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Abstract: 

Membrane distillation (MD) is a thermally-driven process for water/wastewater treatment which 

can produce high-quality distillates from highly-saline solutions. However, the presence of 

different types of oils in the wastewaters can pose serious challenges in their treatment using 

conventional hydrophobic membranes. These oils are abundant in emulsified or unemusified 

forms in the wastewaters encountered in a wide variety of industries including municipal 

wastewater, food, textile, and oil and gas industries. A key challenge in the treatment oily 

wastewaters using MD is the tendency of the oil droplets to adhere to the membranes leading to 

pore blockage (fouling) and liquid intrusion (wetting), thus compromising the membrane 

performance. Janus membranes are among the many new membranes that have been developed 

previously, but these membranes face practical limitations due to the weak adhesion between 

membrane and modification layers. One of the approaches to address this problem is the 

application of surface grafting methods to form polymer brushes on the membranes but has only 

been considered in MD to a limited extent. Of the surface grafted brushes, polyelectrolytes 

brushes offer salinity-responsive anti-oil-fouling membrane properties for practical applications 

of MD. Grafting of polymer brushes is usually performed using atom-transfer radical 

polymerization (ATRP) that requires an oxygen-free reaction medium. This further limits the 

applicability of this method for membranes due to the need for special equipment and tedious de-

oxygenation procedure.  

Therefore, the main aim of the current thesis is to address the oil adhesion and wetting in MD by 

preparing a salinity-responsive membrane using polyelectrolyte brushes grafted on the surface of 

a commercial hydrophobic membrane. Further, a new approach to address the oxygen-free ATRP 

challenge was proposed using UV-assisted oxygen tolerant ATRP performed under open 

atmosphere for grafting a negatively charged polyelectrolyte (poly(acrylic acid)) (PAA) onto 

commercial hydrophobic PVDF membranes (mean pore size = 0.2 𝜇𝑚). The success of the 

grafting reaction was confirmed by attenuated total-reflection Fourier transform infrared 

spectroscopy (ATR-FTIR), scanning electron microscopy (SEM), and energy-dispersive X-ray 

spectroscopy (EDX) analyses. Surface morphology of the PVDF-PAA membrane was found to 

be unaffected by the PAA chains and the membrane surface became more hydrophilic as 

determined by water contact angle. Salinity response of the prepared membranes was evaluated 

using underwater oil adhesion tests in aqueous solutions with different salinities (from Milli-Q 

water to 3 M NaCl). It was found that the PVDF-PAA membrane became underwater 

superoloephobic when NaCl concentration was above 0.01 M inhibiting the oil drop adhesion; 

while lower salinities allowed surface adhesion of oil. In contrast, the pristine PVDF membrane 

was wetted by the oil droplet regardless of the salinity of the test medium. New models were 

proposed in an attempt to explain the surface structure of the PVDF-PAA membrane and its 
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underwater oleophobicity. Analyses of the proposed models showed that the underwater 

oleophobicity of the PVDF-PAA membrane can be attributed to the combined effect of the PAA 

patches on the top of the surface roughness features as well as the air-water interfaces located on 

the roughness features and pore entrances.  

MD testing in “direct contact” (DCMD) mode over 20 hours using a 0.1 % (v/v) dodecane 

dispersion containing 0.1 M NaCl showed a high oil adhesion resistance (anti-fouling) for the 

PVDF-PAA membrane indicated by its stable permeate flux (~17 kg/(m2.h)) and no increase in 

permeate conductivity. Meanwhile, the unmodified PVDF membrane rapidly lost flux, dropping 

by 75% within the first five hours of the test. This test gave the first two key conclusions and 

scientific findings of this study, the first confirming salinity responsive polyelectrolyte brushes 

are effective at resisting oil adhesion on MD membranes, and the second confirming the 

effectiveness of the newly proposed scalable oxygen tolerant ATRP as a method to graft these 

brushes to readily available membrane substrates.    

Another part of the study aimed to explore the mechanisms of oil adhesion and resistance by the 

PAA brushes. The oil adhesion and wetting was also monitored for both PVDF and PVDF-PAA 

membranes during MD by time-resolved in-situ electrochemical impedance spectroscopy (EIS), 

which has offered great capability for understanding fouling in reverse osmosis, but limited 

studies so far in MD. This study uniquely adopted a wide frequency sweep between 1 Hz and 500 

kHz. Our results showed, in contrast to prior EIS studies in MD, the decrease in the impedance at 

high frequencies might not be a direct indication of wetting, which was consistently observed for 

both PVDF and PVDF-PAA membranes. However, only the pristine membrane showed evidence 

of wetting as indicated by the traditional measurements of permeate electrical conductivity (EC) 

which underwent a sudden rise after 6 hours. The novel approach and analysis led to the third 

major scientific contribution of this study, providing a holistic analysis of the EIS results showing 

the largest changes in the impedance for both membranes occurred at low frequencies, and these 

changes were more significant for the PVDF membrane that was wetted during the process. 

Equivalent circuit analysis including the resistance and capacitance elements represented the 

membrane, and the component values changed during the first 6 hours of the MD process for the 

PVDF membrane until wetting occurred, but remained almost constant for the PVDF-PAA 

membrane that did not wet.  

In summary, this thesis found the innovative scalable oxygen tolerant UV-ATRP method is a 

practical surface modification method for functional membranes. However, further investigation 

is needed to address its remaining limitations such as controllability and facile initiator grafting 

to fully realise its potential for growing different types of polymer brushes on various membranes. 

In addition, the novel models proposed for the surface structure of the PVDF-PAA membranes 
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proposed in the current study can be employed for a rational design of Janus membranes with 

advanced functionalities that are resistant to the adhesion of both hydrophilic and hydrophobic 

compounds. Finally, the results of the in-situ EIS analyses in the current study has created a better 

understanding of MD wetting phenomena, and can be extended to in-situ studies of other 

membrane systems  
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 Introduction 
1.1 Membrane distillation and its application to treatment of oily solutions in 

industry 
Membrane distillation (MD) is a well-known separation method under development, which can 

be utilized for treatment of the feed solutions with a high-concentration of non-volatile solutes, 

due its lower sensitivity to osmotic pressure, compared to other methods such as reverse osmosis 

(RO), and nanofiltration (NF) [1]. It is a thermally-driven process which utilizes the vapour-

pressure difference, typically between the hot feed solution and the cold permeate, as a driving 

force for the transport of different volatile species (usually water) across a porous membrane that 

is commonly hydrophobic to prevent liquid water entering the membrane [2].  

Oils are among the abundant low-surface-energy compounds which can exists in emulsified or 

dispersed forms in a wide variety of wastewaters produced by different industries including food 

[3] and chemical processing [4] and oil industries [3-7]. Most of the MD studies on oily 

wastewaters involve the use of emulsified oily solutions which usually contain oil ‘particles’ 

covered with emulsifiers [8], while there has been an increasing interest in dispersed (un-

emulsified) oily solutions due their abundance in the industries mentioned above [6, 9-23]. 

Herein, the solutions containing dispersed oils are referred to as oily waters and differ from 

emulsified oils as the ‘particles’ in solution have hydrophobic surfaces. Treatment of oily waters 

using MD poses many challenges regarding the adhesion of oil droplets onto the membrane 

surfaces, blockage of pores, and membrane wetting (liquid intrusion). Therefore, their treatment 

using MD requires membranes with special wetting resistance against both low (i.e., oils)- and 

high (i.e., saline solutions)-surface-tension liquids. Additionally, these membranes should resist 

against the adhesion of oil droplets (fouling). This complexity makes the membrane development 

for oily-water treatment a conceptual and practical challenge.  

1.2 Membrane materials for resisting performance limiting oil contamination 

Omniphobic [24] and hydrophilic-hydrophobic Janus [25, 26] membranes are among the most 

recent developments in wetting- and fouling-resistant MD membranes. Omniphobic membranes 

are generally characterized by their re-entrant (diverging surface roughness cavities) surface 

geometry and low surface-energy [27]. These membranes were found to resist against wetting 

and fouling by many hydrophilic and hydrophobic compounds in solution [1, 27] including 

emulsified oils, surfactants, and humic acid. However, they suffer from oil contamination in 

treatment of oily waters (dispersed oils) [1, 27]. Hydrophilic-hydrophobic Janus membranes 

consist of a hydrophilic top layer coated on a hydrophobic substrate with the former facing the 

feed solution [25, 26]. These membranes have demonstrated satisfactory oil adhesion resistance 

in the treatment of synthetic unemulsifed oily wastewaters [6, 14, 27]. These results highlight the 
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possible contribution of surface interactions in the adhesion of oil droplets onto the membranes 

in MD. However, these effects have only been considered to a limited extent in MD of solutions 

other than oily waters [28-31], leaving a large gap in our knowledge of these systems.  

1.3 Janus membrane materials and grafting for improved stability and stimuli-

responsive properties 

Despite the favourable resistance of Janus membranes against dispersed oils, these membranes 

suffer from the low stability of the hydrophilic top layer due to its poor integration with the 

hydrophobic substrate due to hydrophobic or electrostatic interactions employed by other 

methods for the coating process [25, 26]. This problem would be addressed if the hydrophilic 

molecules (or polymers) are covalently grafted to the hydrophobic substrate [32]. The surface-

tethered hydrophilic polymers have a more stable bond to the hydrophobic substrate. However, 

surface grafting methods have only been used in a limited extent for fabricating Janus MD 

membranes [32]. 

Different types of hydrophilic polymers can be grafted to the membrane surfaces ranging from 

charged polyelectrolytes to neutral polar polymers [33, 34]. Among these polymers, stimuli-

responsive polymers have the advantage of on-demand fouling removal, which would be 

beneficial for removing the adhered compounds that tend to accumulate on hydrophilic surfaces. 

Depending on their chemical structure, physical properties of stimuli-responsive polymers can 

change in response to the changes in their environmental conditions such as pH [35-39], ionic 

strength [40, 41], temperature [35, 41-45], and others as reported in the literature [46]. The change 

in polymer properties usually results from a change in the chain conformation, which can be 

triggered or controlled by varying the environmental parameters. However, the term “stimuli-

responsive polymers” is specifically used in the circumstances that the change in the properties 

of the polymers are exploited for a particular purpose such as switching or tuning of the surface 

wettability, polymer solubility, membrane pore-size, etc. [47, 48]. In membranes, these polymer 

properties have been utilized for on-demand cleaning and fouling detachment [35, 37-42, 44, 49-

51], switchable oil-water separations [46, 52-54], and gating functionality [55]. On-demand 

fouling detachment functionality has been achieved in reverse osmosis (RO) [40, 41, 44], 

ultrafiltration (UF) [35, 37-39, 42, 49], and microfiltration (MF) [50, 51] membranes by 

incorporating stimuli-responsive polymers on the surface of these membranes. MD membranes 

with stimuli-responsive functionality have also attracted increasing interest in the recent years 

[56-62].  

