes (as shown 

in Figure 2.8 , which means that BSA retention is mainly based on the size exclusion mechanism. 

This section demonstrated that casting solution temperature could be used as a crucial parameter 

to control the membrane morphology and prepare a high-performance membrane for ultrafiltration 

applications. Overall, the above results indicate that monomer mixing ratio and casting solution 

temperature can be considered two new parameters for aqueous phase separation membranes. Just 

by tuning these parameters, nanofiltration and ultrafiltration membranes can be prepared with good 

control over membrane pore size and performance.  

 

Figure 2.9. Comparison of (A) MgSO4 retention versus permeability and (B) BSA retention versus 

permeability of different membranes prepared via water-based aqueous phase separation. This work showed 

better performance compared to the other literature. (  [192],  [147],  [106],  [193],  [60],   

[105],  [104],  [103],  [This work])  



Moreover, in terms of pure water flux and separation performance, this work outweighs the 

performance of previously reported work, as shown in Figure 2.9. Therefore, the findings of this 

work will contribute to developing high-performance NF and UF-type APS membranes simply via 

tuning the casting solution temperature and monomer mixing ratio. 

2.4 Conclusion 

Analogous to NIPS, many tuning parameters significantly affect the structure and performance of 

membranes prepared via the organic solvent-free APS process. In this work, we systematically 

studied the influence of monomer mixing ratio and casting solution temperature on pH shift-

induced PSS-PEI membranes. The results suggest that nanofiltration and ultrafiltration type 

membranes can be prepared by controlling the monomer mixing ratio. The excess PEI content in 

the casting solution largely affected the membrane morphology, as was evident from the change 

in average pore size, surface roughness, and surface charge. Nanofiltration membranes were 

obtained at monomer mixing ratios of 1:1.65 and 1:1.70, having an MWCO of ~214 Da and ~294 

Da, respectively. On the other hand, ultrafiltration membranes were obtained at higher PSS-PEI 

monomer ratios, having MWCO in the range of ~10-50 kDa. The increase in permeability from 

~4.5 and ~8 LMHbar-1 (for 1:1.65 and 1:70 monomer ratio) to ~39 and ~199 LMHbar-1 (for 1:1.75 

and 1:80 monomer ratio) was attributed to the synergistic effect of excess charges and enlarged 

pore sizes at higher monomer ratios. For NF membranes (1:1.65 and 1:70 ratio), the salt retention 

tests showed higher divalent salt retention than monovalent salts as follows: MgCl2 > MgSO4 > 

Na2SO4 >NaCl. This result indicates that the separation performance is based on the size and 

Donnan exclusion mechanisms. All the UF membranes (1:1.75 and 1:80 ratio) showed excellent 

protein and natural organic matter retention. Membranes prepared above a 1:1.75 monomer ratio 

exhibited pattern-like surfaces, which was an interesting finding from this work. Future studies 

will be devoted to understanding the mechanism behind this pattern formation and the variation of 

pattern types with different ratios. In this study, casting solution temperature was also found as a 

crucial tuning parameter to control the phase separation kinetics. The viscosity of the casting 

solution decreased with temperature, resulting in a faster precipitation process. The rapid demixing 

resulted in larger pore size and thinner skin layer of the membranes prepared at higher casting 

solution temperatures, i.e., 40 and 60°C.  MWCO was measured as ~3662 and ~12437 Da for 

1:1.70 (40°C) and 1:1.70 (60°C) membranes. PWP values showed a sharp increase from ~8 and 



~140 LMH/bar with the change in temperature from 25 to 60°C. This drastic change in PWP was 

due to the combined effect of the thinner skin layer and the larger pore size of the membranes. 

High PWP with good BSA retention, ~100%, 98 %, and 90% for membranes prepared at casting 

solution temperatures of 25, 40, and 60°C, respectively, suggests that these membranes have a 

high potential to be used for ultrafiltration applications. The only drawback of these membranes is 

that they are positively charged, which is less advantageous for antifouling behavior than the 

negatively charged membranes. Therefore, some surface modifications can be done in future 

studies to improve the antifouling properties. Future work will also focus on improving the 

mechanical strength using nanofillers as additives. Overall, this work demonstrated that casting 

solution temperature and monomer mixing ratio could be used as new tuning parameters for high-

performance PSS-PEI membrane fabrication with excellent control over membrane structure and 

performance.  
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3.1 Introduction 

The effective and urgent treatment of oily wastewater, primarily discharged from the 

petrochemical, textile, metallurgical, and food industries, along with frequent oil spill accidents, 

has become imperative due to its detrimental effects on the environment and aquatic species 

[194,195]. Oily wastewater can typically exist in the form of immiscible oil/water mixtures or 

oil/water emulsions. Because of different polarity natures, the separation of immiscible oil from 

water solutions is relatively simple. However, it is difficult to break apart oil/water emulsions due 

to their small particle size (almost smaller than 20 µm), which are stabilized by surfactants 

[194,195]. The conventional approaches for the treatment of oil-contaminated wastewater include 

chemical (e.g., electrocoagulation and demulsification) [196,197], biological (e.g., 

biodegradation) [198], and physical methods (e.g., skimming, air flotation, and centrifugation) 

[1993201]. As a drawback, these methods often have low efficiency, particularly for separating 

emulsified oil-water mixtures [202]. They also suffer from complex operational processes, high 

energy costs, and the risk of causing secondary contamination. Therefore, there is an ongoing 

demand to develop more efficient, cost-effective, and environmentally friendly separation 

techniques for oily wastewater treatment.  

 

Advanced membrane separation processes have recently demonstrated high efficiency in oily 

wastewater treatment, accompanied by the absence of secondary pollution production and low 

operational costs [203]. Among the various membrane fabrication methods, electrospinning is 

considered as a simple and efficient method for preparing nanofibrous membranes with 

controllable chemical composition, porosity, and morphology [204]. Electrospun membranes can 

effectively treat oil/water mixtures with high permeability and low energy consumption owing to 

their prominent features such as high surface-to-volume ratio and porosity, interconnected pore 

structures, and excellent modifiability. Despite these advantages, the fouling and poor recyclability 

of traditional electrospun membranes are significant obstacles that limit their widespread use in 

separating emulsified oil from water [195]. Therefore, it is crucial to develop advanced electrospun 

membranes exhibiting exceptional selectivity, superior chemical and physical stabilities, and 

excellent antifouling properties. 

 



To date, extensive research has been reported in the literature about the fabrication of electrospun 

membranes with special wetting properties, such as superhydrophobicity or superoleophilicity 

[205,206]. Membranes with superhydrophobic or superoleophilic properties usually have a high 

affinity towards hydrophobic oil macromolecules. However, these oil-removing membranes 

demonstrate a high tendency towards severe fouling due to their inherent oleophilic characteristics, 

resulting in poor separation efficiency and shortened service life [207]. In contrast, 

superhydrophilic and underwater superoleophobic membranes are becoming increasingly popular 

in oily wastewater treatment. Furthermore, it is widely believed that membranes with higher 

hydrophilicity exhibit enhanced antifouling performance in oil/water separation processes. In this 

regard, many studies aimed to attain both hydrophilicity and stability in electrospun membranes 

by utilizing different post-processing surface modification techniques, such as plasma treatment 

[208], layer-by-layer assembly [209], spraying[210], and surface grafting [211]. Although these 

methods often improve the surface wetting characteristics, they require an additional post-

modification process which unlikely increases the cost and processing time of membrane 

production [203]. Moreover, the complicated modification procedures and low stability of the 

added new functionalities impede the widespread implementation of these methods on a large-

scale application. Blending hydrophilic functional polymeric additives with a polymer matrix 

during electrospinning is a one-step, convenient, and attractive alternative to improve the 

hydrophilicity of the membrane [206]. In addition to its simplicity, it usually enables easy 

modification of the surface energy or the addition of specific functional groups onto the fiber 

surface. 

 

Despite the great interest in using electrospun membranes for oily wastewater treatment, the 

unsustainable disposal of these membranes has become an inevitable and crucial issue. The 

membrane fabrication typically employs fossil-based nonbiodegradable polymers (e.g., 

polysulfones [14], polyacrylonitrile [15], polyvinylidene fluoride [17]) and toxic solvents (e.g., 

dimethylformamide [18], dimethylacetamide [19], N-methyl-pyrrolidone [20]), which may cause 

serious harm to the human health and environment. Consequently, there is an increasing interest 

in using bioderived and biodegradable polymers to fabricate environmentally friendly electrospun 

membranes. A variety of biodegradable polymers were utilized to prepare nanofibrous membranes 

for oil/water separation, including cellulose [212], polylactide acid (PLA) [213], polybutylene 



succinate (PBS) [132] and polycaprolactone (PCL) [214]. Among these, PCL, an aliphatic 

polyester, has been widely utilized in different applications, such as tissue engineering, drug 

delivery, and water treatment, due to its excellent mechanical properties, biocompatibility, 

biodegradability, and processing advantages [203,215]. However, the relatively higher prices of 

PCL compared to conventional polymers limit their large-scale application. A facile strategy to 

overcome this problem is to blend them with inexpensive fillers. To date, most of the studies focus 

on improving the hydrophobicity of the PCL membrane by blending hydrophobic functional 

additives [214]. The addition of inexpensive additives can also decline its overall price. However, 

severe fouling due to pore blockage by oil droplets poses a significant challenge for the 

superhydrophobic PCL electrospun membranes [206]. Thus, improving the hydrophilicity of the 

PCL electrospun membranes is necessary to address the fouling problem. Lignin, an abundant 

biodegradable polymer, can be a promising hydrophilic additive to prepare hydrophilic PCL/lignin 

membranes owing to its favorable characteristics, such as the presence of hydrophilic carboxyl 

and hydroxyl groups, unique mechanical properties, biocompatibility, and cost efficiency [216]. 

The phenolic hydroxyl groups of lignin may also form intermolecular hydrogen bonds with the 

electronegative groups of PCL, which can increase the structural stability of the PCL/lignin 

composite [217]. Lignin is produced/extracted at a large scale as a waste coproduct in the wood 

pulping and lignocellulosic biorefinery industries [216]. Therefore, a blend of lignin and PCL will 

not only improve the functional and mechanical properties of the PCL electrospun membrane but 

also facilitate lignin valorization. 

In the present study, we investigated the potential of sulfonated kraft lignin (SKL) as a promising 

bio-based additive for providing superhydrophilicity and underwater superoleophobicity in 

electrospun membranes based on PCL. The SKL was obtained from a local pulp mill and used 

without further chemical treatment to maintain its environmentally friendly nature. The use of 

acetic acid as a benign solvent for preparing the PCL/SKL electrospun membrane ensured the 

avoidance of secondary pollution and contributed to the overall green approach [2183220]. The 

influence of the hydrophilic SKL content on the morphology, mechanical properties, and 

wettability of the prepared electrospun membranes was studied in detail. Additionally, we 

systematically studied the anti-oil adhesion properties and separation efficiency of oil/water 

emulsion using gravity-driven filtration, which provides a cost-effective advantage for the 

separation of oily wastewater without the need for external energy sources or complex equipment. 



Furthermore, we examined the effect of SKL on the stability, reusability, and biodegradability of 

the electrospun membranes. Overall, this study highlights a novel functionality of the PCL/SKL 

blend, demonstrating its capability for fabricating superhydrophilic electrospun membranes with 

excellent anti-oil fouling properties. 

3.2 Experimental 

3.2.1 Materials 

Sulfonated kraft lignin (SKL) was kindly provided by West Fraser Mills Ltd, Canada, and was 

used without any further purification. Polycaprolactone (PCL, Mn = 80,000 gmol-1), glacial acetic 

acid (ReagentPlus, ≥ 99.0%), n-butanol, n-hexadecane, mineral oil, and Tween 80 were purchased 

from Sigma Aldrich. Gasoline oil was purchased from Scepter Canada Inc., Canada.  

3.2.2 Membrane fabrication 

The PCL concentration in the dope solution was optimized to obtain a smooth and bead-free fiber 

surface. In this regard, PCL at concentrations varying from 10 to 25 wt% was first dissolved in 

glacial acetic acid (AA) and stirred overnight at 40℃ to obtain a homogeneous solution. The 

solution was kept at room temperature for 2 h before carrying out the electrospinning operation 

with optimized parameters (Table B.S1). After finding an optimized PCL concentration (15 wt%), 

the electrospun dope solutions with different PCL/SKL compositions were prepared, as shown in 

Table 3.1. 

Table 3.1. Details of the electrospun membrane composition and electrospinning operation parameters 

Membrane 
PCL 

(wt%) 

Lignin 

(wt%) 

AA 

(wt%) 

Solution 

viscosity (Pa.s) 

Electrospinning parameter 

Voltage 

(kV) 

Distance 

(cm) 

Flowrate 

(mL/h) 

L-0 15 0 85 2.38 ± 0.04 18 18 1 

L-1 15 1 84 2.73 ± 0.11 18 18 1 

L-5 15 5 80 3.74 ± 0.17 18 18 1 

L-10 15 10 75 5.37 ± 0.16 18 18 1 

 



In the first step, SKL was dissolved in AA and ultrasonicated for 30 min. Then, PCL was added to 

the solution and stirred overnight at 40℃ to obtain a homogeneous solution. After resting the 

prepared homogeneous solution for 2 h at room temperature, 3 ml of dope solution was poured 

into a 5 ml plastic syringe equipped with a 20 G stainless steel needle. The syringe was mounted 

on a bench-top electrospinning machine (AME Energy Co. Ltd., China), and electrospinning was 

performed with optimized parameters. The electrospun fibers were collected on a drum covered 

by aluminum foil at 140 rpm. The collected nanofibrous membranes were then dried in a vacuum 

oven overnight at 35℃ before further experiments. The obtained membranes were named L-0, L-

1, L-5, and L-10. A schematic illustration of the electrospinning process and the digital images of 

the prepared electrospun membranes are shown in Figure 3.1. Importantly, it should be noted that 

we varied SKL concentration up to 10 wt% because we noticed the presence of undissolved SKL 

when the SKL solution in AA was further increased (Figure B.S1). 

 

Figure 3.1. A schematic illustration of the electrospinning process and fabricated PCL/SKL electrospun 

membranes at various SKL concentrations: L-0 (0 wt%), L-1 (1 wt%), L-5 (5 wt%), and L-10 (10 wt%). 



3.2.3 Membrane Characterization 

3.2.3.1 Measurement of the viscosity of the casting solutions 

The viscosity of the casting solution was evaluated using a rotational rheometer (Malvern Kinexus 

Lab+) at room temperature. The sample solutions were placed between two plates and waited until 

stabilized at the desired temperature. The dynamic viscosities were recorded at zero s-1 shear rate. 

3.2.3.2 Evaluation of the membrane’s surface potential  

The SurpassTM 3 Electrokinetic analyzer (Anton Paar, Graz, Austria) was used to assess the zeta 

potential of the membranes. A 1 mM KCl solution was used to measure the zeta potential values 

of the membranes across a pH range of 3 to 9. Sodium hydroxide and Hydrochloric acid were used 

to adjust pH values. All values are reported from at least three different measurements from 

different samples. 

3.2.3.3 Assessment of the membrane’s chemical compositions  

The chemical composition of the fabricated membranes was determined using Attenuated total 

reflectance-Fourier transform infrared (ATR-FTIR). The infrared spectra were obtained at room 

temperature using Agilent Technologies, Cary 600 series. Each sample was scanned 30 times 

within the wavelength range of 400-4000 cm-1 at a resolution of 4 cm-1.  

3.2.3.4 Evaluation of the surface topography, porosity and pore size of the membranes 

The surface morphology of the fabricated membranes was analyzed using a field emission 

scanning electron microscope (FESEM, Zeiss Sigma 300 VP) with an acceleration voltage of 10 

kV. Before SEM analysis, all the samples were kept overnight in a vacuum oven at 30 ℃. The 

ImageJ software was utilized to measure the diameter of the fibers, and an average diameter was 

calculated based on measurements of 50 fibers. The same SEM equipment was used to analyze the 

composition of the nanofiber membrane, using energy-dispersive X-ray spectroscopy (EDS) mode 

at an operating voltage of 10 kV. 

The porosity of the electrospun membrane was evaluated by the n-butanol uptake test. The porosity 

(ā)  was calculated using the following equation: 

ā (%) = Āý�ÿ��ý�ÿ�(Āý�ÿ�/Āý�ÿ�)+(Āÿ/Ā�) × 100%                                      (3.1) 



where ĉÿ and ĉþĂÿ� represent the mass of the dry electrospun membrane and absorbed n-

butanol, while Āþ and ĀþĂÿ� are the densities of used polymers and n-butanol, respectively. The 

density of the polymer (Āþ) was obtained from the following equation: 

   
1Ā� = ��ýþĀ�ýþ + �ĀþÿĀĀþÿ                                                                             (3.2) 

where ĀĀýþ and ĀĀÿÿ are the densities of SKL (1.3 g/cm3) and PCL (1.145 g/cm3), respectively and �Āýþ and �Āýþ are the weight fraction of SKL and PCL, respectively. 

The average pore size (r) of the electrospun membrane was calculated using the following 

equation: [221] 

                        ÿ =  :ÿ4 ( ÿ2 log(1�) 2 1) ā                                                                  (3.3) 

where d and ɛ represent the fiber diameter and porosity of the electrospun membrane, respectively. 

3.2.3.5  Evaluation of the surface wettability of the membranes 

The surface wettability of the membranes was evaluated by contact angle analysis using a contact 

angle analyzer (Kruss GmbH, Hamburg, Germany). The apparent water contact angle (WCA) was 

measured by placing a 6 µL water droplet on a membrane surface attached to a glass slide. The 

underwater oil contact angle (UWOCA) was measured by the captive bubble method with the 

same device. Small membrane samples were affixed to a 2 cm wide plastic holder with a double-

sided tape and, subsequently, facing downward inside an optically sensitive quartz cuvette filled 

with deionized water. A syringe with J shape needle was used to make a 6 µL oil droplet (n-

hexadecane, mineral oil, and gasoline oil) and placed the droplet on the membrane surface. For 

each sample, a minimum of three droplets were deposited onto the surface, and the resulting 

contact angles were measured and averaged. 

3.2.3.6 Evaluation of the mechanical and thermal properties of the membranes 

The mechanical properties of the electrospun membranes were assessed using a tensile testing 

instrument (ElectroForce 3200 Series III, Bose corporation). To prevent stress concentration and 

breakage during testing, each nanofibrous membrane sample was cut into a rectangle with 

dimensions of 5 cm by 1 cm and held in place with a paper holder at its end. The samples were 



pre-conditioned under specific temperature (25 ℃) and humidity (25%) conditions. Tensile testing 

was carried out using a 250 g load cell and a 30 mm gauge length, with a crosshead speed of 0.01 

mm/min. The average results of three samples were recorded for each membrane. 