1.4 Responsive polyelectrolytes 

Among different types of stimuli-responsive polymers, pH/salinity-responsive polyelectrolytes 

are of great practical interest due to their dual responsive behaviour toward pH and salinity, as 
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well as their facile operation in a large scale membrane process compared to other stimuli-

responsive polymers [63]. These polymers are consisted of a hydrophobic backbone with acidic 

or basic side groups, which, depending on the solution pH, can partially or totally dissociate in 

water [63]. For instance, an acidic polyelectrolyte such as poly(acrylic acid) (PAA) becomes more 

deprotonated and therefore more hydrophilic at the pH values higher than its pKa (≈ 4.7)  [46, 

63]. In addition, an increase in the ionic strength of the solution leads to a decrease in the 

hydrophilicity of the surface-grafted pH-/ion-responsive polymers due to charge screening effects 

of the salt ions [46, 64, 65]. The adhesion resistance of surface-grafted pH-/ion-responsive 

polymers against oil droplets is hypothesized to be governed by the competition between different 

attractive forces such as the hydrophobic interactions between the polymer backbone and oil 

droplets, and repulsive forces such as hydration forces due to the hydration layer formed around 

the ionized polymer side-groups [18]. Additionally, electrostatic interactions can act as repulsive 

or attractive forces depending on whether or not the charge of the polyelectrolyte is the same as 

the surface charge of the oil droplets (negative) [18].  

1.5 Grafting by atom-transfer radical polymerization (ATRP) and its scalability 

challenges 

A major challenge in the grafting of stimuli-responsive polymers on membranes is imposed by 

the inherent limitations of these reactions. For instance, one of the widely-used lab-scale methods 

for the surface grafting of polymers is atom-transfer radical polymerization (ATRP) that allows 

for a high grafting density and is used for growing polymer brushes on various surfaces [33, 34]. 

However, similar to most other radical polymerization methods, ATRP is sensitive to the presence 

of oxygen in the reaction medium that can react with the catalyst and deactivate it. Therefore, 

most of the surface grafting reactions employing ATRP are either performed under an oxygen-

free cabinet, or inside specially designed reaction vessels that allow for the medium to be 

deoxygenated prior to the reaction [33, 34]. This limits the size and increases the production costs 

of the of the surfaces grafted using this method, which would be problematic in the context of a 

membrane that is aimed to be used in industry. Research in ATRP chemistry has led to 

development of various methods to tackle the problem of oxygen sensitivity [66-68]. These 

methods aim at consuming the oxygen that exists in the reaction medium or at actively 

regenerating the catalyst during the reaction [66-68]. UV-assisted oxygen-tolerant ATRP is one 

of these methods that can be performed under open atmosphere [66], and carries the potential of 

industrial feasibility for large surfaces such as membranes. However, this method has not been 

employed on any membranes so far.   
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1.6 Understanding beneficial material improvements in-situ via electrochemical 

impedance spectroscopy 
In addition to the above-mentioned challenges, development of an effective oil-resistant 

membrane depends on a successful characterization of its performance against model oily waters. 

Therefore, detection of wetting and fouling during MD is crucial in the development of such 

membranes as well as in mechanistic understanding of oil wetting and fouling in the MD of oily 

waters. In MD, wetting and fouling are traditionally detected by online monitoring of permeate 

electrical conductivity (EC) and the permeation flux during the process. However, these 

parameters can only provide limited macroscopic information about the process. In this regard, 

in-situ wetting and fouling monitoring methods can provide a better understanding on these 

phenomena. Electrochemical impedance spectroscopy (EIS) is one of the versatile in-situ 

monitoring methods that can be used for this purpose [19, 69-75]. EIS is can be used to measure 

the electrical impedance of the system by applying an alternating current to the system at different 

frequencies. The measured impedance can then be analysed to observe the changes in the physical 

properties of the membrane as well as feed and permeate solutions. Prior studies in this field 

mainly utilized single-frequency measurements to track the reduction in impedance during MD, 

and associated these changes to the change in membrane properties and the occurrence of wetting 

[19, 70-75]. However, in theory, changes in other process parameters can also affect the value of 

impedance at any selected frequency during wetting. Nevertheless, there are limited in-situ EIS 

studies in MD that utilized a wide frequency sweep [69] and there is a lack of studies in the 

application of this method for studying oil wetting and fouling in MD. 

1.7 Research Objectives 

The aim of the current research is to develop a salinity responsive MD membrane by grafting a 

polyelectrolyte onto the surface of a hydrophobic membrane. For this purpose, a negatively 

charged polyelectrolyte (PAA) was found to be a suitable candidate to graft on a commercial 

hydrophobic polyvinylidene fluoride (PVDF) membrane to create oil-resistant membranes, 

namely PVDF-PAA membranes. The grafting of PAA performed using UV-assisted ATRP under 

open atmosphere is a first time according to state of the art. The morphology and chemistry of the 

surface-grafted membranes can be analysed and techniques confirmed using various methods 

such as attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR), 

scanning electron microscopy (SEM), and streaming potential analysis. In addition, the 

hypothesis of the oil-fouling/wetting resistance of the salinity-responsive PVDF-PAA membrane 

will be verified via underwater oil adhesion tests under Milli-Q water and aqueous saline solutions 

with various NaCl concentrations (i.e., 0.001 M to 3 M). The focus will be on the industrially 

relevant, but less studied saline unemulsfied oil, by making a model solution consisting of 0.1 % 

(v/v) dodecane and 0.1 M NaCl tested in direct contact membrane distillation (DCMD). The 
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model solution employed in the current fundamental study demonstrates many of the fundamental 

characteristics of real oily wastewaters. However, it should be noted that real oily wastewaters 

are often more complex and contain various types of salts, oils, surfactants, and particles that can 

affect their surface adhesion properties and wetting characteristics. In addition, the model oil 

chosen for the current study (dodecane) is an alkane oil with simple linear structure that does not 

contain any polar groups or branches. This ensures that the oil under study predominantly exhibits 

hydrophobic properties and its adhesion to membrane surfaces is mainly driven by hydrophobic 

interactions. While this might not be the case for different types of oils, understanding the effects 

of hydrophobic interactions can provide insight on preparing effective adhesion-resistant 

membranes that can withstand feeds containing a broader range of oils. 

Real-time in-situ EIS measurements were included in the plan, analysing a commercial 

hydrophobic PVDF membrane exposed to a synthetic oily solution in MD treatment. EIS will also 

be applied to analyse the performance of the grafted PVDF-PAA membrane. The novel feature 

of the in-situ EIS studies is the application of wide frequency sweep (from 1 Hz to 500 kHz).  

Therefore, current study involves five major scientific objectives and corresponding approach as 

listed below: 

1. Bridge the gap in knowledge between the surface science and MD literature: This 

will be addressed by applying fundamental knowledge from surface and colloid science 

literature to MD membranes to better explain colloidal adhesion in MD;  

2. Demonstrate the novel, scalable oxygen tolerant UV-assisted ATRP concept: 

Reactions will be performed in open atmosphere to graft PAA brushes onto the surface 

of a commercial PVDF membrane and testing performance in MD; 

3. Show the performance of salinity responsive membranes for MD: This is done using 

the surface-grafted negatively charged PAA brushes;  

4. Present evidence for the new type of Janus MD membrane for oily water treatment:  

here the top of the roughness features is coated with patches of a hydrophilic compound 

(e.g., PAA); and  

5. Extend knowledge of EIS for MD analysis: analyse oil wetting in MD by in-situ EIS 

especially using wider frequency ranges to provide more depth in the findings, which has 

not yet been presented in literature.  

1.8 Thesis Layout: 

The approach undertaken and findings from this study to address the goals are presented over the 

following eight chapters: 

 Chapter 1: Introduction and research objectives (the current chapter); 
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 Chapter 2: A literature review on the effects of surface interactions in the adhesion of 

colloidal particles onto MD membranes; 

 Chapter 3: The materials and methods applied in the current research;  

 Chapter 4: The results of the preliminary investigations on the surface grafting results 

using UV-assisted oxygen-tolerant ATRP; 

 Chapter 5: The results and discussions on the characteristics of the PVDF-PAA 

membranes as well as their behaviour against oily waters; 

 Chapter 6: The proposed conceptual models that can explain the surface chemistry and 

underwater oleophobicity of the PVDF-PAA membranes;  

 Chapter 7: The results and analyses of the in-situ MD-EIS studies on the PVDF and 

PVDF-PAA membranes for oil fouling and wetting studies; and  

 Chapter 8: Conclusions and future directions



 

 

 

 Literature Review 
2.1 Introduction 
Membrane distillation (MD) is a thermal-driven membrane process that can deal with highly 

concentrated streams. The applications of MD have been studied for a broad range of feed 

solutions employed in many industries including oil and gas, food, municipal wastewater, 

seawater desalination, textiles which can contain a combination of dispersed and emulsified oils 

[8]. Most of the MD studies on oily wastewaters involve the use of emulsified oily solutions [8], 

while there has been an increasing interest in dispersed (un-emulsified) systems due their 

abundance in the industries mentioned above [6, 9-23]. Herein, the wastewaters containing 

dispersed oils are referred to as oily waters. Treatment of oily waters using MD poses many 

challenges regarding the adhesion of oil droplets onto the membrane surfaces leading to blockage 

of pores and eventually membrane wetting. To address these issues, membranes with special 

functionalities have been developed by tuning the surface properties of the membranes to resist 

against oil adhesion. These membranes include omniphobic [24] and hydrophilic-hydrophobic 

Janus [25, 26] membranes. Omniphobic membranes have a re-entrant surface topography and are 

coated with hydrophobic compounds to lower their surface energy [24]. Hydrophilic-hydrophobic 

Janus membranes consist of a hydrophilic top layer and a hydrophobic substrate with the former 

facing the feed solution [25, 26]. 

Oily waters are often categorized as a type of a broad class of solutions, namely, the colloidal 

dispersions (or simply colloids) [76]. Colloids are broadly defined as multiphase systems where 

the size of the dispersed particles or droplets (colloidal particles) usually ranges from a few 

nanometers to tens of micrometers. In this study, the definition of colloids is limited to the 

dispersions in which the matrix phase is liquid. Similar to other colloids, the adhesion of oil 

droplets to membrane surfaces are governed by the surface interactions between the droplets 

(colloidal particles) and the membrane. In addition, as suggested by the studies on the mechanism 

of oil adhesion onto Janus and omniphobic membranes, underwater oleophobicity is an important 

characteristic in the resistance of MD membranes against the adhesion of oil droplets [8, 25].  