Thermal analysis of electrospun membranes was conducted by dynamic scanning calorimetry 

(DSC) with a TA Instruments model Q200. Samples weighing less than 5mg were subjected to 

scanning with a heating rate of 10 °C/min, ranging from 25 to 250 °C. All measurements were 

performed under the N2 atmosphere.  

3.2.3.7 Evaluation of leaching phenomenon of the SKL-modified electrospun membrane 

To assess the SKL stability in the electrospun membrane, we conducted a leaching test on the 

SKL-modified membrane (L-10). A 220 mg sample of the membrane (10cm × 10cm) was placed 

in a beaker containing deionized (DI) water and stirred continuously for 21 days. At the end of 

each week, a 25 ml sample of the solution from the beaker was collected and stored for further 

testing. Subsequently, the beaker was emptied and replaced with fresh DI water. To assess the 

leaching behavior, we performed Inductively Coupled Plasma-Optical Emission Spectroscopy 

(ICP-OES) analysis on three samples collected at weekly intervals.  

3.2.4 Membrane separation performance 

3.2.4.1 Pure water filtration test 

Electrospun membrane filtration experiments were conducted using a dead-end filtration setup 

(Amicon, UFSC05001) under no applied transmembrane pressure. The effective surface area was 

13.4 cm2. The permeate weight was automatically recorded with a weighing balance (ME4002, 

Mettler Toledo, USA) at a time interval of 15 s. The pure water flux (J) was then determined using: Ć (Ĉ ∙ ÿ22 ∙ ℎ21) = Ā(ýĀ)Ā(ýĀÿ−1)ý(ÿ2)�ā(/)                                              (3.4) 

where M is the mass of the permeate, ρ is the density of water, A is the effective membrane area, 

and Δt is the collection time. All values are reported from at least three different measurements 

from different samples. 



3.2.4.2 Oil/water emulsion separation test  

The oil-in-water emulsions were prepared by mixing 20 mg of Tween 80 surfactant with 1000 ml 

of distilled water until a clear solution was obtained. After that, 500 mg of oil was added and 

blended with a homogenizer (Homogenizer 150, Fisherband, Canada) for 4 min. The size of the 

oil droplet in the emulsion was determined using the dynamic light scattering (DLS, ALV/CGS-3 

Goniometer) technique. Three oil-in-water emulsions (n-hexadecane, mineral oil, and gasoline oil) 

were used for further emulsion separation experiments. The oil/water emulsion separation 

performance of the membranes was evaluated using the following procedure: (1) pure water 

filtration test (J) was initially conducted for 10 minutes, (2) it was then replaced with oil/water 

emulsion, and the emulsion filtration test (J1) was carried out for 10 minutes, (3) membrane was 

then washed with pure water for 2 minutes, (4) membrane was filtered with pure water again for 

10 minutes and flux (J2) was recorded. This procedure was considered as one cycle. The oil/water 

emulsion filtration test was repeated for three consecutive cycles. The flux decline rate (FDR) and 

flux recovery ratio (FRR) were determined using the following equations:  ĂĀý = (1 2 �1� ) × 100                                                                 (3.5) Ăýý = (�2� ) × 100                                                                         (3.6) 

The retentate and permeate samples were collected at the end of the oil/water emulsion filtration 

experiments. These samples were then tested using a UV-Vis spectrophotometer (Thermo Fisher 

Scientific GENESYSTM 10) and the oil rejection efficiency (R) was calculated using: [146]  ý(%) =  (1 2 ÿĀ(ÿ�+ ÿ�)/2) × 100                                                    (3.7) 

where CF, Cp, and CR are the feed, permeate, and retentate concentrations, respectively. An average 

of CF and CR was used to calculate the oil retention in the dead-end cell since the feed concentration 

constantly changes. The feed represents the solution in the dead-end cell before the filtration test. 

On the other hand, retentate refers to the solution that remains after the test. This approach 

considers the varying concentrations of the feed in the cell and provides a more accurate estimation 

of the rejection test. All values are reported from at least three different measurements from 

different samples. 



3.3 Results and discussion 

3.3.1 Electrospun membrane morphology and surface chemical composition 

Polymer concentration has a significant impact on the nanofiber geometry and its microstructure. 

In order to obtain a smooth and uniform nanofibrous structure, a minimum polymer concentration 

(i.e., critical concentration) is required to attain sufficient chain entanglement that promotes the 

transition from electrospraying to electrospinning [42]. Below the critical concentration, the weak 

interactions between polymer chains cannot surpass the Rayleigh instability; thus, the jet 

fragmented into droplets, resulting in tiny particles or beads formation instead of uniform and 

stable fibers. This process is known as electrospraying. At a concentration above the critical 

concentration, the enhanced chain entanglements overcome the Rayleigh instability and thus result 

in continuous fiber formation.  The polymer concentration also affects the viscosity of the solution. 

Generally, lowering the solution viscosity favors thinner fiber formation and vice versa. However, 

too high concentrations increase the viscoelastic forces, making it difficult to eject the solution 

from the spinneret. Therefore, polymer concentration must be optimized to obtain bead-free and 

continuous nanofibers in the resultant electrospun membranes. In this regard, the PCL 

concentration was optimized to get stable and uniform fibers. Figure B.S2 shows the optical 

images of the electrospun membranes obtained from 10 to 25 wt% PCL solutions. At 10 wt% of 

PCL solution, only tiny droplets rather than continuous fibrous structures were observed, which 

could be due to the electrospraying effect at the very low viscosity of the dope solution. However, 

dope solutions with 15, 20, and 25 wt% PCL resulted in continuous fibrous structures. Among 

them, only 15 wt% PCL showed uniform and randomly oriented bead-free fiber formation, 

whereas 20 and 25 wt% PCL resulted in very few fibers. The less fiber formation at high 

concentrations can be ascribed to the high cohesiveness of the solution leading to difficulties in 

solution ejection from the spinneret. Based on the above results, 15 wt% PCL was chosen as the 

optimum dope solution concentration to prepare electrospun membranes for this work.  

The influence of SKL content on the morphology of the PCL electrospun membranes was 

investigated using SEM analysis. Figure 3.2 depicts the SEM images of as-spun nanofibrous 

membranes at various SKL concentrations (0-10 wt%). All the samples exhibited smooth, bead-

free, and randomly distributed structures under optimized electrospinning conditions. The 

morphology suggested that the SKL was evenly distributed within the PCL matrix. Moreover, 



conjunctive structures among the adjacent fibers were observed in all the samples, which could be 

formed due to the incomplete evaporation of solvent [18,222]. The formation of such adhesion 

structures made the resultant electrospun membranes dimensionally stable, which is beneficial for 

the mechanical stability of the electrospun membranes. While membranes prepared from neat PCL 

showed few network structures, more fibrous networks were observed with increased SKL 

concentration in the precursor solution, indicating good compatibility between SKL and PCL. The 

hydrogen bonding between the hydroxyl groups of SKL and the carbonyl groups of PCL could 

also improve the compatibility between the two polymers [217]. Additionally, the membranes 

appeared darker brown with increasing SKL content in the dope solution, thus confirming the 

existence of SKL in the resultant electrospun membranes (Figure 3.1). 

Interestingly, the L-10 electrospun membrane made from 10 wt% of SKL exhibited <fishnet-like 

nano webs= composed of nanowires with small pore sizes (Figure 3.2). The formation of the 

nanonet structure can be explained based on the mechanism proposed by Ding et al., where they 

attributed this nanoweb formation to the fast phase separation of charged droplets moving at high 

speed from the capillary tip to the collector [223]. It is proven that the charge density of the 

spinning solution affects the ejection modes of the Taylor cone [224,225]. A cylindrical jet is 

formed if the charge density surpasses the jet threshold, while a higher charge density above the 

droplet threshold forms spherical droplets. As the concentration of SKL increases, the charge 

density also rises due to the increase in negative functional groups, causing the ejection of spherical 

charged droplets. When these droplets travel from the needle tip to the collector, they get distorted 

and expand into a thin film in the air due to comprehensive forces acting on them. This thin film 

is then split into two-dimensional nanonet due to the fast solvent evaporation and rapid phase 

separation between polymer and solvent. The presence of this nanonet structure in the electrospun 

membrane can significantly improve the separation efficiency and structural stability. It is worth 

mentioning that the formation of the nanonet structure was observed once the concentration of 

SKL exceeded 5 wt% in the dope solution. For example, SKL concentration of 7 wt% in the 

PCL/SKL dope solution resulted in the formation of nanonets, as shown in Figure B.S1. 

The elemental composition of the L-10 electrospun membrane was analyzed using EDS, as shown 

in Figure 3.2 and Figure B.S3. The elemental mapping shows the distribution of carbon, oxygen, 

and sulfur elements in the L-10 electrospun membrane. It is well known that the nanofibrous 



membrane made of PCL has solely carbon and oxygen elements [203]. Therefore, the even 

distribution of sulfur, as observed in elemental mapping, confirmed the presence of SKL in the 

electrospun membrane. The excellent compatibility and uniform distribution of SKL in the PCL 

matrix was further confirmed using DSC analysis, as shown in Figure B.S4. The results indicate 

a shift in the melting temperature of the PCL electrospun membrane from 57 °C to 59.5 °C upon 

introducing SKL into the PCL matrix. This slight increase in the melting point can be attributed to 

the formation of hydrogen bonds between the carbonyl groups of PCL and the phenolic hydroxyl 

groups of SKL [226,227]. 

The distribution of fiber diameters of electrospun membranes prepared at different SKL 

concentrations is also provided in Figure 3.2. The average diameter of the fibers increased from 

approximately 397 nanometers to about 532 nanometers as the SKL concentration increased from 

0 wt% to 10 wt%, which can be ascribed to the increasing viscosity of the dope solution with a 

higher SKL concentration (Table 3.1). This observation is in line with the study of Kai et al. where 

they reported an increase in the fiber diameter of electrospun membranes made from PCL/lignin 

copolymers [228]. This trend was attributed to the strong viscoelastic forces in the viscous 

solution, which impeded the axial stretching of the jet, thus leading to a thicker fiber formation. 

The porosity and pore size of electrospun membranes plays a crucial role in determining their 

water flux and separation efficiency. Table 3.2 provides the porosity and pore size values of all 

the electrospun membranes. All of the fabricated electrospun membranes showed very high 

porosity (>87%), which was ascribed to the randomly oriented nanofibers with diameters ranging 

from ~397 to ~532 nm. The pore size values indicate that the incorporation of SKL into the PCL 

matrix increased the pore size of the electrospun membranes. Specifically, the neat PCL membrane 

exhibited the smallest pore size, measuring approximately 2.27 µm, while the SKL-modified 

membrane (L-10) had the largest pore size, measuring approximately 3.84 µm. This enlargement 

in pore size can be attributed to the widening of the inter-fiber space, which occurs as the fiber 

diameter increases. These findings align with previous research, which also observed a direct 

relationship between an increase in fiber diameter and the enlargement of pore size in electrospun 

membranes [229].  

 



 

Figure 3.2. SEM images of fabricated PCL/SKL electrospun membranes at various SKL concentrations: 

L-0 (0 wt%), L-1 (1 wt%), L-5 (5 wt%), L-10 (10 wt%); A magnified image of the nanonet structure in L-

10 electrospun membrane is also shown along with the corresponding S, O, and C elemental mapping 

images; the last row represents the fiber diameter distribution of L-0, L-1, L-5 and L-10 membranes. 

The chemical composition of the electrospun membranes was analyzed through ATR-FTIR 

analysis. Figure 3.3A shows the FTIR spectra of different electrospun membranes (L-0, L-1, L-5, 

and L-10). SKL-containing membranes (L-1, L-5, L-10) exhibited the same main peaks as the 

pristine PCL membrane (L-0). L-0 membrane showed characteristic peaks at 1150, 1725, and 2940 

cm-1, corresponding to the C-O-C stretching, C=O stretching vibration of aliphatic ester, and CH2 

stretching vibration, respectively [217,230]. However, SKL-modified membranes showed some 

differences in the spectra, especially in the region between 3000 and 3500 cm-1 and 1480 and 1700 

cm-1, as shown in Figure 3.3A. The appearance of a broad peak at 3450 cm-1 corresponds to the 

O-H stretching vibration of SKL composition, and its intensity increased with the increasing SKL 

content [231]. 



 

Figure 3.3. (A) ATR-FTIR spectra of PCL/SKL electrospun membranes (L-0, L-1, L-5, and L-10); 

magnified FTIR spectra between 3000 and 3500 cm-1 and between 1530 and 1650 cm-1 are also provided, 

(B) Effect of SKL content on the surface charge of the electrospun membranes at different pH (i.e., pH 3-

9), and (C) stress-strain curves for different PCL/SKL electrospun membranes. 

Moreover, it shifted slightly to the lower wavenumbers, indicating hydrogen bonding interaction 

between PCL and SKL. Similar behavior was also observed for PLA/lignin composite [231,232], 

where a shift to the lower wavenumbers was reported due to hydrogen bonds between hydroxyl 

groups of lignin and carbonyl groups of PLA. Another band also emerged at 1590 cm-1 for SKL-

containing membranes, which is ascribed to the aromatic C=C stretching of lignin [120,217]. As 

the SKL content in the dope solution increased, the intensity of this band also increased, indicating 

a higher amount of lignin in the resultant membranes. 



3.3.2 Surface potential and mechanical properties of the electrospun membranes 

Table 3.2 provides the zeta potential of the prepared electrospun membranes at pH 7. The surface 

charges of the membranes in the pH range of 3 to 9 are also provided in Figure 3.3B. As can be 

seen, the surface charge continued to decrease with the increase in SKL content in the membrane. 

A similar trend was observed across the entire pH range.  

Table 3.2. Zeta potential, Young’s modulus, porosity, and pore size of the fabricated electrospun 

membranes. 

Sample 
Zeta potential at pH 7 

(mV) 

Young Modulus 

(MPa) 

Porosity  

(%) 

Pore Size 

(µm) 

L-0 -21.7 ± 1.2 1.03 ± 0.11 87.4 ± 0.8 2.27 ± 0.9 

L-1 -29.5 ± 1.2 4.50 ± 0.09 88.3 ± 0.4 3.02 ± 0.5 

L-5 -32.4 ± 1.4 5.39 ± 0.14 88.9 ± 0.3 3.39 ± 0.8 

L-10 -40.4 ± 1.3 6.96 ± 0.17 89.8 ± 0.4 3.84 ± 0.4 

Since SKL contains abundant negatively charged functional groups, as observed from FTIR 

spectra, a decreasing trend in zeta potential can be expected. This phenomenon also provides a 

piece of further evidence of the successful incorporation of SKL into the PCL nanofiber matrix. 

The influence of SKL content on the mechanical properties of the fabricated electrospun 

membranes was evaluated using tensile testing analysis. Young’s modulus was calculated from 

the slope of stress-strain curves in the elastic deformation region, as shown in Figure 3.3C and 

reported in Table 3.2. The neat PCL exhibited the lowest mechanical properties with a modulus 

of ~1.03 MPa, which could be due to its soft and elastic nature [228]. In contrast, the SKL-modified 

electrospun membranes showed significantly improved modulus of the membranes. For example, 

the maximum modulus (~6.96 MPa) was obtained for the L-10 membrane. The stiffness and chain 

rigidity of SKL, along with its uniform distribution within PCL, could be the reason for this 

significant improvement in mechanical properties [217]. In addition, the structural strength of the 

membrane could potentially be enhanced by the reinforcing effect via hydrogen bonding [233]. 

The enhancement in mechanical properties suggests that SKL is an effective and compatible filler 

to improve the mechanical strength of PCL nanofibers. The compatibility between PCL and SKL 

based on Hansen solubility parameter was further discussed in Table B.S2.  



3.3.3 Electrospun membrane wettability 

Earlier research suggests that the oil/water emulsion separation efficiency of the membrane is 

notably impacted by surface wettability [205,206]. In this work, the wettability of the fabricated 

membranes was evaluated by water contact angle (WCA) and underwater oil contact angle 

(UWOCA) measurements (Figure 3.4). Figure B.S5A demonstrates that the neat PCL (L-0) 

membrane had a WCA of ~133°. The high WCA suggested that the L-0 membrane had a very low 

affinity toward the water, which was predictable as the PCL polymer is inherently hydrophobic 

[234]. However, after modification with SKL, the resultant electrospun membranes demonstrated 

superhydrophilicity with WCA of ~0°. Figure B.S5B, which displays the dynamic WCA, provides 

insight into the degree of hydrophilicity in the SKL-modified membranes. This data demonstrates 

a clear correlation between the amount of SKL in the electrospun membrane and its water 

absorption rate. Evidently, the water absorption rate increased with the increasing SKL 

concentration. The above-mentioned wettability characteristics of the SKL-modified membranes 

can be attributed to two factors: 1) surface functionality and 2) surface geometry. It is well known 

that the wettability of the membrane surface highly depends on the surface functional groups. 

Therefore, introducing SKL with many hydrophilic functional groups, such as hydroxyl and 

carboxyl groups, onto the surface surely enhanced the hydrophilicity of the membrane. Moreover, 

surface roughness can also affect the wettability of prepared electrospun membranes. It is worth 

noting that we attempted to quantify the roughness of the SKL-modified electrospun membranes 

using atomic force microscopy (AFM). However, we could not obtain roughness measurements 

with AFM because the roughness exceeded the limitations of the AFM instrument. However, 

previous studies reported that large fiber diameters and high porosity of membranes usually result 

in a rougher surface [235,236]. Therefore, an increase in surface roughness was expected in the 

SKL-modified membrane due to the larger fiber diameter and slightly higher porosity resulting 

from the incorporation of SKL. This increase in roughness could also enhance the hydrophilicity 

of the membranes according to the Wenzel relation, [237] given as: 

 

                                      ĀāĀĄ∗ = ÿĀāĀĄ                                                        (3.7) 

 

where Ą∗ is the apparent contact angle, Ą is the intrinsic contact angle, and r is the surface 

roughness. Since r is always greater than unity for electrospun membranes, an increase in 



roughness amplifies the surface wettability in the Wenzel state. In other words, the hydrophilicity 

increases with the roughness of the hydrophilic surface.  