Therefore, the design of oil resistant membrane for MD requires the understanding of two aspects, 

namely, surface interactions and underwater oleophobicity. While these two aspects are 

fundamentally related to each other, they have different roles in the dynamic process of pore 

blockage and wetting. It is hypothesized that, for the membrane to become wetted, the oil droplets 

should first be able to reach the membrane surface and adhere to it. For oils, this stage is mainly 

governed by the same principles as in the surface interactions between colloids and flat surfaces. 

Subsequent spreading of the oil droplet on the membrane surface and its intrusion into the pores 

is governed by the underwater wettability principles and spreading of the oil on the membrane 
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surface. While underwater oleophobicity has been the focus of many studies [6, 7, 9-18, 20-23], 

the study of surface interactions is at its early stages in MD and has been gaining increasing 

attention over the recent years [28-31]. Nevertheless, despite the presence of a rich literature in 

surface and colloid science on surface interactions, the accumulated knowledge in this field has 

not yet been adequately adopted for understanding fouling in MD membranes. Therefore, the 

main focus of this literature review chapter is to bridge this gap by exploring the underlying 

physics of surface interactions and their effect on colloidal adhesion in MD.  

The scope of the discussions in this chapter broadly encompasses all colloidal feed solutions 

within the simplifying assumptions that will be discussed further in each section. This approach 

is aimed to provide a better understanding of the behaviour of colloids in MD considering the 

wide range of feed solutions that can be treated using this process. The variety of the chemicals 

that can adhere to the membranes can exist in different forms, ranging from single dissolved 

molecules to a collection of the molecules. However, unless stated, for simplicity, the colloidal 

particles discussed in this review are assumed to be spherical with a smooth and chemically 

homogeneous surface. Additionally, here, unless otherwise stated, it is assumed that the colloidal 

particles are rigid and their interfaces are not mobile. Although some of these assumptions are in 

contrast with the properties of liquid droplets such as oils, they can still capture the most important 

aspects of surface interactions for these systems leading to the attachment of oil droplets.   

To systematically explore the literature on surface interactions relevant to MD, this literature 

review will be presented as follows:  

 The interfaces involved in colloidal adhesion in MD (Section 2.2);  

 Types of surface interactions and the effects of surface chemistry and feed solution 

properties, as well as interaction force between colloidal particles and smooth and 

nonporous flat surfaces (Section 2.3); 

 The effect of surface topography, chemical heterogeneities, and their combined effects 

on the surface interactions between flat surfaces and spherical particles (Sections 2.4, 2.5, 

and 2.6);  

 The above reviewed features considered in the context of the surface interactions in MD 

membranes and strategies to create adhesion-resistant membranes (Section 2.7); 

 Review the state of the art on in-situ wetting and fouling detection by electrochemical 

impedance spectroscopy (EIS) (Section 2.8); and 

 Summary of findings of this literature review (Section 2.9).  

2.2 Interfaces involved in colloidal adhesion  
The interfacial surface interactions of the MD membranes should be considered in the context of 

operation conditions, i.e., when the membranes are brought into contact with the feed solution. In 
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this state, the MD membranes consist of composite interfaces with a combination of solid 

(membrane)-water and air-water interfaces. In hydrophobic, superhydrophobic, and omniphobic 

membranes, the solid-water and air-water interface is formed on both the top surface and the pore 

entrances [24]. However, in Janus (hydrophilic-hydrophobic) membranes, the air-water interfaces 

can be located below the top layer, while the solid water interfaces facing the feed solution can 

form on the top surface of the membrane [25, 26]. A schematic representation of the simplified 

models for the mentioned membranes is shown in Figure 2.1. In the models shown in this figure, 

for simplicity, the surface roughness is assumed to be limited to the top surface of the membranes.  

The position of the solid-water and air-water interfaces depend on the wetting regime of the 

surface. On the one hand, the Cassie-Baxter wetting regime describes a metastable state, in which 

the rough surfaces are in partial contact with the liquid (here, water) and the liquid partially 

intrudes the space in between the roughness features [77, 78]. On the other hand, the Wenzel 

regime describes a thermodynamically stable regime in which the liquid completely contacts the 

solid rough surface, without any trapped air pockets [77, 78]. The Cassie-Baxter regime is 

expected to commonly occur during MD, where hydrophobic, superhydrophobic, and omniphobic 

membranes are in use [24, 78]. In these cases, as shown in Figure 2.1, a combination of air-water 

and solid-water interfaces are formed on this surface, which can interact with the colloidal 

particles in the feed solution. The Wenzel state can be expected to form on all of the mentioned 

membrane types as well as Janus membranes due to its thermodynamic origin [78]. In this case, 

the feed liquid only forms solid-liquid interfaces on this surface that can participate in the surface 

interactions in MD. For a functioning MD membrane, the air-water interfaces are located at some 

point inside the pores regardless of the wetting state of the top surface (or generally, regardless of 

the wetting state of the lowest level of hierarchy in a hierarchically rough membrane). Therefore, 

this air-liquid interface is expected to be present in all MD membranes, but its position relative to 

the pore depth depends on the design of the membrane, and its role in the colloid-membrane 

interactions depends on whether this interface can directly be exposed to the colloidal particles.  
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Figure 2.1: Schematic illustration of the interfaces involved in surface interactions between different 

types of MD membranes and colloidal particles. The hydrophobic and superhydrophobic surfaces have 

roughness features with converging, straight, or randomly rough cavities, while the roughness features of 

the omniphobic membranes usually have re-entrant (converging-diverging) cavities. The Janus 

membranes can have either of the hydrophobic, superhydrophobic, or omniphobic surfaces as its 

substrate. The shown schematics are only examples of these membranes for illustrating the positions of 

the solid-water and air-water interfaces.  

The complexity of the interfaces involved in the colloid-membrane surface interactions in MD 

requires specially designed theoretical and experimental research to properly investigate these 

effects on particle adhesion and subsequently on performance reduction. However, this topic is in 

its early stages with only a few works in this area from 2017 to 2023 [28-31]. Therefore, here, the 

full model of the interfaces in MD membranes is broken down to four simpler cases that can be 

analysed individually on the role of the surface interactions in particle adhesion and how the 

surface properties affect these interactions. Later on, a general understanding can be obtained by 

combining these four scenarios. These cases/scenarios involve:  

 Case 1: A smooth flat surface with homogeneous chemical composition;  

 Case 2: A rough flat surface with homogeneous chemical composition (in Wenzel 

state);  

 Case 3: A smooth flat surface with chemical heterogeneities; and 

 Case 4: A rough flat surface with chemical heterogeneities and generalization to MD 

membranes. 
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Cases 1-3 are assumed to be nonporous unless otherwise stated. These cases are discussed to 

introduce the fundamental concepts that are later used to form Case 4, which is the porous 

structure of the MD membranes described in Figure 2.1. In addition, in Cases 1-3, the flat surface 

is assumed to be nonporous unless otherwise stated. The above-mentioned four cases will be 

discussed in Sections 2.3 to 2.6, followed by a discussion on MD membranes in Section 2.7. 

Throughout the discussions, it is attempted to constantly link these different interactive 

phenomena with observations in MD membranes. 

2.3 Surface interactions between a smooth nonporous flat surface with homogeneous 

chemical composition and a spherical colloidal particle (Case 1): 

2.3.1 Theory of surface interactions 

Surface interactions in colloidal systems are often explained using the well-known DLVO theory, 

named after the scientists proposing this theory, B. Derjaguin and L. Landau, E. Verwey and T. 

Overbeek) [76]. According to this theory, the interaction energy between two surfaces at the 

distance h from each other, 𝑈(ℎ), is described as the sum of induced dipole-dipole interactions 

(LW energy) and the electrostatic interactions: 

 

𝑈(ℎ) = 𝑈𝐿𝑊(ℎ) + 𝑈𝐸𝐷𝐿(ℎ) Equation 2.1 

 

Where 𝑈𝐿𝑊(ℎ) is Lifshitz-Van der Waals (LW) interaction energy which is the result of dipole-

dipole interactions between the surface materials, and 𝑈𝐸𝐷𝐿(ℎ) is the electrical double layer 

(EDL) interaction energy arising from the electrostatic interactions between surfaces. It is 

sometimes more informative to demonstrate the surface interactions in the form of interaction 

force, 𝑓(ℎ), which can be obtained from the gradient of the interaction energy in the direction 

perpendicular to the surface [76]:  

 

𝑓(ℎ) = −
𝑑𝑈(ℎ)

𝑑ℎ
 Equation 2.2 

 

Throughout this review, we will use both interaction energy, and interaction force when 

appropriate. LW and EDL interactions found in the surface science literature [76, 79, 80] will be 

briefly discussed here.  

Lifshitz-Van der Waals interaction energy, 𝑈𝐿𝑊(ℎ) arises from the orientation (Keesom), 

induction (Debye) and dispersion (London) interactions of the electrical dipoles created by the 

electrons and protons of the constituent atoms and molecules of the interacting surfaces. 
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Therefore, these forces are the very property of all materials and are present between all surfaces 

in all types of media (i.e., gas, liquid, and vacuum) [76, 79, 80]. There are multiple methods for 

evaluating the LW energy between a smooth flat surface and a spherical colloidal particle in water 

[81]. One of these methods follows [81, 82]: 

𝑈𝐿𝑊(ℎ) = 2𝜋Δ𝐺ℎ0

𝐿𝑊
ℎ0

2𝑎

ℎ
 Equation 2.3 

where 𝑎 is the radius of the particle, ℎ is the distance between two surfaces calculated from the 

closest points of each surface with respect to each other, and Δ𝐺ℎ0

𝐿𝑊 is the Gibbs free energy of 

LW interactions at ℎ = ℎ0 (ℎ0 ≈1.58 Å is the minimum distance between two atoms limited by 

Born repulsions resulting from the overlap of the electronic clouds of the interacting surfaces) 

calculated as described in [81, 82]. The LW energy is attractive between most surfaces in water. 

Therefore, the sign of this energy is almost always negative in practice [81, 82]. These interaction 

forces would form the basis for how MD membranes interact with colloidal particles that can foul 

the membranes and reduce performance.  

The electrical double-layer (EDL) interaction energy, 𝑈𝐸𝐷𝐿(ℎ), arises from the electrostatic 

interactions between surfaces. Most colloidal particles and hydrophobic polymeric membrane 

surfaces are negatively charged at neutral pH. The adsorption of ions from the solution, presence 

of charged functional groups tethered to the surface, or preferential orientation of water molecules 

near the surface are among the common sources of surface charge in membrane and colloidal 

particle surfaces [79, 80]. The charge-neutrality rule dictates that the surface charge will be 

compensated by an equivalent opposite charge in form of counterions in the solution. However, 

it has been found that the compensating counterions not only adhere to the surface but also form 

a diffuse layer known as electrical double layer (EDL) [76, 79, 80]. The EDL interaction between 

two charged surfaces can be attractive or repulsive depending on their charge [76]. Additionally, 

the decay length in the EDL interaction energy depends on the ion concentration in the solution. 