The UWOCA is commonly employed to evaluate the oil-fouling propensity of the membranes. A 

higher UWOCA is preferable as it implies that the membrane will have a lower tendency to attract 

oils, which leads to a stronger ability to resist oil fouling. This, in turn, leads to a lower flux decline 

and a higher flux recovery ratio during oil/water emulsion filtration operations. Three different 

oils, namely mineral oil, n-hexadecane, and gasoline, were used in this work to measure the 

UWOCA. As anticipated, the L-0 membrane displayed superoleophilicity (with a UWOCA angle 

of 0°) because of its hydrophobic nature (Figure 3.4 and Figure B.S5C). However, the SKL-

modified membranes exhibited a notable increase in UWOCA. The UWOCA values for the L-1 

membrane were 141°, 143°, and 144° for mineral oil, gasoline, and n-hexadecane oils, 

respectively. By incorporating additional SKL into the membrane, the UWOCA was further 

enhanced, as demonstrated by the OCA measurements for L-5 membranes (>147°). A similar trend 

was also observed for the L-10 membrane. It showed complete repellence towards all types of oil  

(Gasoline, n-hexadecane, and mineral oil). The dynamic underwater mineral oil adhesion behavior 

of the L-10 membrane is demonstrated in Figure 3.4. As can be seen, the mineral oil droplet was 

brought into contact with the membrane surface, squeezed to facilitate interaction between oil and 

membrane surface, and removed from the surface. The oil droplet did not adhere to the membrane 

surface, indicating the superoleophobic nature of the membrane. The superoleophobicity of the 

SKL-modified membrane (L-10) can be ascribed to the surface micro-nano structure and the 

corresponding Cassie-Baxter state at the solid/water/oil interfaces. When hydrophilic nanonet-

nanofibrous membranes are submerged in water, the water gets trapped in the gaps of the rough 

fibrous structures, forming a solid/liquid/oil three-phase interface (Cassie-Baxter state). The 

formation of the nanonet structure on the electrospun membrane (as shown in Figure 3.2), has 

several effects on the membrane's surface. Firstly, it introduces surface heterogeneity, which can 

enhance the surface roughness of the membrane. This increased roughness can, in turn, lead to an 

improvement in the hydrophilicity of the membrane, as predicted by the Cassie-Baxter model  

[238]. Similar observations on the improvement of wettability by nanonets were also reported in 

previous studies [225,239,240].  



 

Figure 3.4. Water contact angle and underwater oil contact angle of L-0, L-1, L-5, and L-10 electrospun 

membranes (Images of WCA and UWOCA of these membranes are shown in Figure B.S5); The L-10 

membrane did not show any attachment to the mineral oil droplets as can be seen from the dynamic 

underwater mineral oil adhesion behavior (L-10 membrane showed similar behavior with n-hexadecane 

and gasoline oil). 

In the Cassie-Baxter state, the contact angle (Ą∗) could be determined using the following equation: 

[238]                                          ĀāĀĄ∗ = ă(ÿĀāĀĄ + 1) 2 1                                        (3-8) 

where r is the surface roughness, f is the area fraction of solid/liquid interface, and Ą is the intrinsic 

contact angle. When the hydrophilic membrane was kept underwater, the water molecules tended 

to trap inside the membrane pores, forming a thin hydrated layer over the surface [241]. This fully-

wetted composite interface consisting of the membrane surface and hydrated layer reduced the 



area fraction of the solid/oil interface (f) and thus led to an increase in OCA (Ą∗) to 

superoleophobicity according to eq. 3.8. 

In recent years, there has been much interest in using superhydrophilic and underwater 

superoleophobic membranes with an OCA greater than 150° and a WCA less than 5° for oil/water 

separation [237]. These membranes strongly attract water molecules and exhibit excellent anti-oil 

fouling properties. According to the contact angle results obtained in this study, the L-5 and L-10 

electrospun membranes appeared as promising options for achieving high oil/water separation 

efficiency and improved resistance to oil fouling.  

3.3.4 Oil-in-water emulsion separation performance 

The pure water fluxes of all electrospun membranes are presented in Figure 3.5A. The neat PCL 

membrane exhibited no water flux under gravity, as can be anticipated due to its hydrophobic 

nature. However, the SKL-modified electrospun membranes showed significant improvement in 

flux. The obtained water fluxes for the L-1, L-5, and L-10 membranes were ~ 626, ~841, and ~890 

LMH, respectively. Such a significant enhancement in water flux can be attributed to the enhanced 

hydrophilicity, highly porous structure (>88%) and an enlargement in the pore size (Table 3.2) of 

the SKL-modified electrospun membranes. The oil-in-water emulsion separation ability of the 

SKL-modified membranes (L-1, L-5, and L-10) was evaluated using a series of experiments 

following the protocol provided in section 3.2.4.2. The variation of flux with time for three 

different oil/water emulsions is presented in Figure 3.5(B-D). The flux reduced rapidly for each 

cycle when substituting water with oil/water emulsion across all the membranes. Nonetheless, a 

simple cleansing with pure water restored the flux almost entirely. The corresponding FDR and 

FRR values were calculated using eq. 3.4 and 3.5 are provided in Figure 3.5(E-F). The L-1 

membrane exhibited the highest FDR of 54-82% for different oil-in-water emulsions, whereas L-

10 showed the lowest FDR in the 46-79% range. This is due to the difference in the degree of 

hydrophilicity in L-1 and L-10 membranes. Since the L-1 membrane had low underwater 

oleophobicity (as shown in Figure 3.4 and Figure B.S5) compared to the L-10 membrane, some 

tiny oil droplets could adhere to the surface, resulting in pore blockage and severe flux decline. On 

the other hand, the L-10 membrane exhibited underwater superoleophobicity as demonstrated in 

the contact angle analyses; therefore, very low oil adhesion and, hence, low water flux decline was 

expected. However, a sharp decrease in flux was observed during the emulsion separation test, 



resulting in a high FDR. This rapid flux decline can be explained by the mechanism proposed by 

Asad et al. and Ge et al. [18,242]. According to their hypothesis, the higher flux through the 

membrane led to an intensified concentration polarization, causing the oil concentration to rise in 

the vicinity of the membrane surface. Since the emulsion was stabilized through the surfactant, oil 

droplets hardly aggregated, forming an oil filter cake layer on the membrane surface. This layer 

could potentially improve the separation efficiency to some extent by preventing small oil droplets 

from passing through. However, the cake layer could also block the membrane surface pores, 

leading to a sharp decline in water flux. A variation in permeation fluxes was observed for each 

electrospun membrane while filtrating different oil/water emulsions (Figure 3.5(B-D)). For 

example, the L-10 membrane showed permeation fluxes of 170 to 480 LMH for n-hexadecane, 

gasoline, and mineral oil emulsions. This can be ascribed to the variations in physical 

characteristics and the size and amount of oil droplets in the emulsion [18,20]. It is noteworthy 

that, except for the L-1 membrane, all of the SKL-modified membranes could recover almost all 

of their initial water flux after simple washing with water (Figure 3.5F). The high FRR values of 

the L-5 and L-10 membranes (~97-99%) could be ascribed to the excellent anti-oil-fouling 

properties of the membranes, which resulted from the underwater superoleophobicity of the 

membranes. As a result, the oil cake layer could be easily removed from the surface by rinsing it 

with water, allowing water flux to be restored. On the other hand, the inadequate hydration capacity 

of the L-1 membrane (as also proved by UWOCA results) led to severe oil fouling that caused 

significantly low FRR values ranging from approximately 72% to 86%. 

The oil droplet size distribution in different emulsions is shown in Figure 3.6A. The size of the 

oil droplets was obtained in the range of 1.0 to 4.0 µm. The emulsion separation efficiency of the 

SKL-incorporated membranes was evaluated by measuring the oil rejection using eq.  3.6. While 

L-1 membrane showed very low oil rejection (~67-75%), L-5 and L-10 membranes exhibited very 

high separation efficiency in the range of ~96 to 99%, as demonstrated in Figure 3.6B.  The results 

of the separation efficiency are consistent with the observations made during contact angle 

analysis. It is noteworthy that the L-10 electrospun membrane exhibited the highest water flux and 

separation efficiency. The enhanced water flux of the L-10 membrane can be attributed to its 

improved hydrophilicity and larger pore size. On the other hand, the highest separation flux is 

likely the result of the combined effect of the membrane's nanonet structures with narrow internal 

holes and the rapid formation of a hydration layer on its hydrophilic surface. 



Figure 3.5. Pure water flux of L-1, L-5, and L-10 membranes (A), variation of permeate water flux vs. time 

during filtration of (B) mineral oil in water, (C) n-hexadecane in water, (D) gasoline oil in water emulsions. 

(E) and (F) show the flux decline rate (FDR) and flux recovery ratio (FRR) of SKL-modified electrospun 

membranes after filtration of mineral oil, gasoline, and n-hexadecane in water emulsions. 



 

Figure 3.6. (A) Size distribution of oil droplets in different oil in water emulsion, (B) mineral oil, gasoline, 

and n-hexadecane oil rejection efficiency of different SKL-modified membranes under gravity, (C) digital 

and optical microscopy images of the emulsion and permeate samples from L-10 membrane, and (D) 

schematic showing the oil/water emulsion separation mechanism of the SKL-modified membrane. 

The digital and optical images of the oil-in-water emulsion and the permeate solutions after 

treatment by the L-10 membrane are presented in Figure 3.6C. The milky and translucent feed 

emulsions were effectively separated into clear and transparent permeates. The optical microscope 

images of the emulsion clearly showed the presence of oil droplets, while no oil droplets were 



detected in the permeate solution, confirming the high oil/water separation efficiency of the 

membranes. 

3.3.5 Separation mechanism 

A plausible mechanism for high emulsion separation efficiency and excellent anti-oil-fouling 

properties of the SKL-modified membranes can be attributed to the superhydrophilic and 

underwater superoleophobic nature of the membranes [243]. A schematic representation of the 

oil/water emulsion separation mechanism is illustrated in Figure 3.6D. It is well known that 

membranes with high underwater oil contact angles and less water contact angles usually have 

more hydration capacity [244]. The contact angle analysis confirmed that SKL-incorporated 

membranes had higher UWOCA and lower WCA than neat PCL electrospun membranes. 

Therefore, when the modified membranes came in contact with the oil/water emulsion, water could 

be easily attracted to the polar hydroxyl and carboxylic groups of SKL through hydrogen bonding 

interaction, resulting in a robust hydration layer formation on the surface [245]. The presence of 

polar functional groups on the membrane surface increased the surface energy, which, in turn, 

improved the affinity of the membrane surface toward water [20]. Moreover, the strongly bound 

water molecules increased the mass transfer resistance of oil droplets, thus preventing direct 

contact between the membrane surface and oil droplets. The higher the hydration ability, the higher 

the ant-oil-fouling performance of the membranes. This suggests that the SKL-modified 

membranes would be highly effective in preventing oil fouling, which is also supported by their 

FRR and oil rejection values. Moreover, the selective water permeation through the membranes 

can be explained by the estimation of intrusion pressure based on the simplified Young-Laplace 

equation [18,224]: 

                                &Čā = 2 2�āýĀ��ÿ                                                                (3.9) 

where &Čā is the liquid intrusion pressure, ÿ is the surface tension of water in the air, or interface 

tension between oil and water, Ąÿ is the liquid contact angle, and r is the equivalent pore radius of 

the membrane. Upon contact with the modified membrane surface, the water instantly wets the 

surface, resulting in a contact angle of less than 90°, as evident from Figure B.S5. This causes a 

negative intrusion pressure (&Čā < 0), which facilitates easy water permeation through the 

membrane even under gravity. It should be noted that incorporating SKL content in the membranes 



resulted in larger pore sizes (Table 3.2), yet there was an increase in oil rejection efficiency 

(Figure 3.6B). The hydrophilic nature of the SKL-modified membranes can explain this 

contradictory phenomenon. When oil droplets come into contact with the membrane surface in 

water, a hydrated layer already formed on the hydrophilic membrane surface prevents the direct 

contact of oil with the fibers. This results in a UWOCA greater than 90° (as depicted in Figure 

3.4). The high UWOCA leads to a positive intrusion pressure (&Čā > 0), indicating a high oil-

repellent characteristic of the membrane. The higher the hydration ability, the higher the oil 

repellency. Therefore, it can be concluded that the hydrophilicity of the SKL-modified membrane 

surface (i.e., hydration layer) mostly controls the separation efficiency. 

3.3.6 Electrospun membrane reusability, stability, and biodegradability 

The recyclability of the PCL/lignin electrospun membrane was further investigated by cyclic 

mineral oil in the water emulsion separation experiment. Figure 3.7A shows the flux and 

separation performance of the L-10 membrane during each cycle test. As explained before, the 

water flux decline occurred during the emulsion separation due to the enhanced concentration 

polarization of oil droplets on the membrane surface. However, water flux was recovered after a 

simple water flushing. After 10 cycle tests, the membrane retained a high flux recovery ratio 

(~98%) and excellent separation efficiency (~98%), indicating excellent anti-oil-fouling properties 

of the membrane. Furthermore, as evident from Figure B.S6, the hydrophilicity of the membrane 

remained unchanged even after being used multiple times. Moreover, no significant changes in the 

nanofiber morphology were observed from the SEM analysis (Figure B.S8), indicating the robust 

reusability of the as-spun SKL-incorporated electrospun membrane.  

The stability of the electrospun membrane was also investigated by immersing the L-10 membrane 

at different pH conditions (i.e., pH 1, 5, 10, and 12) for 72 h under severe stirring. The digital 

image of the immersed membrane samples before and after the pH stability test is shown in Figure 

B.S7. After the test, it was discovered that all the membranes, except for the pH 12 membrane, 

exhibited significant stability. In addition, no color change in the solutions was observed after the 

stability test. However, the membrane sample exposed to pH 12 was very fragile and exhibited 

some leaching of the SKL from the membranes, resulting in a change in solution color from 

transparent to brownish. The wettability and SEM analyses (Figure B.S7 and Figure B.S8) 

confirm that the membrane retained its hydrophilicity and stability even after undergoing a pH 



change from 1 to 10. This suggests that the membrane has maintained its structural stability and 

functionality even under harsh conditions, making it a promising electrospun membrane for oily 

wastewater treatment. 

To further assess the stability of SKL within the electrospun membrane, we performed a leaching 

test specifically on the SKL-modified membrane (L-10). This analysis aimed to identify any 

presence of sulfur content in the solution, which would represent the leaching of SKL from the 

membrane. The ICP-OES results in Table B.S3 demonstrate a very low leaching rate (0.0023 

mg/m2.h) during the first week. This can be attributed to the small amount of loosely attached SKL 

on the surface of the membrane. Interestingly, there was nearly no leaching observed in the 

subsequent weeks. These findings provide clear evidence that SKL exhibits high stability within 

the PCL matrix, primarily due to its excellent compatibility with the host polymer. 

 

Figure 3.7. (A) The cyclic mineral oil in water emulsion separation performance of L-10 electrospun 

membrane under gravity, (B) Visual photographs of SKL-modified membranes before burial test and after 

2 months of soil burial test. 



The biodegradability of the prepared SKL-modified electrospun membrane was evaluated by 

burying the membrane sample in the soil under ambient conditions for 2 months, as shown in 

Figure 3.7B. After the burial test, only some pieces of the SKL-modified membranes were 

obtained, indicating a high degradation of the membrane in the soil. To better understand the 

biodegradation of the membranes, the morphological changes in the samples were evaluated using 

SEM analysis before and after the burial test. The changes in the nanofibrous structures after the 

test are evident from the SEM images, as shown in Figure B.S9. The fibrous structures collapsed, 

softened, and merged after the burial test. Moreover, no nanonet structures were observed after the 

biodegradability test. These interesting results confirm the biodegradability of the SKL-modified 

electrospun membranes.  

To gain a better understanding of the impact of SKL on the degradation rate of the electrospun 

membrane, a soil burial test was also performed for both neat PCL and SKL-modified electrospun 

membranes (L-10) for one month. The weight of the membranes was measured at 10-day intervals, 

and the changes in membrane weight recorded during the test are presented in Figure B.S10. It is 

evident that the degradation rate of the SKL-modified electrospun membrane was faster than the 

neat PCL electrospun membrane. At the end of the test, the SKL-modified membrane showed 

almost 61% degradation, while neat PCL exhibited ~30% degradation. Previous studies have 

indicated that PCL has a low degradation rate due to its high crystalline nature and hydrophobicity 

[246]. However, blending PCL with a suitable biodegradable polymer can improve the degradation 

rate. Studies have shown that increasing porosity and introducing hydrophilic components can 

enhance biodegradation [247,248]. Therefore, the accelerated degradation rate observed in the 

electrospun membrane modified with SKL, as compared to the neat PCL electrospun membrane, 

can be attributed to two factors. Firstly, the increased membrane porosity (as reported in Table 

3.2) contributes to a larger surface area available for degradation processes. Secondly, the 

enhanced hydrophilicity of the SKL-modified membrane (as shown in Figure 3.4), promotes 

greater interaction with water molecules, facilitating hydrolytic degradation processes. 

Since biodegradation in the soil is a complex phenomenon and can be influenced by several factors 

concurrently, such as enzyme types, reaction kinetics, membrane hydrophilicity, porosity, and 

available surface area [228,248], future work can be focused on investigating the biodegradation 

behavior of these membranes in a certain time interval in different degradation conditions. 