The concentration of ions better manifests itself in a parameter known as ionic strength (𝐼𝑆) of 

the solution defined as: 

𝐼𝑆 = 1/2 ∑ 𝑐𝑖𝑧𝑖
2

𝑛

𝑖=1

 Equation 2.4 

In which 𝑐𝑖 and 𝑧𝑖 are the molar concentration, and valance of the ionic species 𝑖, respectively. 

The electrical double layer extends into the solution with a decay length known as Debye length 

(𝜅−1 = √
𝜀𝑠𝜀0𝑘𝐵𝑇

2𝑒2(𝐼𝑆)
, In which, 𝜀0 and 𝜀𝑠 are dielectric permittivity of vacuum, and the relative 

dielectric permittivity of the liquid medium respectively. In addition, 𝑒, 𝑘𝐵, and 𝑇 are the charge 

of a single electron, the Boltzmann constant, and the temperature (K), respectively. Beyond this 
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distance, the effect of the surface charge on its environment becomes negligible. With an increase 

in the 𝐼𝑆 of the solution, the electrostatic repulsions are screened more by the presence of ions in 

the solution, and the thickness of the EDL decreases due to charge screening by the ions present 

in the solution.  

The EDL interaction energy (𝑈𝐸𝐷𝐿(ℎ)) between a smooth flat surface and a spherical particle 

calculated by one of the existing methods for this purpose is represented by [81, 82]: 

 

𝑈𝐸𝐷𝐿(ℎ) = 𝜋𝜀𝑠𝜀𝑜𝑎 [2𝜉𝑚𝜉𝑝 ln (
1 + 𝑒−𝜅ℎ

1 − 𝑒−𝜅ℎ) + (𝜉𝑚
2 + 𝜉𝑝

2) ln(1 − 𝑒−2𝜅ℎ)] Equation 2.5 

 

Where, 𝜀𝑠 and 𝜀𝑜, are the relative electric permittivity of the medium and the absolute permittivity 

of the vacuum (𝜀𝑜 = 8.854 × 10−12  
𝐶

𝑉.𝑚
); 𝜉𝑚, and 𝜉𝑝 are the surface zeta potentials of the 

membrane and the particle, respectively; ℎ is the distance between the particle and the flat surface, 

𝑎 is the diameter of the particle, and 𝜅−1 is the Debye length of the solution at a given IS.  

The DLVO interaction energy between a negatively-charged sphere and a negatively-charged flat 

surface is presented in Figure 2.2, alongside the contributions from LW and EDL energies. As 

can be observed by the figure, there is a deep energy minimum (primary energy minimum) near 

the plate surface followed by an energy barrier due to repulsive EDL interactions followed by a 

shallow energy minimum (secondary energy minimum).  
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Figure 2.2: DLVO interaction energy between a flat plate and a spherical particle, (with permission from 

[83]). 

 

2.3.2 Effect of IS and ion valance 

An increase in IS can lead to charge screening and decrease in Debye length, which may lead to 

the suppression of the energy barrier in the DLVO interaction energy subsequently leading to 

particle adhesion [76, 79, 80]. In addition, for multivalent ions, ion bridging can transform a 

repulsive interaction into attractive interaction even at low IS [76]. This is important in 

considering the feeds containing Ca2+ ions which are abundant in many surface waters and 

wastewaters. In presence of these ions, negatively charged surfaces can attract each other and lead 

to severe colloidal adhesion. This can happen between the surface of the membrane and colloidal 

particles or between two colloidal particles. With an increase in IS, monovalent or multivalent 

ions can adsorb onto different surfaces more readily. In some cases, this can lead to charge 
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reversal for the mentioned surface [84]. Charge reversal can also occur as a result of changes in 

the pH with surfaces becoming more negatively charged with increase in the pH due to the surface 

adsorption of 𝑂𝐻− ions [80].  

2.3.3 Non-DLVO interactions  

Although DLVO theory is widely-accepted in the literature, there are other types of surface 

interactions that are key to MD systems that are not accounted for in the formulation of this theory. 

These interactions are usually referred to as non-DLVO interactions [85]. Hydrophobic and 

hydration interactions [76, 79, 80] are among the major non-DLVO interactions that affect the 

adhesion of various colloidal particles on MD membranes.  

Hydrophobic interactions occur between hydrophobic surfaces and are always attractive with an 

effective distance varying between a few to tens of nanometers [86]. Although hydrophobic 

interactions have been thoroughly studied in surface science, the underlying mechanism of this 

phenomenon is still an active topic of research [87-92].  

Hydration interactions are related to the hydration of various chemical species on the surface by 

water, which creates a short-range but strong repulsive interaction energy between the hydrated 

surface and other surfaces (either hydrated or non-hydrated) [80, 93, 94]. Hydration interactions 

can be observed in hydrophilic surfaces containing functional groups that can form hydrogen-

bonding with water or can be strongly hydrated by water molecules. These groups include ether, 

carbonyl, primary and secondary amines and carboxyl. Additionally, zwitterionic polymers can 

maintain a hydration layer due to the entrapment of water molecules in their structure [95-100]. 

A membrane surface or a colloidal particle with these groups on its surface exhibits hydration 

repulsion effect, when approaching another surface. The underlying mechanism of hydration 

interactions is still a topic of active research. It is sometimes described using acid-base (AB) (also 

known as electron-donor-acceptor) interaction energy, which is the result of Lewis-acid/base 

properties of the surface functional groups and those of the liquid medium (water) [101, 102]. 

The contribution from AB interactions is subsequently added to the DLVO theory to formulate 

the extended DLVO (XDLVO) theory which has been found to successfully explain some cases 

[29, 30, 81, 82, 102-107]. In other cases, it is common to use an empirical exponential function 

to describe this force between two hydrophilic surfaces [76]. It is worth noting that AB 

interactions are sometimes also used to explain the hydrophobic interactions [101].  

Both hydrophobic and hydration interactions are influenced by the type and valency of ions in the 

solution [93, 108-115]. Each ionic species has a different hydration strength, therefore, it affects 

the hydrogen-bonded structure of water in different ways and with a different magnitude (the 

Hofmeister effect) [115]. The underlying mechanisms for the different behaviour of the ions in 

affecting surface properties is not well understood [93, 108-115].  
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Apart from the mentioned types of surface interactions, other types of surface forces such as 

capillary forces, steric repulsions, and depletion forces can influence the surface interactions 

between foulants (i.e., colloids) and membrane surfaces [76, 79, 80]. However, this review will 

mainly focus on DLVO forces and to some extent on hydrophobic interactions and hydration 

repulsions, as these represent MD systems more broadly. Additionally, where applicable, the 

effect of hydrodynamic forces will be discussed on the particle-membrane interactions. 

2.3.4 Effect of hydrodynamics 

The total force applied on colloidal particles is the sum of hydrodynamic and surface interaction 

forces, which determines whether the particle can be brought into contact with the membrane 

surfaces. The adhesion and attachment of the particle then depends on whether the hydrodynamic 

shear force is large enough to overcome the adhesion force. After the attachment of the first 

particle, the adhesion of other particles is influenced by the attached particle as well as the 

underlying membrane surface. A membrane surface with attached particles is a new surface which 

can interact with the particles in a different way. To avoid the complexity related to dynamically 

changing interfaces, this review will only focus on the interaction of the colloidal particles with 

unfouled (clean) surfaces. The sequential surface adhesion follows the same principles of surface 

interactions between particles and surfaces, but involves the additional changes in surface 

properties caused by the adhesion of particles on the membrane surface [116, 117].  

This section considered Case 1 where surfaces were smooth. However surface interactions 

between colloidal particles and membranes are also influenced by the topography, which will be 

discussed in the next section. 

2.4 Effect of surface roughness on the interactions between MD membranes 

and foulants (Case 2) 
As mentioned in Section 2.2, hydrophobic, superhydrophobic, and omniphobic MD membranes 

usually have different types of surface asperities (roughness features) on their top surface, which 

is exposed to the feed solution (Figure 2.3) [24]. For instance, in nanofiber membranes, the 

nanofibers and the nanoparticles (if applicable) comprise the asperities, while in other MD 

membranes the asperities are introduced to the surface by particle deposition, imprint lithography, 

or a combination of both [118-121]. Usually, the asperities and the membrane surface are further 

covered/coated/grafted with hydrophobic compounds to reduce their surface energy and enhance 

their anti-wetting properties. Therefore, understanding the effect of surface roughness on the 

surface interactions is important in designing membranes that can better resist particle adhesion.  

In this section, the focus will be on the rough surfaces which are in Wenzel state and the liquid is 

in full contact with the roughness features. Therefore, the particles only interact with solid liquid 

interfaces. In addition, it is assumed that the membrane solid surface is comprised of a single 

compound showing homogeneous surface properties, and the surfaces have no pores unless stated 
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otherwise. Throughout this chapter, the interactions between surfaces with the same sign of the 

surface charge will be referred to as unfavorable interactions, while the interactions between 

oppositely charged surfaces will be referred to as favourable. It should be noted that attachment 

of particles to the membrane surface is the opposite of what is desired for MD membranes. 

However, since this terminology (i.e., favourable and unfavourable interactions) is widely used 

in colloid and surface science to refer to the particle attachment conditions, it will be adopted in 

the current discussions to avoid confusion.  

2.4.1 Cases where the size of the particles is larger than that of the asperities 

The shape and size of asperities can affect the surface interactions between the membrane and 

foulant particles. If the foulant particle size is large as compared to the asperities, the asperities 

displace the point of contact between the particle and the membrane surface [86]. This makes the 

low-distance section of the energy-distance curve inaccessible due to the presence of the 

asperities. Conversely, if the particle size is small as compared to the asperity size, the interaction 

energy depends on the very location of the particles with respect to the asperities.   

For instance, Martines et al. [122] studied the effect of asperity size and shape on the interaction 

energy between flat plates and spherical particles for two types of protruding asperities 

(hemispherical and cylindrical) under unfavourable attachment conditions. They found that an 

increase in the height of the asperities leads to the suppression of the DLVO energy barrier, and 

leading to particle adhesion. They also found that the hemispherical asperities reduced the energy 

barrier to a greater extent as compared to the cylindrical asperities. In another study, Henry et al. 

[123] investigated the deposition of particles using DLVO theory on a rough surface generated 

by random placement of hemispherical protrusions under both attractive and repulsive conditions. 

The authors found three parameters that play an important role in determining the surface 

interactions: roughness, surface coverage of asperities, and retardation of van der Waals 

interactions. It was found that the presence of roughness even at a very low surface coverage 

could lead to particle adhesion despite being under unfavourable conditions. With an increase in 

asperity radius, the height of the energy barrier was found to decrease until a critical asperity size 

was reached. Beyond the critical asperity size, the interactions between asperity and particle 

becomes comparable to the base surface of the plate (Figure 2.3). Therefore, above the critical 

asperity size, an increase in asperity size leads to an increase in the height of the energy barrier. 

The critical asperity size was found to increase with particle size and Debye length (Figure 2.4) 

[123]. The effective area of interaction of the particle increases with an increase in particle size. 

Therefore, for larger particles, the asperity diameter should increase further for the asperity to 

contribute more significantly as compared to the base surface. Therefore, a larger particle 

corresponds to  a higher asperity critical radius.  
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Figure 2.3: a) Schematic of the model used to calculate the interaction energy between a spherical 

particle and a rough plate, b) Changes of the energy barrier height of the shown model system with 

asperity radius for a particle with D = 5 𝜇𝑚 under unfavorable attachment conditions. The dotted and the 

solid lines in the graph represent the energy barrier of the rough and smooth surface (in the absence of the 

asperity), respectively (with permission from [123]).  

It was also be observed that the critical asperity radius increases with an increase in Debye length 

(decrease in 𝐼𝑆) (Figure 2.4). This can be attributed to an increase in the electrostatic zone of 

influence (ZOI) of the particle on the plate surface, which is the projection of the effective area 

of the particle that has the most effective interaction with the plate surface. Its radius is defined 

as the geometric mean of the particle radius and Debye length [124]. A large ZOI means that the 

particle is influenced by a larger area on the flat surface, which in turn means that the interactions 

will be determined by the average surface properties of the flat plate. In contrast, with a smaller 

ZOI, the influence of asperities increases on the particle-plate interactions. This parameter will be 

described in more detail in Section 2.5. 
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Figure 2.4: Changes in the critical asperity size as a function of the particle radius and Debye 

length (𝜅−1): circles for 𝜅−1 =  3 𝑛𝑚, plus marks for 𝜅−1 =  5 𝑛𝑚, diamonds for 𝜅−1 =

 10 𝑛𝑚, squares for 𝜅−1 =  20 𝑛𝑚, triangles for 𝜅−1 = 35 𝑛𝑚, (with permission from [123]). 

IS is an important solution parameter that can affect the interactions between particles and rough 

surfaces. Similar to what was described in Section 2.3, an increase in ionic strength leads to a 

reduction in the range of the electrostatic interactions. Usually, if solution Debye length is much 

larger than the asperity size, the presence of the asperities does not significantly affect the surface 

interactions. However, when Debye length decreases (with increasing 𝐼𝑆) and becomes 

comparable to the asperity size, the effect of the asperity becomes notable. Another effect of the 

increase in 𝐼𝑆 is the increase in the depth of the secondary energy minimum (Figure 2.2), which 

can trap foulant particles. Therefore, roughness can in general lead to an easier adsorption of 

foulants at high ionic strengths. However, it should be noted that the adhesion due to the 

secondary minimum is reversible, and can be undone by decreasing the ionic strength. In addition, 

the presence of asperities also hampers the access of colloidal particles to the DLVO primary 

minimum located in n the base of the asperities. This means that the particles can no longer 

irreversibly adhere to the surface, and can be detached from the surface more easily by washing 

with a low-ionic-strength solution.   
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In conclusion, in Case 2, if the particle size is comparable or larger than the size of the asperities, 

the DLVO interaction energy barrier between the flat surface and the particle is suppressed as 

compared to the case of an equivalent smooth surface (Case 1). The energy barrier in this case 

goes through a minimum with increasing asperity size and the minimum value depends on the 

solution Debye length (i.e., IS). Generalization of these findings to MD should be performed with 

caution, as Wenzel state is the basic assumption of calculating the interactions in Case 1. 

Assuming a Wenzel state for the rough surfaces in MD, asperities smaller than the colloidal 

particles can lead to a higher likelihood of particle adhesion onto MD membranes. However, the 

detachment of the particles from the surfaces are also affected by the presence of the asperities. 

These effects will be discussed in Section 2.4.5. 

2.4.2 Cases where the size of the particles is smaller than that of the asperities 

Unlike smooth surfaces, the surface interactions between particles and rough surfaces can be 

different over different regions of the surface, especially when the size of the particles is smaller 

than that of the asperities. In the above example (Figure 2.3a) the vertical position of the particle 

is located directly above the asperity top (axis of symmetry). However, if the particle is placed 

directly over the top of the valley area between two asperities, the interactions would be slightly 

different [122]. Therefore, it is more informative to plot the energy map of the interaction energy 

at different regions near the surface of the plate [125-129]. Figure 2.5 shows an example of such 

energy maps obtained by Shen et al. [129] for the interaction energy between spherical particles 

and hemispherical asperities with different diameters under unfavourable attachment conditions. 

It was found that the height of the energy barrier was reduced at the top of the asperities, while it 

was enhanced at the base of the asperity. Additionally, it was found that the secondary energy 

minimum was enhanced at the base of the asperity which could trap the particles near the surface.  
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Figure 2.5: An example of the energy maps plotted by Shen et al. [129]. The regions of the 

primary and secondary energy minima as well as the energy barrier can be observed in the 

magnified view of the map (with permission from [129]).  

Similar graphs have been obtained for surfaces with random roughness by other researchers  [125, 

128]. Figure 2.6 shows an example of these maps which is overlayed on an image simulated 

based on an AFM image [125]. Similar to the case of hemispherical asperities, it can be observed 

in Figure 2.6, that the energy barrier is increased at the valleys, while it is lower at the top of the 

asperities, and it is attractive in some areas.  

It can be concluded that in Case 2, if the size of the particles are smaller than the asperities, the 

surface interactions can be different on different regions of the surface. In MD, assuming a 

Wenzel state for the asperities, it can be conjectured that some areas such as the top of the 

asperities are more likely to attract the colloidal particles, while the base surface and the bottom 

of the roughness features are protected by the enhanced DLVO energy barrier. Nevertheless, each 

specific case of the MD membrane should be analysed in detail to for a more accurate 

determination of these effects, 
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Figure 2.6: Map of the interaction energy for a particle of radius=50 nm approaching a 

simulated rough surface with separation distances of a) 50 nm, b) 25 nm, c)10 nm, and d) 5 nm. 

In the above energy maps, x and y axes are in 𝑛𝑚, and the colour bar on the right side of each 

map is in the units of 𝑘𝐵𝑇 (figure with permission from [125]). 
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2.4.3 Surfaces with random or hierarchical roughness features 

The developments in membrane fabrication methods over the past years have enabled the 

preparation of MD membranes with controlled topography [24]. However, the surface roughness 

of most of the MD membranes developed in the literature can be classified as random or 

heirarchical roughness [130, 131]. Accordingly, to apply DLVO theory on these membranes, the 

topography of their surfaces need to be quantified first, using an appropriate model. This is a 

challenging task due to the complex geometry of these surfaces. To address this problem, it is 

useful to model the surface using surface fractal models. One of the fractal models that has been 

studied for this purpose is the Weierstrass-Mandelbrot (WM) model which has two important 

parameters to characterize the surface: fractal dimension (D) and fractal roughness (G). Feng et 

al. [132] modelled the rough surface of membrane bioreactor (MBR) membranes using WM 

model, and found that an increase in fractal roughness leads to enhancement of the attraction 

between foulants and the membrane under favourable conditions. Wang et al. [128] studied the 

effect of the parameters of WM model and found that at low fractal dimensions, increase in 

roughness height decreased the DLVO energy barrier between a nanoparticle and a randomly 

rough surface. Additionally, at a constant G, the energy barrier increased with D. In treating the 

surfaces with random roughness, the relative size of the smallest surface feature to the particle 

size plays a vital role. If the smallest surface feature becomes comparable in size with the particle, 

the surface interactions between the particle and surface can be enhanced compared to the flat 

surface. Therefore, the height of the energy barrier and the depth of the energy minimum increases 

under unfavourable conditions and favourable conditions, respectively. In contrast, if the 

projected area normal to the plate of the smallest roughness feature is significantly smaller than 

the particle, it dampens both attractions and repulsions. A fractal roughness has multiple levels of 

roughness which further complicates the analysis. Therefore, the results for the interactions 

between different surfaces and different particles can vary depending on the relative size of the 

particle and each level of hierarchy.  

In conclusion, the MD membranes are usually fabricated with random or hierarchical roughness 

features. The length scale of some levels of hierarchy could be larger and some levels smaller 

than the colloidal particles under study. Therefore, a combination of the effects discussed in 

Sections 2.4.2 and 2.4.1 apply for these surfaces. In addition, a quantitative study of the surface 

interaction on these surfaces sometimes requires the application of fractal models which adds 

further complexity to such investigations.   

2.4.4 Interactions leading to colloidal deposition on rough surfaces  

According to the above discussions, the surface interactions between colloidal particles and 

membrane surfaces can be affected by the presence of surface asperities. Now, the question is 

how effective these surface interactions are in the actual deposition of the particles on the 
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membrane surfaces. In other words, are these interactions strong enough to lead to the attachment 

of the particles to the membrane surface?  

According to the DLVO theory, attachment and deposition of particles on membrane surfaces 

requires that the particles to be trapped in one of the primary or secondary energy minimum 

regions. Additionally, if the shear forces exerted by hydrodynamic flow on the particle are strong 

enough, particles can be carried with the flow instead of adhering to the membrane surface. These 

effects have been taken into account by several researchers [129, 133-136]. For instance, Shen et 

al. [129] found that for hemispherical asperities under unfavourable attachment conditions, the 

force map was skewed toward the back side of the asperities due to the hydrodynamic flow as 

shown in Figure 2.7.  
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Figure 2.7: DLVO interaction force map normalized by the hydrodynamic drag force a), and (b) 

interaction energy (colour bars are in the units of 𝑘𝐵𝑇) for a colloidal particle with a diameter of the 66 

nm interacting with an asperity with the radius of 100 nm at different ionic strengths (1: 0.2 M; 2: 0.1 M; 

3: 0.01 M; 4: 0.001 M). The axes are normalized by particle diameter (with permission from [129]). 

Particle deposition has been studied on rough surfaces under favourable conditions accounting 

for the hydrodynamic effects [133]. It was found that the deposition rate of the particles on rough 

surfaces pass through a minimum with an increase in the asperity radius (Figure 2.8). For these 

systems, with an increase in roughness size, the point of contact is displaced further from the flat 

surface decreasing the attraction. At the same time, an increase in the size of the asperities leads 

to an increased contribution from the asperities to the surface interactions. These two effects work 

in the opposite of one another creating a critical point.  

 

 

Figure 2.8: Dependence of particle (diameter= 0.55 𝜇𝑚) deposition rate (
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

𝑚𝑖𝑛.𝑚𝑚2 ) on the 

roughness height under unfavourable attachment conditions in the loading rate of 3.33 × 10−4 𝑚/𝑠. A 

critical asperity size can be observed at the roughness height ≅ 50 𝑛𝑚 (with permission from [133]). 