Long-term oil/water emulsion filtration experiment: The long-term oil/water emulsion 

separation experiment under gravity was performed using the optimum SKL-modified electrospun 

membrane (L-10). The change of flux over time and the separation efficiency of the L-10 

membrane are shown in Figure 3.8(A-D). The results indicate an immediate decline in flux during 

the initial few minutes, consistent with the observations from the short-cycle filtration experiments 

presented in Figure 3.5. Subsequently, there was a gradual and continuous decrease in flux over 

the next 50 minutes. After the long-term (60 minutes) filtration, the emulsion flux was 125, 320, 

and 420 LMH for n-hexadecane, gasoline, and mineral oil in water emulsion, respectively. The 

FDR varied from 52% to 85% for different oils in water emulsion. However, the flux was almost 

completely restored (FRR >97.5%) after a simple rinse with pure water, which can be attributed 

to the excellent anti-oil fouling properties and superhydrophilicity of the SKL-modified 

electrospun membrane. These findings demonstrate the long-term stability and robustness of the 

SKL-modified electrospun membrane in oil/water emulsion filtration applications, highlighting its 

potential for efficient and sustainable separation processes. The rapid flux decline in gravity-driven 

oil/water emulsion experiments was previously observed in other studies [241,249]. The state-of-

the-art oil/water emulsion separation membranes suffer greatly from fouling and permeability 

decline. While many studies have focused on developing superwetting membranes with excellent 

antifouling properties, most of them have utilized intermittent or discontinuous operation modes 

for short durations (e.g., 10-30 minutes). The observed flux decline in these studies ranged from 

60% to 92% [241,249]. In fact, no literature reported a long-term (e.g., more than 1hr) oil/water 

emulsion separation performance using gravity-driven dead-end filtration mode [206]. Therefore, 

it is evident that a decline in permeability is expected when separating oil/water emulsions for 

extended durations in gravity-driven filtration mode. As a proof of concept, we performed a 

mineral oil/water emulsion filtration test using the L-10 membrane for 7 hrs (Figure B.S11). As 

discussed before, the flux decline, which limits the continuous long-term filtration, is mainly due 

to the formation of an oil filter cake layer over the membrane surface [241,249]. In most of the 

studies on water-removing membranes, it was reported that the oil filter cake layer performs the 

predominant role in permeate flux decline. In cases where the membrane possesses strong 

antifouling properties, the cake layer can be effectively removed through a simple rinsing or 

flushing with water. Although the flux declines rapidly in this gravity-driven filtration, this system 

is energy-efficient due to its gravity-driven nature. In comparing gravity-driven filtration with 



other technologies, the decreased energy consumption or complete absence of external energy has 

often been mentioned as an advantage [250]. However, it should be noted that the decreased energy 

consumption in gravity-driven membrane filtration comes at the expense of flux. 

 

Figure 3.8. Long-term oil/water emulsion separation experiments using L-10 electrospun membrane: (A) 

mineral oil in water, (B) gasoline oil in water, (C) n-hexadecane in water, and (D) FDR, FRR and oil 

rejection values.  

Table B.S4 compares the oil/water emulsion separation efficiency between some recently reported 

hydrophilic membranes and the electrospun membranes prepared in this study. The results indicate 

that the SKL-modified electrospun membranes exhibited comparable oil/water separation 

efficiency and anti-oil-fouling performance. However, most membranes studied so far were either 

prepared from nonbiodegradable fossil-based sources or required toxic solvents. Conversely, the 



membranes in this study were prepared to utilize entirely biobased and biodegradable polymers, 

and the solvent employed was environmentally friendly and non-toxic. Therefore, the electrospun 

membrane developed in this study could be a promising green solution for separating oily 

wastewater. 

3.4 Conclusion 

In this work, we successfully fabricated a biobased and biodegradable electrospun nanofibrous 

membrane for oily wastewater treatment by simply blending PCL with a waste byproduct of SKL. 

The influence of SKL content on the surface morphology, chemical composition, and mechanical 

properties was investigated using SEM, FTIR, and tensile testing analyses. Adding SKL to the 

precursor solution resulted in a thicker fiber formation with nanonet-like structures. We also 

observed that the addition of SKL made the electrospun membrane more negatively charged (from 

~ -21 to -40 mV) due to the enrichment of hydrophilic functional groups, such as -OH and -COOH, 

on the surface. Additionally, the findings from the tensile testing analysis suggest that SKL played 

a significant role in enhancing the structural strength of the electrospun membrane, which was 

attributed to its inherent chain rigidity and the intermolecular hydrogen bonding interaction 

between phenolic hydroxyl groups of SKL and carbonyl groups of PCL. The wettability results 

indicated that as-spun PCL nanofibrous membranes were hydrophobic (WCA ~133°), whereas it 

transformed into a superhydrophilic and underwater superoleophobic membrane (WCA ~0° and 

UWCA >147°) simply by adding SKL in the dope solution without any additional post-treatment. 

Furthermore, the SKL-modified membranes (L-5 and L-10) demonstrated excellent pure water 

flux of 800-900 LMH and an emulsion flux of 170-480 LMH during the gravity-driven filtration 

of three surfactant-stabilized oil-in-water emulsions, namely mineral oil/water, gasoline/water, and 

n-hexadecane/water emulsions. In addition, these membranes exhibited superior anti-oil-fouling 

performance with excellent separation efficiency (97-99%) and high FRR (>98%). Furthermore, 

the SKL-modified electrospun membrane showed excellent reusability and maintained structural 

stability and wettability for a wide pH range. The absence of any leaching phenomenon observed 

in the SKL-modified membrane further demonstrates its exceptional stability within the 

electrospun membranes. Therefore, we conclude that the hydrophilic SKL content in the PCL 

electrospun membranes endowed them with superhydrophilicity and excellent structural stability. 
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4.1 Introduction 

Dyes have widespread applications in various industries, including textiles, leather, cosmetics, 

packaging, pharmaceuticals, paper, and plastics, resulting in substantial production of dye-

contaminated wastewater [2513253]. The textile industry, in particular, is a significant contributor 

to water pollution, accounting for up to 20% of industrial wastewater emissions worldwide [27]. 

The release of non-biodegradable and light-absorbing dyes into water bodies is frequently 

accompanied by inorganic salts (e.g., NaCl and Na2SO4), thereby intensifying the challenges 

associated with their effective filtration [2543256]. The unregulated disposal of dye wastewater 

without appropriate treatment contaminates underground resources, threatening aquatic 

ecosystems and human health [2573259]. Hence, it is crucial to adopt efficient wastewater 

treatment technology, promote clean water recovery, and shift towards sustainable practices within 

the textile and dyeing industry [260]. So far, a range of biological (e.g., microbial degradation) 

[261], physical (e.g., adsorption) [262], and chemical (e.g., coagulation and chemical oxidation) 

[263] methods have been explored for the treatment of dye-containing wastewater. However, these 

conventional methods suffer from low separation efficiency, resource wastage, and the production 

of secondary pollution due to the addition of new chemicals [251,264]. In response to these 

challenges, membrane-based separation technology is suggested as a viable and competitive 

alternative for wastewater treatment in the textile industry due to its simplicity, low cost, minimal 

energy requirement, and high separation efficiency [257,259]. 

Specifically, a nanofiltration (NF) membrane with a molecular weight cut-off of 200-1000 Da is 

considered an optimal choice for treating dye effluent from textile wastewater, primarily because 

of its low operating pressure, high water flux, and effective removal of dye molecules [256,265]. 

NF membranes typically feature a dense selective layer that effectively rejects dyes. However, 

limitations arise as they also exclude divalent ions and most monovalent ions due to size exclusion 

and electrostatic interaction, leading to an increased transmembrane osmotic pressure difference 

and necessitating higher pressure or energy for separation [252,254,264]. Therefore, ongoing 

research aims to develop separation membranes with exceptional dye rejection and high salt 

permeation. An effective strategy involves controlling the pore size and adding surface charge, as 

observed in loose nanofiltration (LNF) or tight ultrafiltration (TUF) membranes. These membranes 

have slightly larger pores for efficient salt permeation without compromising dye rejection, 



enabling efficient fractionation of dye/salt mixtures. To date, various methods, like nonsolvent-

induced phase inversion (NIPS) [266], layer-by-layer (LBL) assembly [267], surface coating 19, 

and interfacial polymerization [269], have been employed alongside the incorporation of 

nanofillers and surface modifiers to fabricate and enhance the performance of LNF and TUF 

membranes. For example, Sun et al. fabricated LNF membranes using lignin as raw material and 

dopamine as a surface modifier via LBL assembly on a polysulfone support [267]. The optimum 

membrane exhibited high water permeability (~65 LMH/bar), dye rejection (>96%), and salt 

permeation (>85%) with a flux recovery ratio (FRR) of ~80%. Recently, Liu et al. prepared a self-

healing TUF membrane by the NIPS method, using a blend of 2-acrylamido-2-methyl-1-

propanesulfonicacid-polyaniline (AMPS-PANI) and polyethersulfone [260]. The prepared 

membrane showed high pure water flux (~95.3 LMH) and dye rejection (~97.3% for methyl blue 

and ~98.8% for Congo red), low NaCl salt rejection (~7.2%) with high FRR (~90.6%). Cheng et 

al. prepared a polyester-amide LNF membrane via an interfacial polymerization technique that 

achieved over 98% dye rejection and >90% NaCl permeation [269]. While these studies have 

showcased notable enhancements in the separation of dye and salt mixtures, several challenges 

still exist, such as nanomaterial aggregation, inadequate polymer matrix and filler compatibility, 

complicated synthesis and fabrication processes, back-flushing issue, and high fouling tendency, 

hindering the large-scale applications of LNF and TUF membranes for textile wastewater 

treatment [259,265,268].  

Moreover, the fabrication steps of these membranes primarily relied on fossil-based polymers 

(e.g., polysulfone [14], polyacrylonitrile [15], polyamide-imide [16], and polyvinylidene fluoride 

[17]) and toxic organic solvents (e.g., dimethylformamide (DMF) [18], dimethylacetamide 

(DMAc) [19], and N-methyl-pyrrolidone (NMP) [20]), raising environmental concerns due to their 

toxicity, poor degradability at the end of their life cycle and potential for secondary pollution 

during recycling. Given the rising energy crisis and environmental pollution issues, the eco-

friendly transformation of this engineering sector has become crucial. Therefore, there is a growing 

interest in using bio-based polymers as raw materials to improve sustainability in membrane 

fabrication. From water treatment to biomedical applications and sustainable packaging, the 

versatility of biopolymers opens up new possibilities for addressing global challenges while 

promoting a greener future [108,270]. Biodegradable membranes naturally decompose and 

reintegrate into the environment without posing risks, decreasing pollution in ecosystems, 



minimizing waste, and reducing the environmental impact of disposal. Additionally, with the 

increasing interest in sustainable and green chemistry, new environmentally friendly solvents (e.g., 

CyreneTM [25], dimethyl isosorbide [26], and sulfolane [27]) are explored for membrane 

fabrication. However, the shift from traditional solvents to more eco-friendly alternatives depends 

not only on the accessibility of these options but also on the compatibility between the selected 

green solvents and the particular polymers employed in membrane fabrication [5]. 

Various biodegradable polymers, including cellulose [212], polylactic acid (PLA) [213], 

polybutylene succinate (PBS) [132], and polycaprolactone (PCL) [214], have been employed in 

membrane fabrication. For example, cellulose acetate (CA) membranes have been widely 

employed in industrial applications ever since Loeb and Sourirajan pioneered the development of 

the first asymmetric CA membrane [109]. CA stands out as an ideal candidate for bio-based 

membrane fabrication due to its numerous advantages, including affordability, biodegradability, 

hydrophilicity, and facile synthesis. [111]. However, high fouling propensity, low flux, poor 

chemical resistance, and narrow operational ranges across varying temperatures and pH levels are 

the major disadvantages of the CA membranes [108]. Moreover, cellulose-based membranes are 

susceptible to bacterial growth on their surfaces, leading to compromised membrane performance 

and reduced service life. To address these challenges, various modifications to CA membranes 

have been reported, including chemical grafting, surface modification, and plasma techniques 

[271]. Zhang et al. synthesized PLA-based  hollow fiber membrane with improved hydrophilicity 

through a phase inversion process tailored by the mixing of some additives, i.e., PVP-K30 

(polyvinylpyrrolidone K30) and Tween-80 [128]. The resultant membrane showed high rejection 

of colloidal ferric hydroxide (98.5%) and high permeance recovery (86.8%). Recently, Bang et al. 

produced a nanofibrous membrane based on PBS, exhibiting impressive oil adsorption capacity 

(ranging from 18.7 g/g to 38.5 g/g) and high separation efficiency for water and oil mixtures (99.43

99.98%) and emulsions (98.1399.5%) compared to conventional nanofibers made from organic 

polymers [132]. Among different biopolymers, PCL, an aliphatic polyester, stands out for its 

mechanical strength, biocompatibility, biodegradability, and ease of processing, making it 

versatile in applications like tissue engineering, drug delivery, and water treatment [203,215]. 

However, its relatively higher cost than conventional polymers hinders widespread use. To address 

this, a simple approach involves combining PCL with cost-effective biobased fillers, which 

reduces the overall cost while enhancing structural properties. In this regard, lignin emerges as a 



renewable and low-cost additive to prepare PCL/lignin membrane, given its advantageous features 

like hydrophilic functional groups, biocompatibility, and cost-effectiveness [216]. In the wood 

pulping and lignocellulosic biorefinery industries, lignin is obtained on a large scale as a waste 

byproduct. Our group recently successfully fabricated a biodegradable PCL/lignin electrospun 

membrane for oil/water emulsion separation, using environmentally friendly acetic acid as the 

solvent [272]. Importantly, we demonstrated that the combination of PCL and lignin not only 

improves permeation properties but also facilitates the effective utilization of lignin resources. 

To date, very few articles in the literature detail the fabrication of phase inversion membranes 

using PCL specifically for wastewater treatment applications. For instance, Manholi et al. 

conducted a study examining the effect of six different solvents on PCL-based microfiltration 

membranes fabricated via the NIPS method [273]. Their study primarily focused on solvents' effect 

on precipitation kinetics and thermodynamics of phase inversion. Mruthunjayappa et al. reported 

a biodegradable PCL/cellulose acetate-based ultrafiltration membrane fabricated via the NIPS 

method [274]. Their optimum membrane exhibited high water flux (~53.3 LMH) and excellent 

dye rejection (>88%) with superior antifouling properties (FRR>88%). Although they succeeded 

in forming a PCL-based biodegradable membrane with enhanced separation performance, using a 

toxic solvent (i.e., N, N-dimethylformamide) in the fabrication process raises concerns about the 

sustainability of the membrane production.  

In this study, we explored the potential of sulfonated kraft lignin (SKL) as an environmentally 

friendly additive in producing biodegradable PCL membranes using the NIPS method. To maintain 

an eco-friendly approach, we employed acetic acid (AA) as a benign solvent in the PCL/SKL TUF 

membrane fabrication, ensuring that secondary pollution is prevented and overall environmental 

friendliness is reinforced. To understand the modality of the two phases, we initially investigated 

the influence of SKL content within the PCL matrix using a range of characterization techniques, 

including contact angle, SEM, EDS, FTIR, XPS, zeta potential, DSC and AFM. Subsequently, we 

evaluated the filtration performance of the fabricated membrane by using single-component 

solutions, specifically dyes and salts, to determine its suitability for the selective separation of 

these components. Furthermore, we filtered dye/salt mixtures to assess separation performance at 

varying salt concentrations and provide insights into the underlying mechanism. Additionally, we 

evaluated the antifouling performance and long-term stability of the optimum membrane. To the 



best of authors’ knowledge, this study explored for the first time the potential of the SKL and PCL 

as compatible materials for fabricating high-performance environmentally friendly phase 

inversion membranes, employing acetic acid as a green solvent. The proposed fabrication approach 

not only ensures simplicity and scalability but also promotes sustainability throughout the 

membrane production process. 

4.2 Materials and Methodology 

4.2.1 Materials 

Sulfonated kraft lignin (SKL, molecular weight 5000-8000 Da) was kindly supplied by West 

Fraser Mills Ltd, Canada, and was utilized as-is without further purification. Polycaprolactone 

(PCL, molecular weight 80,000 g/mol), glacial acetic acid (AA, ReagentPlus grade, ≥99.0% 

purity), humic acid (HA), bovine serum albumin (BSA) along with reactive red 120 (RR, 1469.9 

Da), reactive black 5 (RB, 991.8 Da), methyl orange (MO, 327.3 Da), methylene blue (319.85 Da) 

and rhodamine B (479.01 Da) were purchased from Sigma Aldrich. The chemical structures of the 

dyes are provided in Figure C.S1. The inorganic salts, namely, sodium sulfate, magnesium sulfate, 

sodium chloride, magnesium chloride, and potassium chloride, were obtained from Fisher 

Scientific. No further purification was carried out on any of the chemicals before their usage. 

4.2.2 Membrane fabrication 

The PCL/SKL membranes were fabricated using a nonsolvent-induced phase separation (NIPS) 

method. Various combinations of PCL and SKL were used to prepare the casting solution, as 

shown in Table 4.1. The composition of PCL was kept fixed at 15 wt.%. In the first step, a specific 

quantity of SKL was dissolved in glacial acetic acid and ultrasonically sonicated for 30 min. Then, 

PCL was added to the solution, and the mixture was stirred continuously at 40°C for an entire night 

to achieve a homogeneous solution. The resulting homogeneous solutions were then allowed to 

settle for 1 h at room temperature to remove any trapped air bubbles. The casting solution was 

subsequently cast on a nonwoven polyester fabric attached to a glass plate. A micrometer film 

applicator (Gardo, Pompano Beach, FL, USA) (gap thickness:150 μm) was employed to spread 

the solution evenly over the nonwoven fabric. The casting speed at 10 mm/s was adjusted using 

an automatic film applicator (TQC Sheen, AB3120, The Netherlands). Following the casting 

process, the glass plate was promptly placed into a nonsolvent (water) bath, resulting in the 



precipitation of a solid film in less than 1 min. The solidified film was kept in the bath for 1 h to 

complete the phase separation. After that, the membrane was removed from the coagulation bath 

and stored in deionized water for further characterization and performance tests.  

Table 4.1. Details of PCL/SKL phase inversion membrane composition 

 

Membrane PCL (wt.%) SKL (wt.%) AA (wt.%) 

M1 15 7 78 

M2 15 8 77 

M3 15 9 76 

M4 15 10 75 

 

Figure 4.1. A schematic representation of the membrane fabrication process. 



The membrane fabrication steps are schematically presented in Figure 4.1. It is important to 

mention that we varied the SKL concentration within the range of 7 to 10 wt.% due to specific 

observations. While fabricating the neat PCL membrane (0 wt.% SKL) and PCL/SKL membrane 

with SKL concentrations below 7 wt.%, we observed no flux through the resultant membrane at 

the operating pressure of 40 psi. The absence of flux can be ascribed to the pronounced 

hydrophobic characteristics of the PCL membrane. This observation indicates that SKL 

concentrations below 7 wt.% were insufficient to modify the wettability of the PCL membrane 

significantly. Conversely, when we attempted to increase the SKL concentration in the AA solvent 

over 10 wt.%, we observed undissolved SKL in the solution. 

4.2.3 Characterization of membranes 

4.2.3.1 Assessment of surface topography of the membranes 

The top surface morphology and cross-sectional structure of the fabricated membranes were 

analyzed using a field emission scanning electron microscope (FESEM, Zeiss Sigma 300 VP) at 

10 kV acceleration voltage. For cross-section SEM imaging, the samples were frozen in liquid 

nitrogen and carefully fractured. Afterward, all SEM samples were placed in a vacuum oven at 

30°C overnight. Before imaging, a layer of gold was sputter-coated onto all membrane samples. 