In another study, Kemps and Bhattacharjee [134] investigated the attachment of particles under 

favourable conditions on rough surfaces with different arrangements (in-line vs staggered) of the 

asperities. An example of the particle-deposited surfaces with different arrangements of the 

asperities are shown in Figure 2.9. It was found that the particle trajectory around the asperities 

was controlled by the hydrodynamic flow in a way that they went over the asperity and the 

particles could not come into contact with the region behind the asperities. Therefore, a protected 

region formed behind the asperities, which despite its attractive surface forces, particles cannot 
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reach because of the hydrodynamic flow over the asperities. As a result of that, most of the particle 

deposition took place at the regions of the asperities facing the flow (Figure 2.9). In addition, due 

to the protective effect of the asperities, the in-line arrangement showed a lower deposition on the 

asperities located in the middle and the end of the studied region as compared to the staggered 

arrangement (Figure 2.9). This signifies the importance of the arrangement of the asperities on 

the surfaces. 

 

Figure 2.9: Top view of the particle deposition results on a surface roughened with spherical asperities in 

a) in-line and b) staggered configurations under favourable attachment conditions. The particle Peclet 

number is 1.4. The arrows show the direction of the flow (with permission from [134]). 

In the context of MD membranes, the particle deposition can be conjectured to follow the same 

trend as discussed in Sections 2.4.1 to 2.4.4 depending on the relative size of the particles and the 

asperities. For unfavourable conditions, the deposition rate is expected to go through a maximum 

with an increase in the asperity size, while for favourable conditions (which are to be avoided in 

MD), it is expected to go through a minimum. 
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2.4.5 Particle detachment from rough surfaces 

Particles detaching from the surface of rough surfaces under flow conditions is another important 

topic which deserves a special attention. Raveendran and Amirtharajah [135] investigated the 

detachment of polystyrene colloidal particles from glass beads in packed fluidized beds. They 

have calculated the forces exerted on the particles by hydrodynamic drag and lift, as well as the 

surface interactions. The surface interactions were modelled using the combination of van der 

Waals, Born, EDL, and hydration interactions. When the hydration effects were ignored, the 

interactions could not reproduce the observed experimental trends, suggesting that these forces 

played a determining role in the detachment force. Additionally, a distinction is made between 

adhesion forces and detachment forces. Water is the medium in calculating the LW adhesion 

forces, while for the detachment forces the medium is vacuum and the van der Waals attraction 

is higher. The effects of pH and ionic strength have been investigated on the particle detachment 

in this study. It has been found that an increase in pH and a decrease in ionic strength lead to a 

higher detachment efficiency, due to the reduction in the depth of the first energy minimum in 

DLVO interaction energy plot. It should also be noted that divalent ions have been used in the 

solution in the mentioned study. These ions can induce bridging effect between interacting 

surfaces that can lead to attractive forces between the flat surface as the particles with the charge 

of the same sign. Therefore, by decreasing the ionic strength of divalent ions, the bridging effect 

also decreases and leads to easier detachment.  

Shen et al. [136] studied the detachment of nano- and micro-particles from glass beads. They first 

deposited the particles from a solution containing a divalent salt (CaCl2), and then used washing 

solutions with different concentrations of a monovalent salt (NaCl) to detach the particles. In 

contrast to other research, they found that with an increase in the ionic strength of the washing 

solution, the detachment efficiency increases. This was attributed to the ion exchange between 

Ca2+ and Na+ ions. In addition, it was found that the presence of asperities decreased the 

detachment energy barrier. With an increase in the size of the asperities (Figure 2.10), the energy 

barrier for detachment gradually increased going through a minimum and was lower than the 

energy barrier of the smooth surface up to a certain asperity size for each ionic strength and 

particle size. Beyond this size, the detachment energy barrier crossed the smooth surface value 

under each condition, meaning that the detachment of the particles from a surface with large 

asperities became more difficult than that from a smooth surface under equivalent conditions. 

Moreover, the authors studied the depth of the secondary minimum in their system and found that 

its effect became noticeable at high ionic strengths of the washing solution. At lower ionic 

strengths, the kinetic energy associated with Brownian motion is higher than the secondary 

minimum depth and can detach particles trapped in the secondary minimum.  
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Figure 2.10: Variation of detachment energy barrier (∆Φ) for particles of diameter=30 nm (top) and 1156 

nm (bottom) with asperity radius and ionic strength: asterisk= 0.001 M, square=0.01 M, sphere=0.1 M, 

triangle=0.2 M. The detachment energy barriers for particle-smooth plate are shown at different ionic 

strengths as bolder solid line for 0.001 M, bold solid line for 0.01 M, solid line for 0.1 M and dashed line 

for 0.2 M. (with permission from [136]). 

Generally, since the point of contact between particles and surfaces is moved away from the base 

surface to the asperity top, the depth of the attachment energy minimum of the particle to a rough 

surface is smaller (weaker) compared to a smooth surface with similar chemical composition [86]. 

This means that for a rough surface it would be easier to detach the particles from the surface, as 

compared to an equivalent smooth surface. However, similar to the particle attachment, the 

detachment energy minimum depth goes through a critical value with an increase in asperity size, 

for the same reason discussed for the attachment probability (Figure 2.3).  

2.4.6 Summary of particles interacting with rough surfaces 

Based on the above discussion, for unfavourable membrane surface attachment conditions, the 

existence of nanometer-size asperities is expected to smear the interaction energy barrier and lead 

to more particle adhesion. Additionally, based on the above discussions, these membrane surfaces 

can be cleaned more readily as compared to smooth membranes. All of the discussions made in 
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this section were based on simplifying assumptions of homogeneous chemistry of the surface. In 

the following section, the effect of chemical heterogeneities will be discussed on the surface 

interactions between smooth flat surfaces and spherical particles.  

2.5 Surface interactions between a chemically heterogeneous smooth flat 

surface and spherical colloidal particles (Case 3) 

2.5.1 Chemical heterogeneities on MD membrane surfaces 

In Section 2.3, the effects of surface chemistry were discussed on the interactions between flat 

surfaces and spherical particles, where the interacting surfaces are assumed to be chemically 

homogeneous, meaning that their surface properties do not vary significantly over their entire 

surface. However, a truly chemically homogeneous surface with a uniform type and intensity of 

surface interactions is rarely the case in synthetically engineered membranes, e.g., MD 

membranes. As mentioned in Section 2.2, the membrane surface that interacts with the colloidal 

particles, consists of a combination of air (or vapour)-liquid as well as solid-liquid interfaces. The 

air-water interface is a hydrophobic surface and exists on all MD membranes in the form of the 

water meniscus at the pores (with a length scale of 200-1000 nm) and/or in the nonwetted portion 

of rough surfaces in Cassie-Baxter state (with a length scale of a few to hundreds of nanometers). 

Additionally, the solid-water interfaces of the membrane may contain various chemical groups 

which endow certain properties to these interfaces. The chemical heterogeneities on the solid-

water interfaces of superhydrophobic and omniphobic membranes could originate from the 

materials constituting the asperities which are usually inorganic particles, and the hydrophobic 

coating materials [24]. The fluoroalkane-based hydrophobic coatings usually employed to coat 

the surface of these membranes may have defects due to incomplete coating, leaving patches of 

the substrate material exposed to the solution. The solid-water interface of Janus membranes can 

become heterogeneous due to the addition of hydrophobic chemicals such as perfluorooctanoate  

to the coating layer [7]. Additionally, in these membranes, depending on the coating method [25, 

26, 137], the hydrophilic top layer might not completely cover the hydrophobic substrate, leaving 

patches of hydrophobic surface on an otherwise hydrophilic surface. The air-water interface in 

Janus membranes is usually limited to the pores. Depending on the structure of the substrate, this 

interface may protrude into the substrate or may only exist directly on the side of the hydrophilic 

coating layer facing the hydrophobic substrate.  

According to the above discussion, most MD membranes contain chemical surface 

heterogeneities that can affect their surface interactions with colloidal particles. Therefore, 

understanding the effect of chemical heterogeneities on the surface interactions between the 

membrane and colloids is important in understanding the effectiveness of various methods for the 

fabrication of membranes with better resistance against the colloidal adhesion. In this section, we 
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will focus on the interactions between smooth but chemically heterogeneous membrane surfaces 

and spherical colloidal particles. Additionally, most of the examples discussed in this section will 

be focused on DLVO forces, while generalization to other forces will be made qualitatively where 

applicable. The more complex systems consisted of the combination of physical and chemical 

heterogeneities will be discussed in the next section extending the discussed theories to MD 

membranes.  

2.5.2 Definition and theory of heterogeneous surfaces 

Here, for simplicity, we will assume that the chemical heterogeneities form separate 

microdomains on the surface of the membrane. These microdomains will be referred to as patches, 

and the ratio of the surface area of these patches to that of the entire surface will be referred to as 

the patch density.  

The macroscopic (mean-field) theories of surface interactions introduced in Section 2.3 rely on 

the averaging of the properties of the chemical species on surfaces. This approach can successfully 

explain the interactions between chemically homogeneous surfaces. However, for chemically 

heterogeneous surfaces, the local fluctuations in the chemical composition of the surfaces can 

change the way the membrane surface interacts with the foulants. These fluctuations are not 

accounted for in the mean-field models that consider the surface to be homogeneous. For instance, 

let us consider a negatively charged flat surface covered with a small fraction of positively 

charged patches in a way that the net surface charge is still negative. According to the mean field 

approach, the interactions between this surface and a negatively charged spherical foulant would 

be no different from what it would be expected if the surface was homogeneous and negatively 

charged (with the charge equal to the net charge of the patchy surface). However, in practice, 

under certain conditions, the particles can adhere to the chemically heterogeneous surface. This 

phenomenon cannot be explained using the mean-field approach. For addressing this problem, 

individual contributions from the patches and the substrate should be accounted for in a local level 

for analyzing the surface interactions. In a local level, only a limited region on the membrane 

makes most of the contribution to the particle-membrane interaction forces. As the particle 

approaches the surface, this area becomes larger until it reaches a limit determined by the particle 

size and the Debye length (for EDL interactions). This area is often referred to as electrostatic 

zone of influence (ZOI) [138]. There are two widely-used approaches to define the ZOI which 

are shown in Figure 2.11 [138]. In the first approach, the ZOI is defined by intersecting the Debye 

shell of the particle with the plate surface. In the second approach, ZOI is defined by intersecting 

the two Debye shells related to the particle and the plate. The radius of the ZOI obtained through 

both methods is proportional to √𝑅𝑝𝜅−1, in which 𝑅𝑝 is the radius of the particle and  𝜅−1 is the 
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Debye length of the solution. The values of this parameter are only slightly different due to the 

difference in their prefactor (prefactor of 2 for first method and √2 for the second method).  

 

Figure 2.11: Different definitions of zone of influence (ZOI) and its radius, 𝑅𝑧𝑖. A sphere with the radius 

of 𝑅𝑝 is in contact with a patchy planar surface. 𝜅−1 is Debye length of the solution. In the definition 

shown on the left, 𝑅𝑧𝑖 can be calculated using Pythagoras’ theorem 𝑅𝑧𝑖
2 + 𝑅𝑝

2 = (𝑅𝑝 + 𝜅−1)2 . 

Alternatively, in the definition shown in on the right, the 𝑅𝑧𝑖 is the radius of the zone resulting from the 

intersection of the plane at the distance of one Debye length from the surface, and the volume of the 

“particle+particle Debye length”. Similar to the other definition, 𝑅𝑧𝑖 can be calculated for this definition 

using: 𝑅𝑧𝑖
2 + (𝑅𝑝 − 𝜅−1)2 = (𝑅𝑝 + 𝜅−1)2 (with permission from [138]). 

2.5.3 Importance of ZOI in understanding heterogeneous surface interactions 

The effect of particle size on its interactions with chemically heterogeneous surfaces can be 

explained using the concept of ZOI. For instance, Santore and Kozlova [138] investigated the 

effect of particle size and patch density on particle adhesion to chemically heterogeneous surfaces 

with a constant patch size. The base surface in their study consisted of silica (with an 

electrokinetic charge of -0.08/nm2), and the patches were created using poly(dimethyl aminoethyl 

methacrylate) (pDMAEMA) which is a cationic polyelectrolyte (with a coil size of ca. 11 nm and 

patch electrokinetic charge of +0.08/nm2). Two different sizes of negatively charged silica 

particles (460 and 1000 nm) were used in this study. They found that smaller particles had a lower 
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threshold patch density for adhesion, and attributed this phenomenon to be the effect of a small 

ZOI for smaller particles. A decrease in the size of the ZOI increases the relative size of the patch 

(which is constant in this case) to that of ZOI. This leads to a higher fluctuation effect of the 

patches in ZOI, making it more likely for the particles to adhere to the surface. This result is 

important in dealing with the particles of any shape, because the curvature of the particle 

determines the size of the ZOI, which in turn determines the likelihood of the particle adhesion. 

In other words, a higher curvature (smaller diameter) can lead to adhesion at lower patch densities. 

This is an important conclusion considering the interactions between MD membranes and 

colloidal particles. A possible effective strategy against colloidal adhesion would be to make sure 

that the chemically favourable patches are as small as possible; while the particles are as large as 

possible. Increase in the IS leads to the reduction of the Debye length which in turn results in the 

reduction in the size of ZOI. Therefore, the ratio of the patch size to the size of the ZOI increases, 

and the particle adhesion is influenced by the fluctuations in surface chemistry at a lower patch 

density [138].  

The concept of ZOI is especially important in understanding the surface properties of chemically 

heterogeneous surfaces, because it explains the fluctuations in the interaction force that occur 

relative to the averaged force [138, 139]. These fluctuations are determined by the relative size of 

the patches to that of the ZOI.  

For the systems with a patch size lower than the size of the ZOI, a decrease in the average distance 

between the patches (corresponding to an increase in the patch density) leads to an increased 

likelihood of particle adhesion [138, 139]. This phenomenon is attributed to the increased 

fluctuations of the surface interaction forces within the ZOI that can lead to particle adhesion 

despite the fact that the average surface charge of the flat surface has the same sign as the particles 

[138, 139]. Conversely, in these systems, with an increase in the distance between the patches 

(corresponding to a decrease in the patch density), the surface interaction forces experienced by 

the particles approaches the interaction forces that the particles would experience from a flat 

surface with the average surface properties of the patches and the base flat surface. Therefore, in 

this case, the behaviour is similar to the prediction of the mean-field approaches and the likelihood 

of particle adhesion is determined by the average properties of the flat surface [138, 139]. 

If the patches are large enough compared to the ZOI, or if the patch size is much larger than the 

ZOI, the surface interactions between the particle and the membrane are dominated more by the 

favourable patches, making it more likely for the particles to adhere to the membrane surface 

[140, 141]. The particles located directly above the patches only experience the surface 

interactions from the patch. Therefore, an apparently straightforward approach in studying these 

systems would be to calculate the interaction of the particle with the patch separately to obtain 
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the rate of deposition over that patch. The total deposition rate can then be obtained by simply 

summing the deposition rates on all patches. This model is known as the patchwise model, and 

was often used in calculating the deposition rate on chemically heterogeneous surfaces [141]. 

However, as will be discussed later in this section, this model was found to produce large errors 

because it does not take into account the simultaneous contribution from both patches and the 

substrate on the surface interactions with the particles [140, 141]. These effects usually influence 

the interactions due to the hydrodynamic motion of the particles [140, 141].  

2.5.4 Hydrodynamic considerations in particle deposition on chemically heterogeneous 

surfaces 

The attachment of the particles to a chemically heterogeneous surface is also influenced by the 

hydrodynamics of the system. Duffadar and Davis [124] studied the interactions between 

negatively-charged spherical particles (diameter=1 𝜇𝑚, surface potential = -27 mV) and 

chemically heterogeneous surfaces comprised of a negatively-charged base surface (surface 

potential = -27 mV) which was covered with randomly-distributed positively charged circular 

heterogeneities (diameter=11 nm, surface potential = +54 mV). They also considered the 

hydrodynamic effects in their calculations. Different patch densities (0.05, 0.1, and 0.16) were 

studied to investigate the effect of this factor on the surface interactions and particle deposition. 

In their research, the ZOI is defined as the area on the flat surface which makes at least 1% 

contribution to the total EDL interactions between the flat surface and the particle surface. This 

area varies with the changes in the distance between the particle and the surface. The particle 

trajectories obtained by Duffadar and Davis are shown in Figure 2.12. As shown in this figure, 

the particle follows different trajectories at each patch density, moving closer to the surface with 

an increase in patch density. The average path of each of these trajectories is dictated by the mean-

field interactions between the particle and the patchy surface (dotted lines in Figure 2.12). 

However, with an increase in patch density, the fluctuations in the trajectory becomes more 

pronounced due to the fluctuations in the DLVO interaction force between particle and the flat 

surface caused by the attractive patches. As the patch density increased from 0.05 to 0.16, the 

fluctuations in the trajectory led to the adhesion of particles to the surface after traversing for a 

distance over the surface, even though the average charge of the flat surface was still negative. 

With an increase in patch density, the total area of the patches inside the ZOI become comparable 

to the area of the ZOI. This allows for the particle to move parallel to the surface at closer distance 

due to the reduction in repulsion. Additionally, the presence of the higher density of favourable 

patches inside the ZOI leads to more significant fluctuations in the interaction forces which can 

create fluctuations in the particle trajectory. These fluctuations at the close distance from the flat 

surface can eventually lead to the adhesion of the particle to the surface despite the average 

negative charge of the surface.  
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Figure 2.12: Trajectory of 1 𝜇𝑚 particles over a chemically heterogeneous flat surface with different 

patch densities (Θ) (with permission from [124]). 

 

The effect of shear rate on particle deposition is complex due to the interplay between surface 

interactions and hydrodynamic effects. For instance, Kalasin and Santore [142] studied the effect 

of shear rate on the particle deposition on a base unfavourable surface with favourable patches at 

different patch surface fractions. The base surface consisted of silica (with an electrokinetic 

charge of -0.08/nm2), and the patches were created using poly(dimethyl aminoethyl methacrylate) 

(pDMAEMA) which is a cationic polyelectrolyte (with a coil size of ca. 11 nm and patch 

electrokinetic charge of +0.08/nm2(. Negatively charged silica particles with a diameter of 1 𝜇𝑚 

were used in this study. It was found that an increase in shear rate can lead to more particle 

deposition if the shear rate is strong enough to carry the particles toward the surface but not strong 

enough to detach them. Beyond a certain shear rate, particle deposition is decreased due to the 

ability of the shear force to detach the particles. They also found that at low shear rates, the 

threshold patch density for adhesion is lower than that at higher shear rates. Therefore, in terms 

of patch density, they found two regimes for particle adhesion kinetics: 1. the surface-controlled 

regime which takes place at low patch densities. In this regime, an increase in shear rate leads to 

a better detachment of particles and their prevention from adhering to the surface. 2. The 

hydrodynamics-controlled regime, in which the particle adhesion rate increases with shear rate 

due to a higher mass transfer from the solution bulk to the surface. It is worth mentioning that this 

study was performed at the dilute limit, and only the first stage of adsorption was accounted for 
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to avoid the effect of adsorbed particles on the new particles being adsorbed on the surface (as 

opposed to sequential adsorption models). The adhesion threshold patch density was also found 

to decrease with ionic strength. Additionally, at a constant IS, with an increase in shear rate, the 

adhesion threshold increased.  

The decrease in deposition flux with an increase in shear rate is referred to as hydrodynamic bump 

effect by Elimelech et al [140]. In their research, they evaluated particle deposition on chemically 

heterogeneous surfaces under different flow conditions. Monodisperse positively charged latex 

particles were used with the diameter of 2.1 𝜇𝑚 and a zeta potential ranging between 41.2-71.6 

mV at different ionic strengths of 10−3.5, 10−3.0, and 10−2.5 M of KCl, respectively. The collector 

plates used in this study were glass slides surface-modified by soft lithography to create stripes 

of 5 𝜇𝑚 of positively charged amine functionalized regions adjacent to 5 𝜇𝑚  nonfuctionalized 

negatively-charged glass stripes (patch density of 50%). For generating different flow conditions, 

the researchers varied the flow velocity of the impinging flow which was perpendicular to the flat 

patchy surface. They studied the deposition rate as a function of particle Péclet number (𝑃𝑒) which 

is that ratio of the advective motion of the particle to its diffusive motion (𝑃𝑒 =
2𝑅𝑢

𝐷
 where 𝑅, 𝑢, 

and 𝐷 are the radius, velocity, and the diffusivity of the particle in the medium, respectively). It 

was found that at low Péclet numbers, the deposition rate was similar to the value predicted by 

the patchwise model [140]. However, at higher Péclet numbers, the experimentally obtained 

deposition rate decreased relative to the patchwise model. The authors attributed the observed 

results to the hydrodynamic bump effect (shown in Figure 2.13) that the particles experience due 

to the repulsive interactions with adjacent repulsive patches [140]. With an increase in Péclet 

number, the particles experience the hydrodynamic bump from the unfavourable patches more 

severely which prevents them from attaching to the adjacent favourable patches. This is an 

important result, because it shows the significance of the interplay between different factors that 

can be used in order to minimize fouling in MD.  