The elemental composition of the prepared membrane was also measured with the same SEM 

equipment using energy-dispersive X-ray spectroscopy (EDS) mode at an operating voltage of 10 

kV. The surface topography of the membranes was assessed using atomic force microscopy (AFM, 

Bruker Dimension Icon, USA). All AFM measurements were conducted in tapping mode with a 

scan rate of 1.0 Hz, at ambient temperature and humidity, covering a 10 μm × 10 μm surface area 

of the samples. The Gwyddion software was employed to analyze the AFM data and determine 

surface roughness parameters. 

4.2.3.2 Evaluation of chemical composition and surface potential of membranes 

Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) was used to evaluate the 

chemical composition of the fabricated membranes. Infrared spectra were acquired at room 

temperature using Agilent Technologies, Cary 600 series instrument. Each sample underwent 30 

scans over a wavelength range of 400-4000 cm-1 with a resolution of 4 cm-1.  Chemical bonds and 

elemental composition (O, C, and S) of the PCL/SKL membranes were also assessed with a Kratos 

AXIS ULTRA XPS equipped with a monochromatic Al K³ X-ray source. To collect information 



on the thickness from 1 to 10 nm of the surface layer, high-resolution scans of 0.1 eV with a range 

of 0-1100 eV were conducted. The zeta potential of the membranes was determined using the 

SurpassTM 3 electrokinetic analyzer from (Anton Paar, Graz, Austria). The zeta potential values 

were measured over a pH range of 3 to 9 using a 1 mM KCl solution. To adjust the pH values, 

sodium hydroxide and hydrochloric acid were used. All values are reported from at least three 

different measurements from different samples. 

4.2.3.3 Evaluation of the contact angle of membranes  

Contact angle analysis was performed to assess the surface wettability of the membranes using a 

contact angle analyzer from Kruss GmbH in Hamburg, Germany. The apparent water contact angle 

(WCA) was determined by depositing a 2 µL water droplet on a membrane surface affixed to a 

glass slide. At least three droplets were placed on each sample's surface, and the resulting contact 

angles were measured and then averaged. 

The Wenzel equation was employed to find the relationship between surface roughness and the 

wettability of the membrane, as depicted by the following equation [237,275,276]: ĀāĀĄ∗ = ÿĀāĀĄ (4.1) 

where Ą and Ą∗ are the intrinsic and apparent contact angles, respectively, and r represents the 

surface roughness. Moreover, the correlation between surface roughness, hydrophilicity and 

interfacial free energy was determined using modified Young-Dupre equation [120]: 

2&ăĀþ = �þă (1 + ĀāĀĄĀÿ )  (4.2) 

where &ăĀþ, �þă, ĄĀ, and r refers to the solid-liquid interfacial free energy, liquid surface tension, 

apparent static contact angle, and surface roughness ratio, respectively. The surface roughness ratio 

is measured from the ratio of the actual area to the projected surface area. 

4.2.4 Membrane separation performance 

4.2.4.1 Pure water filtration test 

A pure water filtration test was conducted with a lab-scale cross-flow filtration setup. The 

filtrations were performed under an operating pressure of 40 psi with a flow rate of 3 LPM (liters 

per min). The feed solution was maintained at room temperature using a circulating water bath. 

During the filtration, the permeate was collected in a beaker, and its weight was automatically 



recorded using a weighing balance (ME4002, Mettler Toledo, USA) at 30-second intervals. The 

pure water flux (ĆĄ) was then calculated using this data. 

where ÿ is the weight difference of collected permeate between each time interval, �ÿ denotes 

the effective membrane surface area, Ā represents the density of water, and &ā is the collection 

time. All values are reported from at least three different measurements from different samples. 

4.2.4.2 Dye/Salt separation test 

Three different anionic dyes (MO, RB, and RR) and four inorganic salts (NaCl, Na2SO4, MgCl2, 

and MgSO4) were used to evaluate the prepared membrane's dye and salt separation performance. 

The operating conditions were the same as those used for the pure water filtration test. In the first 

stage, membrane separation performance for single dyes and single salts was tested. In the next 

step, dye/salt mixtures at different salt concentrations were used as the feed solution to investigate 

the dye/salt selectivity of the membrane. For the first scenario, single salts and single dyes with a 

concentration of 1 g/L and 0.1 g/L were filtered separately through the membrane using a cross-

flow setup. For the second scenario, the same equipment and procedures were used to assess the 

dye/salt mixture separation performance of the membrane. In this case, dye/salt mixtures were 

prepared by mixing 0.1 g/L RR dye solution with varying concentrations (1 to 50 g/L) of inorganic 

salts, specifically NaCl and Na2SO4. In each case, the water flux was measured using eq. 4.3, and 

the rejection (R) was calculated using the following equation: ý (%) = (1 2 ÿþÿÿ ) × 100  (4.4) 

where ÿÿ and ÿþ are the solute concentrations in the feed and permeate, respectively. For inorganic 

salts, the feed and permeate concentrations were evaluated using the Fischer scientific AR50 ion 

conductivity meter. The dye solutions' concentration in the feed and permeate sides were assessed 

using a UV3Vis spectrophotometer (Agilent 8453). For each case, separate calibration curves were 

first generated using the known salt or dye solution concentration. All filtration tests were repeated 

at least three times to confirm the repeatability. 

ĆĄ(Ĉÿ22ℎ21) = ÿ (ýĄ)�ÿ (ÿ2)Ā(ýĄĈ21)&ā(ℎ) (4.3) 



4.2.4.3 Evaluation of the MWCO of membrane 

To determine the molecular weight cut-off (MWCO) of the membrane, a series of experiments 

were carried out using PEG solutions at a concentration of 250 ppm, with varying molecular 

weights ranging from 0.2 to 35 kDa. The MWCO measurements were conducted using a cross-

flow filtration setup, commencing from the filtration of the lowest molecular weight of PEG. The 

collected permeate and feed solution concentrations were analyzed using a total organic carbon 

analyzer (TOC-L CPH, Shimadzu, Japan). The stokes diameter (āþ) of the PEG solute can be 

calculated from the molecular weight (MW) of the PEG solute, using eq. 4.5 [269]. MWCO of 

membrane refers to the minimum molecular weight of PEG solute at R = 90%. A probability 

density function, as expressed in eq. 4.6, can be used to plot PEG rejection vs Stokes diameter to 

determine the pore size distribution of the membrane [257,277]. āþ = 33.46 × 10212 × ĉĂ0.557 (4.5) āý(āþ)āāþ = 1āþþĀ�þ:2ÿ exp [2 (þĀāþ 2 þĀµþ)22(þĀ�þ)2 ] (4.6) 

where µþ is the mean effective pore size at PEG solute rejection of R = 50%, and �þ represents the 

geometric standard deviation calculated from the ratio of Stokes diameter at R = 84.13% over that 

at R = 50%. 

4.2.4.4 Antifouling performance and stability test of membrane 

The antifouling performance of the membrane was analyzed using humic acid (0.1 g/L), BSA (0.1 

g/L), and dye/salt mixture (RR/Na2SO4) with a concentration of 0.1 g/L of dye and 1 g/L of salt, 

respectively. The antifouling test was carried out in two cycles, each lasting 5 hrs. At the outset of 

each experiment, the initial water flux (Jw) was set to ~43 LMH, achieved by adjusting the 

operating pressure while maintaining a concentrate flow rate of 3 LPM. After obtaining a steady 

flux, the deionized (DI) water was replaced with foulant solutions and filtered for 4 hrs. The change 

in flux (J1) with time while filtering foulant solutions was continuously recorded. Following each 

cycle, the membrane was thoroughly cleaned with deionized (DI) water to remove any remaining 

foulants. Next, the DI water was filtered again, and the water flux after cleaning (J2) was recorded. 

The antifouling ability of the membrane was then assessed using four fouling properties, namely 

flux decline rate (FDR), flux recovery ratio (FRR), reversible fouling ratio (Rr), and irreversible 



fouling ratio (Rir), which were calculated using eq. 4.7-4.10 as an index of antifouling 

performance.  

ĂĀý(%) = (1 2 Ć1ĆĄ) × 100   (4.7) 

Ăýý (%) = Ć2ĆĄ × 100 (4.8)     

ýÿ(%) = (Ć2 2 Ć1)ĆĄ )  × 100 (4.9) 

ýÿÿ(%) = (1 2 Ć2ĆĄ)  × 100 (4.10) 

The stability of the membrane at different pH conditions was also evaluated. To assess the pH 

stability, three pieces of the optimum membrane were immersed in pH 3, 6, and 9 for one day and 

then tested for RR/Na2SO4 (0.1 g/L and 1 g/L, respectively) mixture separation performance. The 

water flux and rejection were calculated using eq. 4.3 and 4.4. The dye/salt mixture (RR (0.1 

g/L)/Na2SO4 (1 g/L)) separation performance was also performed for three consecutive days (6 

h/day) to investigate the long-term separation performance of the PCL/SKL membrane. The 

permeate was collected every 2 hrs, and daily average rejection rates were reported in the study. 

Thermal analysis of the PCL/SKL membrane was carried out to check the thermal stability using 

dynamic scanning calorimetry (DSC) with a TA Instruments model Q200. Samples (weighing less 

than 5 mg) underwent scanning with a heating rate of 10 °C/min. These measurements were 

conducted under N2 atmosphere. 

4.2.4.5 Effect of ionic strength on separation performance of membrane 

The ionic strength of an aqueous solution can significantly impact membrane separation 

performance. To evaluate the effect of the ionic strength of the solution, varying concentrations of 

salts (ranging from 1 to 50 g/L) were introduced into the dye solution. The ionic strength (I, in 

mol/L) was determined using the following equation: ą = 12 ∑ýÿ2ÿÿ  (4.11) 

where Ci is the salt concentration (mol/L), and Zi represents the valency of salt ions. To delve 

deeper into the impact of salt concentration on the surface charge density of the membrane, we 



calculated the surface charge density (�Ă, C/m2) of the membrane using the equations as follows 

[2773279]: �Ă = āĂ�   (4.12) 

� = :( āćþÿ2ĊýĂ2ą)  (4.13) 

where  �, ā, and Ă stand for the Debye length (m), the absolute permittivity of the medium 

(C2/Nm2) and zeta potential (V), respectively. Additionally, ćþ denotes the Boltzmann’s constant 

(1.38 × 10238 J/K), while Ă, Ċý, and ÿ represent the elementary charge (1.6 × 10219 C), 

Avogadro’s number (6.023 × 1023 mol-1), and absolute temperature (K), respectively. 

Furthermore, the Freundlich adsorption isotherm (eq. 4.14) [280,281] was employed to establish 

a relationship between the surface charge density and the ionic concentration. ln �Ă = ln þ + ÿ ln ÿ  (4.14) 

where C denotes the salt concentration (mol/L), and the parameters (a and b) depend on the salt 

nature. 

4.3 Results and Discussion 

We fabricated biodegradable TUF membranes by combining a biobased hydrophilic additive 

(SKL) with a biodegradable hydrophobic polymer (PCL) through the NIPS method. The polymers 

were dissolved in a green solvent (AA) during the membrane fabrication to promote sustainability. 

The following sections will explore the impact of low-cost hydrophilic additive (SKL) on the 

membrane structure and performance. 

4.3.1 Membrane morphology and chemical composition of membrane  

The influence of hydrophilic SKL content on the morphology of the PCL/SKL membranes was 

evaluated using FESEM analysis. Figure 4.2 shows the top surface and cross-section of the 

fabricated PCL/SKL membranes using different SKL concentrations. All the membranes had very 

dense top surfaces, with no visible pores or defects, even at 40,000 magnifications. Figure C.S2 

provides the whole cross-section of the prepared membranes with and without the polyester 

support. The membranes exhibited an asymmetric structure, featuring a sponge-like substructure 

with a few macrovoids beneath the thin and dense top layer. No significant variations in cross-

sections were observed among the membranes fabricated at different SKL concentrations. The 



sponge-like cross-section with a very dense top surface suggests delayed demixing during the 

phase separation process [282]. This phenomenon is often associated with slow precipitation 

kinetics, typically leading to the formation of tight membranes [283]. The interconnected sponge-

like substructure with a dense upper layer can provide better mechanical strength, stability, and 

selectivity compared to finger-like morphologies [284,285]. The observed morphology in the 

PCL/SKL phase inversion membrane aligns with findings from previous work done by Gervand 

et al [286]. They reported a sponge-like morphological structure with a dense top surface in 

PCL/MXene nanofiltration membrane prepared through the NIPS method using NMP as a solvent. 

The delayed precipitation in the present work can be attributed to two factors: the heat of mixing 

of solvent and nonsolvent and the compatibility between polymer and solvent. It is generally 

known that instantaneous phase separation is favorable when the heat of mixing is exothermic, 

while endothermic heat of mixing leads to delayed phase separation [2873289]. In the case of an 

AA/water system, the heat of mixing is endothermic over a wide range of concentrations 

[290,291]. This is because the energy required to break the individual associated complexes is 

larger than the energy liberated in forming the mixed complexes (acetic acid monomers and dimers 

associate with water molecules). The polymer and solvent compatibility can also influence the 

precipitation kinetics during the phase inversion process. One commonly used method to assess 

polymer-solvent compatibility is based on the Hansen solubility parameters. A smaller difference 

in solubility parameters between the polymer and the solvent indicates a high compatibility, 

leading to a delayed phase separation and a sponge-like morphology in the membranes [273,287]. 

Table C.S1 provides the solubility parameters for PCL, SKL, and AA. The theoretical calculations 

revealed a very small difference in the interaction parameters between the polymers and the AA 

solvent. This further supports the slower precipitation rate during the phase separation of the 

fabricated membranes, ultimately resulting in an asymmetric membrane with a spongy sublayer. 

However, some studies reported different morphologies in PCL-based phase inversion 

membranes. Mruthunjayappa et al. prepared photoactive PCL/CA ultrafiltration membranes using 

dichloromethane (DCM) and DMF as solvents [274]. The prepared membranes exhibited porous 

surfaces with finger-like substructures.  



 

Figure 4.2. FESEM and AFM images of the fabricated PCL/SKL phase inversion membranes at different 

SKL concentrations: M1 (7 wt.%), M2 (8 wt.%), M3 (9 wt.%) and M4 (10 wt.%). The top and second rows 

show the top surface and cross-section FESEM images, while the last row presents AFM images of the 

membranes. 

In another study, Manholi et al. reported the effect of six different solvents on porous PCL-based 

phase inversion membranes [273]. They observed that varying the solvent types could impact the 

phase separation kinetics, shifting the membrane morphology from a finger-like structure to a 

spongy one. They concluded that a finger-like morphology was favored when solvents such as 

DMF, NMP, and triethyl phosphate (TEP) were employed. This was attributed to the exothermic 

heat of mixing of DMF/water, NMP/water, and TEP/water system and the higher value of solvent-

polymer interaction parameter (5-7.5 MPa1/2). In contrast, a sponge-like morphology was formed 

while using solvents like tetrahydrofuran (THF), acetone, and 1,4-dioxane, possibly due to their 

endothermic heat of mixing with water and lower value of polymer-solvent interaction parameter 

(1-4 MPa1/2). Hence, it can be inferred that the discrepancies in the morphologies observed in the 

existing literature are likely due to differences in the phase separation behavior induced by the 

various solvent types. This, in turn, affects the interaction parameters and the miscibility between 

solvent and nonsolvent during the fabrication process. 



To assess the presence of SKL in the PCL matrix, the elemental composition of the PCL/SKL 

membrane (M3) was analyzed using EDS, as shown in Figure C.S2. According to the EDS 

analysis, the fabricated PCL/SKL membrane contains carbon (74%), oxygen (21%), sodium 

(0.28%), and sulfur (4.22%) elements. PCL is commonly recognized as a polymer composed solely 

of carbon and oxygen elements [203]. Further analysis of elemental composition was conducted 

using XPS analysis (Figure C.S3). The survey spectra revealed the presence of carbon (at 285 

eV), sodium (1072 eV), oxygen (532 eV), and sulfur (at 165 eV) in the SKL-modified membrane 

(M3) [292]. The identification of sulfur through XPS analysis validates the presence of SKL within 

the modified membrane, a component not found in the pure PCL membrane.  Based on our 

previous study, elemental sodium and sulfur in the SKL originate from the ionic functional groups 

(e.g., sodium carboxylate and sodium sulfate) [293]. The surface morphology of the membranes 

was further characterized through AFM analysis (Figure 4.2). The surface average roughness (Ra) 

and root-mean-square roughness (Rq) values are presented in Table 4.2. The roughness values 

exhibited significant variations as the SKL content was increased in the PCL matrix. The 

membrane with the lowest SKL content (7 wt.%) showed the least roughness (⁓29 nm), while the 

highest roughness (⁓43.5 nm) was observed in the membrane with the maximum concentration of 

SKL (10 wt.%). The observed increasing trend in surface roughness with increasing SKL content 

can be related to the chemical composition and molecular structure inconsistency in PCL/SKL 

membranes. SKL is a complex 3D dimensional structure comprising aliphatic and aromatic groups 

in its backbone, while PCL is a linear aliphatic semicrystalline polyester [294,295]. Such a mixture 

likely creates surface voids, impacting surface roughness. The increased roughness leads to a 

higher specific surface area of the membrane, which, in turn, favors an increase in water 

permeability. The FTIR analysis was also carried out to determine the chemical composition of 

the fabricated PCL/SKL membranes. Figure 4.3A illustrates the FTIR spectra of various PCL 

membranes modified with SKL (M1, M2, M3, and M4). A pure PCL membrane typically displays 

characteristic peaks at 1150, 1725, and 2940 cm-1 (Figure C.S3), corresponding to the stretching 

vibration of C-O-C, C=O in aliphatic ester, and CH2 stretching vibration [272]. All PCL/SKL 

membranes (M1-M4) exhibited characteristic peaks similar to the neat PCL membrane except the 

peaks at 3000-3500 cm-1. The appearance of a broad peak at 3450 cm-1 is associated with the O-H 

stretching vibration of the SKL components, which include phenols and aliphatic alcohols 

[272,293].  



Table 4.2. Average surface roughness (Ra), root mean square roughness (Rq), roughness ratio (r), and 

solid-liquid interfacial free energy (&ăĀþ) values of the PCL/SKL membranes. 

Membrane Ra, nm Rq, nm r &���, mJ/m2 

M1 28.93 37.49 1.09 -91.5 

M2 36.23 46.55 1.11 -104.5 

M3 40.17 52.69 1.16 -106.6 

M4 43.48 57.88 1.31 -100.8 

As highlighted in Figure 4.3A, the intensity of this band exhibited a rising trend from M1 to M4, 

indicating an increasing quantity of SKL content in the resultant membrane. Additionally, FTIR 

spectra shifted slightly towards lower wavenumbers, suggesting potential hydrogen bonding 

interaction between PCL and SKL. Previous studies reported a similar trend in the PLA/lignin 

composite [231,232] and the PCL/SKL electrospun membrane [272]. In both cases, a shift towards 

lower wavenumbers was attributed to hydrogen bond formation between the hydroxyl groups of 

lignin and the carbonyl groups of PLA/PCL. Two additional bands at 620 and 1110 cm-1 can be 

attributed to the S=O and S-O stretching of sulfonate groups, respectively [120,293]. The peak at 

1590 cm-1 can be ascribed to the stretching vibrations of aromatic C=C bonds in SKL and C=O 

stretching of carboxylate groups [120,217]. The intensity of this peak showed an upward trend, 

indicating a higher quantity of SKL in the resultant membranes. In summary, all membranes 

modified with SKL displayed characteristic peaks corresponding to phenols, aliphatic alcohols, 

carboxylates, and sulfonate functional groups. These functional groups can enhance the 

hydrophilicity of the resulting membranes and contribute to the antifouling properties of the 

PCL/SKL membranes. 

4.3.2 Surface charge and wettability of membrane  

The surface charge of a membrane is a critical parameter to evaluate its separation properties, 

particularly when dealing with the separation of charged dyes and salts. The zeta potential values 

of the PCL/SKL membranes at varied pH (pH 3-9) are shown in Figure 4.3B. It can be seen that 

all membranes possess negative surface potential within the entire studied pH range. The surface 

charge became slightly more negative with the increase in SKL content in the PCL matrix  (e.g., 



(-40 mV (M1) to -45 mV (M3) at pH 7). The observed negatively charged surfaces in the 

membrane can be attributed to the ionization of the surface functional groups, such as carboxylates 

and sulfonates, originating from the SKL molecular structure. The negatively charged surfaces 

could contribute to the efficient separation of negatively charged solutes and anionic dyes due to 

the electrostatic repulsion effect [277].  

 

Figure 4.3. (A) ATR-FTIR spectra of PCL/SKL phase inversion membranes (M1, M2, M3, and M4); 

magnified FTIR spectra within the range of 3000 to 3500 cm-1 and 1480 to 1700 cm-1 are also included, (B) 

the surface charge of the PCL/SKL membranes at different pH (i.e., pH 3-9), and (C) water contact angle 

values for different PCL/SKL phase inversion membranes. 



The wettability of the PCL/SKL membranes was assessed by water contact angle (WCA) analysis. 

Figure 4.3C shows that the obtained WCA values are ~72°, ~60°, ~56°, and ~58° for M1, M2, 

M3, and M4 membranes, respectively, implying that the PCL/SKL membranes become more 

hydrophilic with increased SKL content in the PCL matrix. Previous studies on pure PCL-based 

phase inversion membranes reported high water contact angles (>80°) of the membranes due to 

the inherent hydrophobic nature of PCL [273,274]. The enhanced hydrophilicity in SKL-modified 

membrane can be attributed to the presence of abundant hydrophilic functional groups such as 

hydroxyl and carboxyl groups on the membrane surface [272]. Surface geometry could also affect 

the wettability of the PCL/SKL membranes. The increased surface roughness (Table 4.2) may 

contribute to the enhanced hydrophilicity of the SKL-modified membranes according to Wenzel 

equation (eq. 4.1). The surface free energy, an important parameter to determine the wettability of 

the membrane, also relies on the surface roughness and contact angle according to the modified 

Young-Dupre equation (eq. 4.2). A higher absolute value of interfacial free energy is preferred for 

an enhanced wettability of the membrane surface. As can be seen from Table 4.2, the &ăĀþ value 

increased from ~91 mJ/m2 for M1 to ~106 mJ/m2 for M3 membrane, suggesting an improved 

wettability that can enhance antifouling properties. Therefore, it can be concluded that the quantity 

of SKL content within the PCL matrix significantly impacts the surface free energy and, 

consequently, the wettability of the membranes. It is worth mentioning that the deviation in contact 

angle and surface free energy values for the M4 membrane compared to the M3 membrane, which 

goes against the observed trend, may be attributed to the lower-than-expected SKL content in the 

PCL matrix (M4). Some SKL leaching was observed in the coagulation bath during the PCL/SKL 

membrane fabrication at the highest SKL concentration (M4, 10 wt.%), which could cause these 

discrepancies. 

4.3.3 Membrane performance on separating single salts and dyes 

Figure 4.4A shows the pure water flux of the PCL/SKL membranes. All SKL-modified 

membranes showed reasonable flux at 40 psi except for M1, which showed zero flux, likely due 

to its low hydrophilicity. As shown in Figure 4.3C, M1 had the highest contact angle (~73°) 

among the SKL-modified membranes. M2 and M3 exhibited an increasing trend in water flux with 

increased SKL content. M2 had a minimum water flux of ~32 LMH, while M3 showed a maximum 

water flux of ~45 LMH. The water flux of M4 was lower than that of M3, approximately 37 LMH, 



with a large error bar. This can be ascribed to the leaching of SKL in the coagulation bath at high 

concentrations (10 wt.%), reducing the SKL loading and causing inconsistency in membrane 

fabrication. The lower hydrophilicity of M4 compared to M3, as depicted in Figure 4.3C, supports 

this result. 

To assess the potential of the PCL/SKL membranes for dye separation, three different anionic dyes 

(RR, RB, and MO) were filtered, and the dye rejection results are presented in Figure 4.4B. For 

the high molecular weight (MW) dyes (RR and RB, with the MW of 1469.9 Da and 991.8 Da, 

respectively), the rejection percentage of all membranes (M2-M4) was higher than 93%. In 

contrast, the smallest dye molecule, MO (MW: 327.3 Da), demonstrated the lowest rejection rate, 

ranging from 49 to 53%. The observed dye separation phenomenon can be attributed to the 

synergistic combination of electrostatic repulsion and size-sieving effect [27]. Among the SKL-

modified membranes, M3 demonstrated the highest water flux and rejection rate for all dyes; 

therefore, it is considered for further studies. The MWCO, as described in section 2.4.3, was used 

to determine the pore size of the optimum PCL/SKL membrane (M3). Figure 4.4C illustrates the 

molecular weight sieving curve and pore size distribution of the M3 membrane. The average pore 

size and distribution were determined using the probability density function of PEG rejection and 

its corresponding Stokes diameter (eqs. 4.5 and 4.6). The results revealed that M3 possessed a 

molecular weight cut-off (MWCO) of 8.69 kDa and a mean pore size of 2.46 nm. Additionally, 

the pore size distribution curve indicated a broad distribution of pores ranging from 1 to 10 nm 

within this membrane. 

Figure 4.4D shows the single salt rejection performance of the optimum SKL-modified membrane 

(M3). The membrane showed a high salt permeation, with the order of salt rejection as follows: 

Na2SO4 (⁓25%) > MgSO4 (⁓11.5%) > NaCl (⁓11.1%) > MgCl2 (⁓8%). As can be seen, salt 

retention for divalent anion (Na2SO4 and MgSO4) was higher than monovalent anion (NaCl and 

MgCl2). The observed salt rejection sequence can be explained based on the Donnan exclusion 

[220,267]. According to this mechanism, the repulsion between similarly charged monovalent ions 

and membrane surface is weaker than that of divalent ions. Therefore, the negatively charged M3 

membrane rejected more divalent anions than monovalent anions. 



 

Figure 4.4. (A) pure water flux of membranes (M2, M3, and M4), (B) single anionic dye (RR, RB, and 

MO) rejection of PCL/SKL membranes, (C) MWCO sieving curve of M3 membrane; pore size distribution 

of the membrane is also included, and (D) single salt rejections of the optimum membrane (M3). All values 

are reported from at least three different measurements from different samples. 

The effect of increasing salt (NaCl and Na2SO4) concentration on the salt rejection performance 

of the optimum membrane (M3) was also investigated. Previous studies have reported that 

increased salt concentration in the feed can substantially elevate the osmotic pressure of the 

solution, leading to a reduction in permeation flux in high-salinity dye wastewater [296]. However, 

as shown in Figures 4.5A and 4.5B, the M3 membrane experienced no significant flux decline at 

different concentrations of NaCl and Na2SO4. The flux remained within ± 3 LMH error margin of 

the average water flux (44 LMH). The consistent flux observed at high salt concentrations can be 

explained by the high salt permeation through the membrane, effectively minimizing the 

transmembrane osmotic pressure difference [255]. Figure 4.5 also demonstrates a decline in salt 

rejection with the increasing salt concentration. The rejection rate reduced from ~21% to ~1% for 



Na2SO4 and from ~12 to ~0.8% for NaCl by increasing the salt concentration from 1 to 50 g/L. 

This reduction in salt rejection is likely due to the suppressed Debye length and shielding of surface 

charge at high salt concentrations, leading to a weakened electrostatic repulsion effect between the 

membrane and charged ion species [264]. Overall, the combination of high dye rejection and salt 

permeation suggests a high potential for this SKL-modified membrane in the efficient fractionation 

of dye/salt mixtures. 

4.3.4 Membrane performance on separating dye/salt mixture 

Figures 4.5C and 4.5D illustrate the effect of salt concentration on the dye/salt mixture separation 

performance of the M3 membrane. In this test, RR dye concentration was fixed at 0.1 g/L, while 

NaCl and Na2SO4 concentrations varied between 1 and 50 g/L. At a low salt concentration of NaCl 

and Na2SO4 (i.e., 1g/L), the M3 membrane showed remarkable dye rejection (>90%) with high 

salt permeation (>80%), which suggested excellent dye/salt fractionation performance of the 

membrane. Although M3 had a high MWCO (8.69 kDa) and larger pore sizes (1-10 nm) than the 

feed solute size (RR, 1.47 kDa), the high dye rejection at the saltless and low salt concentration (1 

g/L) can be attributed to the electrostatic repulsion effect between the anionic dye and negatively 

charged surface [257,269]. However, the dye removal efficiency gradually declined with 

increasing salt concentration. The RR dye rejection reduced from ~90 to ~49% and ~93 to ~53% 

by increasing the NaCl and Na2SO4 concentration from 1 to 50 g/L, respectively. The 

corresponding rejection of NaCl and Na2SO4 salts also reduced significantly from ~14% to ~1% 

and ~22% to ~1%, respectively, with no significant change in water flux. Increasing salt 

concentration can significantly compress the electrostatic double layer of the membrane surface 

and weaken the electrostatic repulsion between anionic dye and membrane surface by screening 

the membrane surface charge, resulting in less dye rejection and high salt permeation [265,277]. 

Notably, if the electrostatic repulsion effect were the only mechanism governing dye removal 

efficiency, the membrane would exhibit negligible dye rejection at a high salt concentration (50 

g/L) due to an insufficient surface charge to repel anionic dyes at this concentration. Therefore, 

other factors like dye aggregation and steric hindrance can also impact the dye separation 

performance at different ionic strengths of the dye solution. It is reported in the literature that dye 

molecules can aggregate via π-π stacking interaction in aromatic rings, forming clusters of large 

molecular size due to a reduction in electrostatic repulsion between dye molecules at high ionic 

strength [264,267].  



 

Figure 4.5. Salt rejection and water flux at increasing concentrations of (A) NaCl and (B) Na2SO4; 

Separation performance of M3 Membrane at different dye/salt mixtures were also provided: (C) RR/NaCl 

and (D) RR/ Na2SO4. In both mixtures, dye concentration was 0.1 g/L, and salt concentration was varied 

from 1 to 50 g/L. All values are reported from at least three different measurements from different samples.  

This hypothesis is supported by the change in the maximum absorption peak of RR solution at 

different salt concentrations (Figure C.S5), aligning with the previous research, noting a peak shift 

due to dye aggregation [264,269].  

The contribution rate of different factors (i.e., charge, steric hindrance, and molecular weight 

effect) in dye separation was further examined in the following section according to the method 

proposed by Hu et al. [277] Figure 4.6A demonstrates the rejection of three anionic dyes and 

neutral PEG solutes at different molecular weights. It can be observed that the rejection of RR 

(~99%), RB (~97%), and MO (~53%) was significantly higher than the rejection of neutral PEG 

molecules of similar molecular weight (1479, 991, and 327 Da), which was 38%, 29%, and 13%, 

respectively. This indicates that other than the molecular sieving effect, the electrostatic interaction 

(charge effect) between negatively charged membrane and anionic dyes played a role in achieving 



high dye rejection. Additionally, the presence of stereoscopic structures with multiple benzene 

rings in dyes, unlike the linear structure of PEG, suggests that steric hindrance could also 

contribute to the separation of dyes in conjunction with the charge effect. The contribution rate of 

these factors, as presented in Figure 4.6B, can be calculated from Figure 4.6A. The contribution 

rate of the molecular weight effect was calculated from the rejection value of PEG with the same 

MW as the dye molecules. For example, the rejection of neutral PEG at 327 Da (equivalent MW 

as MO) was 13.5%, whereas the rejection of MO was 52.7%. Subsequently, the contribution rate 

was calculated, with 25.7% attributed to the molecular weight effect (dividing the MO rejection 

by the PEG rejection) and 74.3% to the charge and steric hindrance (subtracting the contribution 

rate of the molecular weight effect from 100%). It can be seen from Figure 4.6B that the 

contribution rate of molecular weight increased from 25.7% to 38.4%, while steric hindrance and 

charge effect contribution rate decreased from 74.3% to 61.6% with the increase in dye MW from 

327 Da (MO) to 1479 Da (RR). The contribution rate reveals that the rejection of different dyes at 

saltless conditions can be attributed to the combined effect of charge, steric hindrance, and 

molecular weight. However, when salt is present in the dye solution, the impact of these factors 

on dye separation may vary due to changes in membrane surface charge resulting from changes in 

ionic strength.  

To explore the effect of salt concentration on membrane charge, the zeta potential of the membrane 

(M3) was measured using different concentrations of KCl, as depicted in Figure 4.6C. It can be 

seen that the surface negative charge declined with the ionic strength due to the electrostatic 

shielding effect. Hence, the effect of electrostatic repulsion (charge effect) between membrane 

surface and anionic dyes is expected to reduce with increasing ionic strength, thereby leading to 

less rejection of dyes. This observation is further explored by measuring the surface charge density 

at various ionic strengths (Table C.S2) using eq. 4.11-4.13. The results reveal an increasing trend 

in surface charge density with ionic strength. The obtained charge density was plotted against the 

ionic strength using eq. 4.14, as shown in Figure 4.6D, which exhibited a linear relationship with 

a correlation coefficient of 0.98. This observation aligns well with the Freundlich adsorption 

isotherm, indicating that an increase in surface charge density results from the ion adsorption from 

the solution. As more ions accumulate with increasing ionic strength, more surface area will be 

covered, thus reducing the Debye length and membrane surface charge (Figure 4.6E). This aligns 

with the observed trend of dye rejection in Figures 4.5C and 4.5D at high salt concentrations. 



According to Gouy-Chapman-Stern theory, the increase in salt concentration is anticipated to 

result in complete surface coverage with counterions, neutralizing the charged surfaces and 

collapsing the diffuse layer [297,298]. Therefore, no charge effect on dye separation is expected 

at high salt concentrations. However, estimating zeta potential at higher ionic strengths using 

theories modeling ions as point charges, such as the Gouy-Chapman-Stern theory, is unreliable 

due to ion hydration and spatial extension. Moreover, Zeta potential measurement by electrokinetic 

analyzers is constrained by relatively low ionic strength, typically below 0.1 M. To further explore 

the charge effect at high salt concentration, the zeta potential was measured indirectly at high ionic 

strength using the extrapolation method proposed by Coday et al. [298]. This method combines 

streaming potential measurements with theoretical modeling, allowing estimation of zeta potential 

at higher ionic strengths [298]. To estimate zeta potential, a 1:1 electrolyte (KCl) solution was 

used at varying concentrations (1-100 mM), and streaming potential measurements (Table C.S2) 

were carried out on the optimum membrane. The obtained streaming potential coefficient (dU/dP) 

was then plotted against the inverse square root of electrolyte conductivity (k-1/2) on a log-log scale 

(Figure C.S6). It is worth noting that the electrolyte conductivity was verified to increase linearly 

with the ionic strength (0.001 to 1 M) (Figure C.S6). The inverse square root of conductivity was 

used since the Debye length equation (eq. 4.13) includes the inverse square root of ionic strength. 

The plot of (dU/dP) against (k-1/2) enables extrapolation of the streaming potential coefficient to 

high ionic strength, which was then used to estimate the zeta potential using the Helmholtz-

Smoluchowski equation [298]:  

Ă = āĀāĂ ăā ý (4.15) 

where 
ĂĀĂþ is the streaming potential coefficient, ă denotes the electrolyte viscosity, and k denotes 

electrolyte conductivity.  



 

Figure 4.6. (A) Rejection of anionic dyes and equivalent MW PEG solutes, (B) contribution rate of different 

factors for dye separation, (C) zeta potential values at different pH (3-9) with increasing ionic strength 

(0.001-1 M KCl), (D) surface charge density and concentration relation, (E) change of streaming potential 

coefficient and Debye length with ionic strength, and (F) extrapolated zeta potential values at high ionic 

strength (0.001 to 1 M KCl). 

 



Figure 4.6F shows the extrapolated zeta potential values at different ionic strengths (0.001 to 1 

M). The zeta potential exhibited a sharp decrease at low concentrations (ranging from 0.001 to 0.1 

M ionic strengths) and subsequently experienced a marginal reduction beyond the 0.2 M ionic 

strength values. Interestingly, it remained almost constant above 0.7-0.8 M, corresponding to a 

Debye length of 3.5-3.2 Angstrom, equivalent to the hydration radius of potassium ion (3.31 

Angstrom). This indicates that the diffuse layer shrinkage is limited to the hydrated size of 

counterions. Therefore, complete charge neutralization will not occur even at a very high KCl, 

NaCl, or Na2SO4 concentration, which aligns with the zeta potential value (~-13 mV) obtained at 

high ionic strength (1M), as shown in Figure 4.6F. Hence, the charge effect, even though to a 

lesser extent, can still influence dye rejection at higher salt concentrations (10-50 g/L). 

Based on the above observation, it can be concluded that the charge effect was the dominant factor 

for dye separation at low salt concentration, while its contribution rate reduced with increasing salt 

concentration but cannot be neglected completely. It is worth mentioning that while the developed 

PCL/SKL membrane demonstrated effective separation of dye/salt mixtures up to a salt 

concentration of 10 g/L, its efficiency was reduced at higher salt concentrations (50 g/L). Future 

work could focus on enhancing the dye/salt selectivity, particularly under highly saline conditions, 

without compromising water flux. This improvement might involve surface coating or introducing 

an additional bio-based additive to create a more tightly selective PCL/SKL membrane. 

4.3.5 Antifouling performance stability of membrane 

Figure 4.7 (A-F) presents the antifouling performance of the PCL/SKL membrane (M3) while 

filtering RR (0.1 g/L) / Na2SO4 (1 g/L) mixture, humic acid (0.1 g/L), and BSA (0.1 g/L) solutions. 

Figure 4.7A shows that the flux of the membrane reduced slightly in the first cycle, decreasing 

from ~43 LMH to ~40 LMH while using RR/Na2SO4 mixture as feed solution. However, the flux 

was restored after a simple rinsing with water, and a similar trend was observed in the second 

cycle. The corresponding fouling properties (Figure 4.7D) at the end of the fouling test exhibited 

impressive results with a high FRR (~99%), low FDR (~4.61%), Rr (~4%), and Rir (<1%), 

indicating an excellent fouling resistance of PCL/SKL membrane toward dye solution. Figure 

4.7B demonstrates the flux change with time while using humic acid as a feed solution. Like the 

dye/salt mixture, the flux initially decreased, followed by stabilization. Flux recovery was 

observed after hydraulic cleaning. The antifouling index (Figure 4.7E) also showed high FRR 



(~98%) and very low FDR (~7%), Rr (~6%), and Rir (~1%). The antifouling behaviour of the M3 

membrane was further explored by filtering BSA solution (0.1 g/L) (Figure 4.7C and 4.7F). The 

membrane maintained its excellent antifouling performance with high FRR (~97%) and very low 

FDR (~8%), Rr (~6%), and Rir (~3%). The SEM images of the membranes taken before and after 

the fouling tests (Figure C.S7) revealed no significant deposition of foulants, indicating the 

excellent antifouling performance of the membrane. The remarkable antifouling properties of the 

PCL/SKL membrane can be attributed to its negatively charged surface and excellent 

hydrophilicity. The excellent wettability of the membrane can be ascribed to the hydrophilic 

functional groups (e.g., hydroxyl and carboxyl groups) on the membrane surface (as illustrated in 

Figure 4.3A). The hydrophilic groups effectively attract water molecules, thus forming a hydration 

layer on the surface, preventing the adsorption of contaminants [257,260]. Moreover, the 

electrostatic repulsion between the negatively charged membrane surface (Figure 4.3B) and 

anionic foulants (dye and humic acid) restricts the attachment of foulants on the membrane surface, 

enhancing fouling resistance of the PCL/SKL membrane [269]. The negative charge of the 

membrane and its electrostatic repulsion effect towards anionic foulant was further explored by 

immersing the membrane in both anionic and cationic dye solutions. It can be observed from 

Figure 4.7G that positively charged dyes (Methylene Blue and Rhodamine B) were adsorbed on 

the membrane surface after its exposure to the cationic dye solution overnight. On the other hand, 

a clean membrane was obtained after exposing the membrane to an anionic dye (RR) solution 

overnight, indicating its negative charge on the surface and electrostatic repulsion effect towards 

anionic dyes. 

The SKL-modified membrane also exhibited excellent stability in a wide pH range (pH 3-9). The 

membranes exposed to different pH conditions were tested to assess their separation performance, 

as shown in Figure 4.7H. The membrane flux and dye/salt rejection remained almost stable at all 

conditions, suggesting excellent PCL/SKL membrane stability in this pH range. Figure 4.7I shows 

the long-term dye/salt separation performance of the membrane. The result exhibited a slight 

reduction in flux from ⁓42 LMH (1st day) to ⁓38 LMH on the 2nd day, followed by stable flux on 

the third day. The flux decline was likely due to the compaction or dye solute built up during the 

long-term experiments. However, the membrane exhibited high dye rejection (>90%) and low salt 

rejection (<20%) during the test for three consecutive days.  



 

Figure 4.7. Antifouling performance and fouling properties of PCL/SKL membrane(M3): (A, D) RR (0.1 

g/L)/Na2SO4 (1 g/L) mixture in the feed, (B, E) Humic acid (0.1 g/L) in the feed solution, (C, F) BSA (0.1 

g/L) in the feed solution; (G) Dye adsorption behavior of M3 membrane after immersing the M3 membrane 

overnight in solutions containing cationic dyes (Methylene blue and Rhodamine B) and anionic dye 

(Reactive red); (H) RR (0.1 g/L)/Na2SO4 (1 g/L) separation performance of M3 membrane after immersing 

at different pH (pH 3, 6, and 9) for 1 day, and (I) shows the long-term performance of PCL/SKL (M3) 

membrane.  

It is worth mentioning that SKL content in the PCL matrix had excellent stability. In our recent 

research on PCL/SKL membrane, we observed no leaching of the SKL content from the PCL 

matrix, with the SKL content being less than 10 wt% [272]. This excellent stability was attributed 

to the hydrogen bonding interaction and strong compatibility between PCL and SKL. Additionally, 

we demonstrated that the presence of hydrophilic SKL content accelerated the biodegradation rate 

of the PCL/SKL membrane [272]. The DSC analysis (Figure C.S3) showed that the prepared 



PCL/SKL membrane has a melting point of around 60°C, indicating its suitability for wastewater 

treatment application at a temperature below this threshold.  

Table 4.3. Dye/salt mixture separation performance of PCL/SKL membrane (M3) and other reported 

membranes in the literature. 

Membrane Dye/Salt mixture 
PWP, 

LMH/bar 

Rejection 

(Dye/Salt) % 

Selectivity 

(Rdye/Rsalt) 
Ref. 

TA/GOQDs MB/NaCl 11.7 97.6/17.2 5.7 [299] 

AL/SL CR/NaCl 63.1 96.3/15.4 6.3 [267] 

PAI/PEI MG/NaCl 18.5 95/11.3 8.4 [300] 

PS-b-PEG CR/NaCl 49.3 98.7/0.1 987 [301] 

MoS2-

PSBMA/PES 
RB/NaCl 18.05 98.2/1.1 89.2 [302] 

HNTs-

PIL/PES 
RR/Na2SO4 7.75 85/3 28.3 [303] 

sPPSU 
Disperse Blue 

1/Na2SO4 
15 99.26/4.89 20.3 [27] 

NF-SPEI RR/NaCl 33.3 97/3.2 30.3 [304] 

GO-

PSBMA/PES 
RR/ Na2SO4 11.98 97.2/10 9.72 [305] 

PCL/SKL 

RR/ Na2SO4 
15.3 

 

93.1/20 (1g/L) 

53/1.1 (50 g/L) 

4.65 (1g/L) 

48.2 (50 g/L) This 

work 
RR/NaCl 

91.5/9.5 (1g/L) 

51.1/1 (50 g/L) 

9.63 (1g/L) 

51.1 (50 g/L) 

* PWP (pure water permeability); GOQDs (Graphene oxide quantum dots); PAI (polyamide-imide); MoS2-PSBMA 

(Molybdenum disulfide modified by zwitterionic 2-methacryloyloxy ethyl dimethyl (3-sulfopropyl)-ammonium) 

hydroxide sulfobetaine methacrylate); HNTs-PIL/PES (poly (ionic liquid) brush modified Hallosyte nanotube/PES); 

MG (Methyl Green); RB (Reactive Black); RR (Reactive Red); AL (Alkaline lignin); SL (Sodium lignin sulfonate); 

sPPSU (sulfonated polyphenylene sulfone); SPEI (Sulfonated polyethyleneimine); CR (Congo Red); PSBMA 

(poly(sulfobetaine methacrylate)). 



Moreover, the PCL/SKL membrane prepared in the present study exhibited robust mechanical 

stability, primarily due to the nonwoven polyester fabric serving as a support. There were no 

instances of membrane detachment from the support observed before or after the experiments 

under both wet and dry conditions. The cross-section SEM image (Figure C.S2 E, F) also showed 

membrane formation inside the nonwoven polyester support, which favors strong attachment of 

the PCL/SKL membrane with the support. For further evaluation, we provided digital images of 

the membrane before and after bending and twisting the membrane (Figure C.S8), which confirms 

the excellent mechanical stability of the membrane as no cracks or detachments were observed. A 

supplementary video is also provided showing the mechanical robustness of the PCL/SKL 

membrane. 

Table 4.3 compares the separation efficiency for dye/salt mixtures between the PCL/SKL (M3) 

membrane prepared in this study and membranes reported in previous research. The findings 

indicate that the SKL-modified phase inversion membrane shows comparable dye and salt 

separation performance, particularly at low salt concentrations. Although selectivity was improved 

at higher ionic strength, we observed relatively low dye rejection with increasing salt 

concentrations. It is worth mentioning that most membranes examined in prior studies were either 

prepared from non-biodegradable fossil-based materials or required toxic solvents. In contrast, the 

PCL/SKL membranes are exclusively derived from biobased and biodegradable polymers, and the 

solvent used was green and non-toxic. Future research could investigate potential modifications 

such as coatings or membrane crosslinking to enhance the dye removal efficiency under high 

salinity conditions. Hence, the green PCL/SKL membrane developed in this study with excellent 

antifouling properties holds promise as an eco-friendly solution for separating dye/salt separation. 

These membranes have significant potential to be used in nanofiltration (NF) or microfiltration 

(MF) applications by controlling process parameters and preparation techniques. For instance, 

adjusting the composition of PCL and SKL, adding pore formers, or applying surface 

modifications like interfacial polymerization can tailor membrane structure, improve performance, 

and broaden their application in NF or MF processes. 

4.4 Conclusion 

This study highlights a facile and scalable fabrication of a green and biodegradable phase inversion 

membrane for dye/salt separation by simply blending biodegradable PCL with the low-cost 



biobased additive SKL. We also employed acetic acid as an environmentally friendly and green 

alternative solvent to enhance the sustainability of the membrane fabrication process. A 

comprehensive analysis of the influence of hydrophilic SKL content on membrane structure and 

morphology was carried out using SEM, AFM, FTIR, WCA, and zeta potential analyses. We 

observed that adding hydrophilic SKL in the PCL matrix made the membrane more hydrophilic 

and rougher. Moreover, hydrophilic functional groups such as hydroxyl and carboxyl groups of 

SKL made the membrane surface more negative. The optimum PCL/SKL membrane, with an SKL 

concentration of 9 wt.% (M3), exhibited excellent water flux (~45 LMH) with impressive dye 

rejection (>98% for RR) and high salt permeation (>90% for NaCl) at low salt concentrations. 

However, the membrane showed a decline in RR dye rejection from ~90% to ~50% with increasing 

salt concentration (1-50 g/L). The corresponding permeation of NaCl and Na2SO4 salts also 

increased significantly from ~86% to ~99% and ~78% to ~99%, respectively. The dye rejection 

behavior of the M3 membrane at different salt concentrations was attributed to the combined effect 

of charge, steric hindrance, and molecular size. The M3 membrane exhibited excellent antifouling 

properties during dye and humic acid filtration with high FRR (>98%) and low FDR (< 7.5%). 

The PCL/SKL membrane also exhibited excellent stability and consistent separation performance 

over a long period. Overall, the green and biodegradable PCL/SKL membrane prepared in this 

study paved a new way toward sustainable membrane fabrication for wastewater treatment 

applications. 

  



                                                        

Conclusion and Future Work 



5.1 Summary of key findings 

This comprehensive PhD research addresses the sustainability challenges in polymeric membrane 

fabrication, which often uses fossil-based polymers and toxic organic solvents, leading to 

significant environmental and health risks. It provides insights on using biodegradable materials 

and green solvents, characterization techniques, major challenges, and future trends for sustainable 

membrane production. 

Pursuing the 12 green chemistry principles is a key objective in various research fields to reduce 

or eliminate hazardous and toxic materials in chemical reactions and applications. Membrane 

science and technology play a crucial role across many industries, yet they face challenges in 

aligning with green chemistry and sustainability goals. A significant issue is the widespread use 

of toxic solvents in polymeric membrane fabrication, which contradicts green chemistry principles. 

Thus, finding alternative, greener solvents to replace conventional ones has become a hot topic. 

Moreover, membrane production relies heavily on finite fossil resources, exacerbating resource 

depletion and environmental degradation. These fossil-based nonbiodegradable polymers present 

significant environmental challenges, as they do not degrade naturally, leading to persistent waste 

in landfills and oceans. Disposing of these membranes creates long-term ecological issues, as they 

can release microplastics and other contaminants. Overall, the reliance on nonbiodegradable 

polymers undermines sustainability efforts and necessitates a shift towards eco-friendly, 

biodegradable alternatives.  

Five different strategies are proposed by the researchers to improve sustainability in the membrane 

manufacturing phase. First, nonbiodegradable fossil-based polymers should be replaced with 

renewable bio-based polymers, which are biodegradable, biocompatible, versatile, low in carbon 

footprint, and socially accepted. Second, greener alternatives to traditional, toxic solvents should 

be used. Third, wastewater containing organic solvents and polymers generated during fabrication 

should be treated. Fourth, fabrication steps should be reduced to decrease the use of toxic solvents, 

energy consumption, and costs. Finally, casting solutions should be prepared at room temperature 

to lower energy consumption further. 

The first part of the PhD research showed a promising strategy to enhance the permeability of 

PSS/PEI membrane prepared by APS process. This work focused on eliminating the use of toxic 

solvents as well as enhancing the APS membrane performance. This study systematically 



investigated the influence of two parameters, i.e., monomer mixing ratio and casting solution 

temperature, on the performance of PSS-PEI membranes. By adjusting the monomer mixing ratio, 

both NF and UF membranes were prepared. NF membranes, with MWCO values of ~214 Da and 

~294 Da, were achieved at monomer ratios of 1:1.65 and 1:1.70, respectively, while UF 

membranes with MWCO values between ~10-50 kDa were obtained at higher monomer ratios. 

Excess PEI in the casting solution significantly affected membrane morphology, altering pore size, 

surface roughness, and charge. Permeability increased with higher monomer ratios due to the 

synergistic effects of excess charges and larger pores. NF membranes demonstrated higher 

retention of divalent salts compared to monovalent salts, following the order: MgCl2 > MgSO4 > 

Na2SO4 > NaCl, indicating a separation mechanism based on size and Donnan exclusion. UF 

membranes exhibited excellent retention of proteins and natural organic matter, particularly those 

prepared with monomer ratios above 1:1.75, which displayed pattern-like surfaces. Casting 

solution temperature was another crucial factor, with higher temperatures (40°C and 60°C) leading 

to faster precipitation, larger pore sizes, and thinner skin layers. This resulted in a sharp increase 

in PWP from ~8 to ~140 LMH/bar as the temperature rose from 25°C to 60°C.  

Although the previous research successfully reduces the usage of toxic solvents, the use of fossil-

based nonbiodegradable polymers still remains a challenge. Exploring environmentally friendly, 

renewable, and cost-effective raw materials is crucial for sustainable membrane fabrication. 

Therefore, the second part of the PhD research was focused on preparing biodegradable 

membranes to promote sustainability in membrane fabrication. In this study, a biodegradable 

electrospun nanofibrous membrane was fabricated for oily wastewater treatment by blending PCL 

with a waste byproduct, SKL. The impact of SKL on the membrane's morphology, composition, 

and mechanical properties was analyzed using SEM, FTIR, and tensile testing. Adding SKL 

resulted in thicker fibers with nanonet-like structures and increased the membrane's negative 

surface charge due to hydrophilic anionic functional groups. The tensile strength of the membrane 

improved due to the rigidity of SKL and hydrogen bonding with PCL. The membrane's wettability 

changed from hydrophobic to superhydrophilic and underwater superoleophobic with SKL 

addition. SKL-modified membranes exhibited high water flux (800-900 LMH) and emulsion flux 

(170-480 LMH) in filtering various oil-in-water emulsions. They also demonstrated excellent anti-

oil-fouling performance, with 97-99% separation efficiency and a flux recovery rate of over 98%. 

The membranes showed outstanding reusability, structural stability, and wettability across a wide 



pH range without leaching. This study concludes that incorporating SKL in PCL electrospun 

membranes provides superhydrophilicity and excellent structural stability, making them effective 

for oily wastewater treatment. 

The final phase of the research built upon earlier findings that identified SKL and PCL as effective 

materials for preparing biodegradable membranes. This phase shifted focus to developing 

PCL/SKL-based membranes through a nonsolvent-induced phase separation process, in contrast 

to the electrospinning technique used in the previous research. This study introduced a scalable, 

eco-friendly method for preparing biodegradable PCL/SKL-based phase inversion membranes for 

dye/salt separation, using acetic acid as a green solvent to enhance sustainability in the fabrication 

process. Comprehensive analyses using SEM, AFM, FTIR, WCA, and zeta potential indicated that 

adding hydrophilic SKL to the PCL matrix increased the membrane's hydrophilicity and 

roughness, while also introducing more negative surface charges due to SKL's hydroxyl and 

carboxyl groups. The optimal membrane, with 9 wt.% SKL (M3), demonstrated impressive 

performance with a water flux of ~45 LMH, dye rejection of over 98% for RR, and high salt 

permeation (>90% for NaCl) at low salt concentrations. However, dye rejection decreased from 

~90% to ~50% as salt concentration increased (1-50 g/L), while salt permeation for NaCl and 

Na2SO4 increased significantly. The membrane's dye rejection behavior was influenced by charge, 

steric hindrance, and molecular size. The M3 membrane also showed excellent antifouling 

properties during dye and humic acid filtration, with a high flux recovery ratio (FRR >98%) and 

low flux decline ratio (FDR <7.5%). The PCL/SKL membrane also exhibited stability and 

consistent performance over time. Overall, this green and biodegradable PCL/SKL membrane 

offers a sustainable solution for wastewater treatment applications.

5.2 Future work 

Green and sustainable membranes are crucial for advancing the circular economy and achieving 

sustainable development goals. They align with circular growth principles in water treatment, 

filtration, energy production, and material separation. Developing advanced membrane materials 

with enhanced mechanical, thermal, and chemical stability and competitive or superior 

performance compared to conventional membranes is increasingly crucial from industrial and 

environmental perspectives. Natural components and materials in membrane technology offer 

significant advantages, including inherent biocompatibility and biodegradability, making them 



more environmentally friendly than conventional synthetic materials. Utilizing renewable 

biopolymers or waste valorization in sustainable membrane development reduces natural resource 

consumption and maximizes resource utilization, aligning with the circular economy's objectives. 

However, using biopolymers in membrane fabrication presents several challenges, including 

ensuring adequate mechanical strength and stability to match or exceed conventional materials. 

Additionally, the processing and scalability of biopolymer-based membranes can be complex and 

costly, requiring significant research and development. Lastly, finding compatible, non-toxic 

solvents for biopolymers that do not compromise membrane performance adds another layer of 

difficulty to their widespread adoption. 

Membrane scientists are also aware that eliminating toxic solvents from membrane fabrication 

processes is a significant future challenge. The choice of solvent for membrane preparation 

depends on various factors. A crucial requirement for a diluent in phase inversion is its ability to 

dissolve the selected polymer at room temperature or at high temperatures. The type of solvent 

significantly affects the final membrane morphology and properties. However, transitioning to 

environmentally friendly solvents that meet regulatory standards poses challenges, particularly 

regarding their performance and competitive pricing. This shift requires careful consideration to 

balance sustainability with effectiveness and cost-efficiency. 

Overall, using biodegradable materials and non-toxic solvents enhances human health and 

environmental well-being and is essential for fostering a greener and more sustainable membrane 

manufacturing industry. Researchers and industry stakeholders are actively exploring innovative 

processing techniques and improving the understanding of the structural characteristics of 

biopolymers to overcome the underlying challenges.  

Key aspects of next-generation membrane technology include reduced toxicity, decreased 

environmental persistence, an intelligent platform, and alignment with the circular economy. 

Considering the recent technical advancements and ongoing challenges in sustainable membrane 

fabrication critically reviewed in this article, the following recommendations for future research 

are proposed: 

1. The organic solvent-free aqueous phase separation (APS) process offers a sustainable alternative 

to the traditional nonsolvent-induced phase separation process yet faces challenges due to the use 

of fossil-based polyelectrolytes and the low water permeability of APS membranes. 



Polyelectrolytes hold significant promise for creating next-generation membranes with advanced 

functionalities. The field is still evolving, and future research is expected to explore 

multifunctional polyelectrolyte membranes that combine properties like low fouling, easy 

cleaning, and specific selectivity. One inherent benefit of polyelectrolytes is their water solubility, 

which permits the formation of polyelectrolyte coatings and standalone membranes without 

requiring organic solvents. This advantage can be further leveraged by using biobased 

polyelectrolytes (PEs) in membrane separations. Although recent studies have explored 

monovalent anion selectivity and pervaporation using biodegradable PEs [3063308], such as 

chitosan derivatives, there is considerable potential to investigate PEs like pectin, alginic acid, and 

cellulose derivatives for membrane-based separations. 

2. The use of petroleum-based polymers in membrane materials poses significant environmental 

concerns, while biobased polymers present a sustainable alternative. However, biopolymers face 

challenges such as poor mechanical properties, instability over long-term use, and high costs. 

Further research is essential to refine membrane preparation using biobased materials to achieve 

performance on par with or exceeding that of petroleum-based membranes. Biopolymers offer 

unique properties like high porosity, surface area, and sometimes comparable mechanical strength, 

making them suitable for various applications. Natural materials like cellulose, chitin, and silk 

fibroin in membrane technology offer excellent mechanical strength, biocompatibility, and 

biodegradability. Additionally, these materials can be functionalized and modified; for example, 

chitosan and lignin can be altered to provide antibacterial properties and enhanced selectivity for 

specific ions. Combining natural materials with carbon nanotubes, graphene, or metal 

nanoparticles further enhances their properties and functionality [308,309]. Additionally, cross-

linking or plasma treatment techniques may be employed to improve the mechanical and functional 

properties of biopolymer-based membranes. The future of green or natural component-based 

membranes in water treatment and other applications appears promising, with ongoing research 

focused on improving performance and expanding their uses. 

3. The utilization of green solvents to substitute current toxic ones is another important strategy to 

improve the sustainability of the membrane manufacturing process. However, environmental 

advantages alone most likely cannot enable the widespread adoption of green solvents, other 

factors related to its compatibility with polymers, performance, health, and cost should also be 



taken into account. Ensuring that green solvents effectively dissolve and interact with the chosen 

polymers is crucial for achieving the desired membrane properties. Additionally, the impact of 

solvent on the final membrane's morphology, stability, and functionality needs thorough 

evaluation since it can significantly affect the thermodynamics and kinetics of the phase separation 

process. Balancing these factors requires careful evaluation to ensure that the chosen green solvent 

not only aligns with sustainability goals but also supports the practical requirements of membrane 

fabrication. 

4. Exploring environmentally friendly, renewable, low-cost raw materials is vital for sustainable 

membrane fabrication. Future research should focus on developing scalable, biodegradable 

membranes using commercially available, low-cost biopolymers with excellent thermal and 

mechanical properties, such as PBAT and PLA. These biopolymers are promising due to their high 

production capacity, superior properties, and suitability for thin film preparation. Despite their 

successful use in various industries, including packaging and biomedical applications, the potential 

of PBAT and PLA in membrane technology remains underexplored. Further investigation is 

needed to fully understand and optimize their capabilities for membrane applications. 
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Appendix A 

 

Figure A.S1. Photographs of (A) membranes prepared at different monomer ratios, and casting solution 

temperatures and (B) casting solutions and their pH at different monomer ratios.



 

Figure A.S 2. (A) Pure water permeability vs time of membranes prepared at different monomer ratios 

(1:1.65, 1:1.70, and 1:1.75), (B) Pure water permeability vs time of membranes prepared at 1:1.80 monomer 

ratio, (C) Pure water permeability of membrane (1:1.70) after treated with pH 1, 4, and 8 for 7 days and (D) 

Pure water permeability vs time of membranes prepared from different casting solution temperatures (25 

to 60°C) 

Figure A.S3. (A) Flux decline rate (FDR) and (B) Flux recovery rate (FRR) of membranes prepared at 

different monomer ratio (1:1.75 and 1:1.80) after filtering BSA and HA solution; Images of the feed (F), 

retentate (R) and permeate (P) of HA solution are shown in the inset. 



 

Figure A.S4. (a) Sieving curve to determine MWCO for membranes prepared at 1:1.65 and 1:1.70 

monomer ratio (b) Sieving curve to determine MWCO for membranes prepared at 1:1.75 monomer ratio, 

(c) Sieving curve to determine MWCO for membranes prepared from different casting solution 

temperatures (25 to 60°C). Different MW of PEG, i.e., 0.2, 0.4, 0.6, and 1 kDa were used for nanofiltration 

membranes, and 0.2, 6, 10, 20, and 35 kDa were used for ultrafiltration membranes. 

Figure A.S5. (a) Change of shear viscosity with the shear rate for membranes prepared from different 

casting solution temperatures (25 to 60°C), (b) Change of pure water permeability with time and HA 

retention results for membranes prepared from different casting solution temperatures (25 to 60°C) 



 

Figure A.S6. AFM images and surface roughness values of the membranes prepared at different 

temperatures of the casting solution. PSS-PEI at a ratio of 1:1.70 was used for preparing the casting solution. 

 



 

Figure A.S7. (a) FTIR images showing the chemical composition of membranesprepared from different 

casting solution temperatures (25 to 60°C), (b) Zeta potential vs pH of membranes prepared from different 

casting solution temperatures (25 to 60°C) 

 

 

 

Figure A.S8. Contact angle images of membranes prepared from different monomer ratios (1.65 to 1.80) 

and casting solution temperatures (40 and 60°C). 
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Figure B.S1. (A) SKL solution in Acetic acid at 10 wt% and 12 wt%. Some undissolved SKL can be 

noticed at 12 wt% (in rectangular box); (B) Nanonet structure in PCL (15 wt%) / SKL (7 wt%) electrospun 

membrane. 

 
Figure B.S2. Optical images of the fibers formed from dope solutions at different concentrations of PCL, 

i.e., 10 wt%, 15 wt%, 20 wt%, and 25 wt% of PCL solution 

 



 

 

 

 

Figure B.S3. (A) Energy dispersive spectrum analysis of PCL/SKL electrospun membrane (L-10) obtained 

at 10 wt% SKL concentration. Fishnet-like nano webs were observed both on top and underneath the 

surface: (B) Fishnet-like nano webs underneath the surface, C) Zoomed image of the nano webs underneath 

the top surface 

Figure B.S4. Differential scanning calorimetry curves of neat PCL and SKL-modified electrospun 

membrane (L-10) (second run)  



Figure B.S5. (A) Water contact angle of neat PCL (L-0), (B) Dynamic water contact angle of L-1, L-5, and 

L-10 electrospun membranes, and (C) Underwater oil contact angle of L-0, L-1, and L-5 membranes.  



Figure B.S6. Dynamic underwater mineral oil contact angle of L-10 membrane after the cyclic test 

  

Figure B.S7. (a) Dynamic underwater mineral oil adhesion behavior of L-10 membraneafter pH stability 

test for 72 h, (b) L-10 membrane at different pH mediums, red rectangle shows the brownish solution after 

the stability test, indicating lignin leaching at pH 12. This sample at pH 12 was too fragile to handle, and 

hence could not be used for contact angle analysis. 



  

Figure B.S8. SEM images of L-10 electrospun membrane after long-term use and pH stability test (a) after 

10 cycle test, (b) pH 1, (c) pH 5, and (d) pH 10. The pore sizes on the nanonet structure in the SKL-modified 

membranes were not uniform all over the membrane surface. In some parts, it contains tiny pores; in others, 

it may contain larger pores (as seen in Figure S8 for the electrospun membrane after the pH 10 stability 

test). To further clarify, the pore sizes of the nanonets in SKL-modified membranes after and before pH 

stability tests were estimated using Image-J software (at least for 100 nanonet pores). The nanonet pore size 

before the pH stability test was ~730 ± 234 nm, whereas after the pH stability test, pore sizes were ~683± 

384 nm and ~637 ± 409 nm for membranes tested at pH1 and pH10, respectively. This indicates that the 

pore sizes were almost the same (within the range) before and after pH stability tests. It is worth noting that 

the nanonet pore sizes are smaller than the oil droplet sizes (1-4 µm). Moreover, as a proof of concept, the 

mineral oil/water separation test was performed for electrospun membranes (after the pH 10 stability test). 

The emulsion flux and mineral oil rejection were ~470 LMH and ~98.9%, respectively, which were similar 

to the membrane performance before the pH stability test. 

 

 



 

Figure B.S9. SEM images of L-10 electrospun membrane before (A) and after (B) the soil burial test for 2 

months. The SEM image (C) shows the magnified image of the membrane after the burial test. 

Figure B.S10. Weight loss of neat PCL and SKL-modified L-10 electrospun membranesduring soil burial 

test for one month 



 

Figure B.S11. Gravity-driven mineral oil in water emulsion filtration using SKL-modified L-10 

electrospun membrane. The oil/water emulsion filtration experiment was performed for 7 hrs. 

 

Table B.S1. Details of the composition and electrospinning operationparameters used for PCL 

composition optimization. 

PCL 

(wt%) 

Glacial acetic 

acid (wt%) 

Electrospinning parameter 

Result Voltage 

(kV) 

Distance 

(cm) 

Flowrate 

(mL/h) 

10 90 18 18 1 Small droplets; Fiber starts forming 

15 85 18 18 1 
Smooth, uniform, and interconnected fiber 

formation 

20 80 18 18 1 
Less fiber formation; highly viscous 

solution 

25 75 18 18 1 
Less fiber formation; highly viscous 

solution 



Table B.S2. HSP values for PCL, SKL, and AA. 

Polymer/Solvent δD δP δH δ, calculated Ref 

PCL 17.7 6.2 7.8 20.31181922 [310] 

SKL 17.6 2.8 12.6 21.82567296 [311] 

Glacial AA 14.5 8 13.5 21.36586062 [310] 

 

The Hansen solubility parameter (HSP) is a useful tool for evaluating the compatibility between 

two materials [32,33]. The HSP method involves assigning three parameters to each molecule, 

which quantitatively represent different aspects of bonding: the polar (atomic) bonding (·P), the 

permanent dipole-permanent dipole (molecular) bonding (·D), and the hydrogen (molecular) 

bonding (·H). The total parameter, ·, is then calculated as follows:[32,33] 

δ² = δD² + δP² + δH² 

The solubility parameters are typically expressed in MPa½ units. The smaller the difference 

between two polymers ·, the higher the likelihood of compatibility between them. When the · 
values of two materials are similar, it suggests that their solubility parameters are closely matched, 

making them more likely to form a compatible blend or solution. The HSP distance between two 

molecules, conventionally called Ra, can also be utilized to assess the similarity between two 

molecules as follows: 

Ra² = 4(δD1-δD2)² + (δP1-δP2)² + (δH1-δH2)² 

The Hansen solubility parameter · for PCL, SKL, and glacial AA is presented in Table B.S2. 

Based on these parameters, the Ra of PCL and SKL in glacial AA are measured to be 8.75 and 

8.14, respectively. The calculations indicate a very small difference in · values between PCL and 
SKL, confirming their compatibility. This suggests that the polymers will likely form a compatible 

blend or solution due to their closely matched solubility parameters. Additionally, based on the Ra 

values, glacial AA appears to be an excellent solvent for dissolving both polymers. 

Table B.S3. ICP-OES results after the leaching experiment 

Days 
Sulfur concentration, 

mg/L 

Leaching rate, 

(mg/m2.h) 

7 0.004 0.0023 

14 0.001 0.0005 

21 0 0 
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Table B.S4. Comparison of oil/water emulsion separation performanceof various superhydrophilic membranes reported in the literature and this 

work. 

Membrane Fabrication 

method 

Modification Oil/water 

emulsion 

Transme

mbrane 

pressure 

Water 

flux 

(LMH) 

Oil/water 

emulsion 

flux 

(LMH) 

Separation 

efficiency, 

% 

FRR, 

% 

Reference 

P(NIPAAm-co-

NMA)/ChNWs 
Electrospinning Crosslinking Toluene/water 0.3 bar -- 1100-1300 >99.5 --  

PAN/Silica Electrospinning Electrospraying Hexane/water Gravity -- 1120 >99 --  

CS-

TPP@PDA@nylon 

Commercial 

Nylon 
Dipcoating Diesel/water Vacuum -- 291.3 97.5-99.94 89  

PVDF-g-PNE 
Commercial 

PVDF 

Surface 

modification/grafting 
Edible oil/water 0.1 bar 3200 734.8 99.21 87.82  

PAI Phase inversion Surface modification Diesel oil/water Gravity 440 420 >99 100  

PCL/Chitosan Electrospinning Blending Hexane/water Gravity 2609 627 99.9 --  

PAN/PANI Electrospinning Blending Toluene/water 0.5 bar -- 2280 98 --  

PAN/CNC Electrospinning Alkaline treatment Diesel/water Gravity 2186 724 99.5 >90  

PCL/SKL Electrospinning Blending 

Gasoline/water, n-

hexadecane/water, 

mineral oil/water 

Gravity 800-900 170-480 ~99 >99 This work 
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Appendix C 

 

Figure C.S1. Molecular structure of anionic dyes: Reactive red 120[314], Reactive black[315], and Methyl 

orange [316]. 

 

 

Figure C.S2. Cross-section SEM images of PCL/SKL membranes: M1 (A), M2 (B), M3 (C), M4 (D); and 

cross-section of M3 membrane (E, F) with support showing formation of membrane inside the non-woven 

polyester support which favors strong attachment of the PCL/SKL membrane with the support. 
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Figure C.S3. (A)XPS survey spectra of neat PCL and SKL-modified membrane (M3); the elemental 

composition of the membrane is provided in the embedded table; the zoomed image of S1s spectra is also 

shown inside the figure. (B) Differential scanning calorimetry of neat PCL and SKL-modified membrane; 

digital images of neat PCL and SKL-modified membrane are shown in the inset. 
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Figure C.S4. (A) FTIR spectra of neat PCL and SKL-modified membranes; (A1-A3) magnified FTIR 

spectra at different wavelengths, i.e., from 3000 to 3500 cm-1, 1580-1620 cm-1, and 1100-1120 cm-1, clearly 

showing the effect of SKL inclusion in PCL matrix; (B) Zeta potential values of neat PCL membrane. 

 

Figure C.S5. (A) UV-vis spectra for RR feed solutions with different amount of NaCl salt (0-50 g/L); (B) 

digital images of RR feed solution at different NaCl concentrations (1-50 g/L); digital images of RR feed 

solution and permeate after separating different RR/salt concentrations through membrane: (C) RR/NaCl 

mixture, (D) RR/Na2SO4 mixture. 
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Figure C.S6. (A) conductivity vs ionic strength calibration curve, (B) plot of streaming potential coefficient 

(-dU/dP) vs conductivity (k-1/2) in log-log scale. 

 

  

Figure C.S7. SEM images of M3 membrane (A) before fouling test, (B) after dye/salt mixture filtration, 

(C) after BSA filtration, and (D) after Humic acid filtration tests. 
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Figure C.S8. Digital images of membrane before and after bending and twisting. 

 

Table C.S1.HSP values for PCL, SKL, and AA. 

Polymer/Solvent δD δP δH δ, calculated Ref 

PCL 17.7 6.2 7.8 20.31181922 [310] 

SKL 17.6 2.8 12.6 21.82567296 [311] 

Glacial AA 14.5 8 13.5 21.36586062 [310][326] 

 

 

Table C.S2. Ionic strength, charge density and streaming potential values 

Ionic 

strength 
du/dp (V/Pa) 

 
Viscosity 

(PaS) 

Electrolyte 

conductivity, 

mS/m 

Zeta 

potential, 

mV 

Debye 

length, 

nm 

Charge 

density, 

C/m2 

0.001 -1.89E-06 
 

0.000872018 17.71 -42.32 9.62 -3.03E-03 

0.01 -2.43E-07 
 

0.000889752 95.64 -29.81 3.05 -6.77E-03 

0.05 -3.99E-08 
 

0.000849124 499.26 -24.60 1.35 -12.44E-03 

0.1 -1.1711E-08 
 

0.000854027 1253.82 -18.23 0.96 -13.05E-03 

 

 

 

 