By increasing the flow velocity, it is possible to enhance the adhesion resistance of a chemically 

heterogeneous system even though it might contain favourable patches, provided that the 

hydrodynamic bump effect is large enough. One way to enforce this condition is to design the 

size of the surface unfavourable heterogeneous spots comparable to or larger than the particle 

size. With an increase in ionic strength, the deposition flux was found to go through a maximum 

which can be explained in terms of hydrodynamic bump effect. The increase in ionic strength 

decreases the Debye length which leads to a decrease in ZOI. The decrease in ZOI reduces the 

effective region with which the particle interacts. Therefore, the particles approaching the 

favourable patches do not experience the repulsive force from the adjacent unfavourable patches. 

Therefore, with an increase in the advective flux of the particles, they can adhere to the surface 
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easier. An increase in the flow velocity beyond a critical point leads to a better detachment of the 

particles from the favourable patches, as well as the more severe exposure of the particles to the 

adjacent unfavourable patches. The trajectory of the particles rejected by the unfavourable patches 

at higher flow velocities cannot easily change (toward the surface) to adhere to the favourable 

patches.  

 

Figure 2.13: Schematic presentation of hydrodynamic bump effect (with permission from [140]). 

 

The hydrodynamic bump can also lead to a higher deposition flux for the heterogeneous surfaces 

with a patch size larger than the particle size (or more accurately, the ZOI). The rejection of the 

particles from the adjacent unfavourable patches can create a high local concentration of the 

particles at the edge of the favourable patch leading to an enhanced deposition rate on the 

favourable patch [141, 143]. This deposition rate was found to be higher than an equivalent 

homogeneous favourable patch with the same properties [141, 143]. For instance, particle 

deposition flux was studied by Nazemifard et al. [141] on a circular chemically heterogeneous 

disk with radially concentric stripes of different charges using finite element method. In their 

model system, the liquid entered the collector channel perpendicular to the centre of the disk and 

flowed radially toward the perimeter of the disk. The radius of the particles was varied from 0.1 

𝜇𝑚 to 2 𝜇𝑚 and they were negatively charged. The radius of each favourable and unfavourable 

areas was varied to obtain different coverage ratios from 0-100%. The sum of the length of 

favourable and unfavourable stripes varied from 4 𝜇𝑚 to 20 𝜇𝑚. They found that the deposition 

rate is much higher on a surface with favourable patches, compared to an equivalent homogeneous 

surface with the same net charge (Figure 2.14). It was also found that the deposition rate has a 

nonlinear dependence on the patch density with a positive deviation from the patchwise 

heterogeneity model. A small fraction of favourable patches on an unfavourable surface 

significantly enhanced particle deposition, while the opposite was not true for unfavourable 

patches on a favourable surface. In other words, the deposition of the particles on a favourable 

surface was not disrupted significantly in presence of unfavourable patches. Additionally, the 

deposition flux increased with the patch density to a point that it became comparable (within 10%) 

with a fully favourable surface at 50% patch density. It should also be mentioned that a peak in 
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deposition rate was observed at the edge of each favourable patch which could be related to the 

repulsion of the particles from the adjacent unfavourable patches in the radial direction.  

 

Figure 2.14: Deposition flux of negatively charged particles with a radius of 1 𝜇𝑚 on positively charged 

stripes with a width of 20 𝜇𝑚 (with permission from [141]). 

Based on the above discussions, hydrodynamics can influence the attachment of particles on 

chemically heterogeneous surfaces. The trajectory of the particles moving over the surface can be 

affected by the presence of favourable patches on otherwise unfavourable flat surfaces. This can 

lead to particle deposition on the favourable patches regardless of the net surface charge of the 

flat surface. It was also found the unfavourable patches on an otherwise favourable flat surface 

can act as bumps repelling and preventing the particles from adhering to the favourable base 

surface due to the hydrodynamic bump effect. These results can further be employed in designing 

MD membranes with enhanced resistance against colloidal adhesion as described in Section 2.6.  

2.5.5 Effect of frictional forces on attachment and detachment of particles on surfaces   

Apart from hydrodynamic effects, the frictional forces between the particles and the membrane 

surface can affect whether the particles would remain stationary on the surface or will move on 

the surface due to the shear flow. This can be important regarding MD, because the particles might 

initially be trapped in one patch and roll over the surface and accumulate in certain regions such 

the water meniscus inside the pores, forming aggregates and blocking the pores. In this regard, 

Duffadar and Davis [144] investigated the effect of  frictional forces alongside hydrodynamic and 

surface forces in the deposition of spherical colloids on chemically heterogeneous surfaces 

consisted of favourable patches over an unfavourable substrate. Their particle trajectory results 

show that the particles undergo various different scenarios depending on the ionic strength, shear 
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rate, and particle-wall distances. For example, they observed a skipping motion by which the 

particle adheres to the surface for some distance and then detaches from the surface and continues 

its previous trajectory before attaching to the surface again. They have plotted adhesion phase 

diagrams (Figure 2.15) to indicate the conditions that lead to particle adhesion and rolling. It was 

found that with an increase in shear rate the arresting motion was completely eliminated. 

However, the particles would roll and skip over the surface provided that the adhesion force is 

high enough (e.g., high patch density and low ionic strength). 

  

Figure 2.15: Adhesion phase diagrams by Duffadar and Davis as a function of patch density , Θ, and 

Debye length (𝜅−1) (in 𝑛𝑚) for negatively charged particles with a radius of 1 𝜇𝑚 over a chemically 

heterogeneous surface at: a) shear rate of 25/s, and b) shear rate of 50/s (with permission from [144]). 

 

2.5.6 Summary of surface interactions on chemically heterogeneous surfaces and relevance to 

MD membranes 

Based on the above discussions, the surface interactions between colloidal particles and 

membranes can be affected significantly by the presence of chemical heterogeneities on the 

membranes. The particle adhesion in this case depends on the relative size of the ZOI of the 
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particle to the size of the favourable patches as well as the hydrodynamic flow characteristics of 

the particles over the membrane surface. In addition, the total surface charge of the membrane in 

these cases might not be a reliable parameter in evaluating whether or not the particles are likely 

to adhere to the membrane. Local particle adhesion can occur on favourable patches on the 

membrane surface while the overall surface charge of the membrane has the same sign as the 

particles. In MD membranes, the chemically heterogeneous surface is usually not smooth and the 

attractive patches can either be at a lower or a higher elevation from the base repulsive surfaces. 

Therefore, the combined effect of the roughness (topography) and chemical heterogeneities will 

be discussed in the context of DLVO theory in the next section.  

2.6 Combined effect of topography and chemistry on the surface interactions 

between MD membranes and colloidal particles (Case 4) 
The effects of physical and chemical heterogeneities on surface interactions were discussed 

individually in previous sections. A combination of these effects determine the interactions 

between colloidal particles and membrane surfaces in MD. Therefore, this combined effect and 

its implications on colloidal adhesion in MD will be discussed in this section.  

As it was discussed in the previous section, the patch density and the relative size of the particle 

electrical ZOI to that of the favourable patches can determine the adhesion probability of the 

particle to this surface. It was also discussed that at low patch densities and patch size/ZOI ratios, 

the probability of adhesion is low and the interactions are dominated by the average properties of 

the surface. Here, assuming that the favourable patches are located in an elevated position with 

respect to the base surface, they create asperities with favourable attachment conditions. 

Conversely, as it was discussed in Section 2.4, the presence of the asperity moves the point of 

contact between the membrane and the particle to a new position, and depending on the relative 

size of the asperity and the particle ZOI, the particle can interact only with the asperity or with 

both asperity and the base surface [145, 146].  

If the particle ZOI is larger than the asperity height, the particle-membrane interactions is mainly 

influenced by the repulsion exerted by the base surface and the attraction imposed by the 

asperities. However, due the elevated position of the favourable patches, the effect of the base 

surface in repelling the particles becomes weaker compared to an equivalent smooth surface with 

the same patch size [145, 146]. Therefore, if the interaction energy between the smooth patchy 

surface and the particle has an energy barrier due the repulsion from the unfavourable base 

surface, this energy barrier can become weaker for a rough surface in which the asperities are 

favourable.  

If the ZOI is small in comparison to the asperity height, the particle mainly interacts with the 

asperity, while the contribution of the underlying base surface to this interaction is negligible. 
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Therefore, since the asperity is favourable for attachment, the particle can attach to the asperity 

regardless of the negative charge (unfavourable) of the base surface. Therefore, when the 

favourable patches are at an elevated position with respect to the unfavourable base, they can 

attract colloidal particles significantly more than when they are on the same level with the 

unfavourable base surface, because the particles are no longer repelled by the unfavourable base 

surface.  

With an increase in the asperity height, the zone of influence of the particle has less overlap with 

the base surface, and with an increase in asperity height at some point the particle starts to solely 

interact with the asperity instead of the substrate. As a result, the attraction between the particle 

and the asperity can lead to enhanced particle adhesion. In cases that the particle ZOI is large as 

compared to the asperity height, the particle is affected by both asperity and the base surface.  

2.7 Manifestation of surface interactions in MD membranes and rational design 

of adhesion-resistant membranes 

As discussed in Section 2.2, the interfaces that participate in the membrane-colloid interactions 

in MD consist of various portions of solid-liquid and air (vapour)-liquid interfaces (Figure 2.1). 

The combined effect of this composite interface depends on the surface properties of its 

constituent elements, as well as its topographical characteristics such as surface density, position, 

and size.  

2.7.1 Asperities in MD membranes 

The solid-liquid interface in the MD membranes is usually negatively charged and the properties 

of this interface is controlled by the portion of the solid surface that is directly in contact with the 

feed liquid in either Cassie-Baxter or Wenzel regimes. For hydrophobic, superhydrophobic, and 

omniphobic membranes, the solid-liquid portion of the interfaces is usually rough and its 

interactions with colloidal particles follows the same principles discussed in Section 2.4. Based 

on the discussions of Section 2.4, for preparing a good adhesion-resistant MD membrane, particle 

attachment and detachment should be considered simultaneously. Below the critical asperity size, 

with an increase in asperity size, the energy barrier against particle attachment is suppressed, 

leading to more severe particle adhesion. However, the particle adhesion in this case is largely 

reversible and the original properties of the membranes can be retained more readily as compare 

to an equivalent smooth surface. Above the critical asperity radius, the energy barrier against 

particle attachment becomes larger, leading to a less severe fouling. However, the particles 

attached to the membrane surface are less likely to be removed upon exposure to low-salinity 

solutions, as compared to the case with asperities smaller than the critical radius. Therefore, 

finding the optimum asperity size depends on the trade-off between a high rate of reversible 

particle attachment at low asperity size against a low rate of irreversible particle attachment at 
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high asperity size. To mitigate irreversible fouling at high asperity size, the asperities can be 

designed to carry more negative charges. This way, the probability of attachment to the primary 

minimum decreases significantly. 

The value of the critical asperity radius is not fixed for a given asperity-particle system, and 

changes with changes in the solution ionic strength. Therefore, the choice of a reference value for 

ionic strength would be necessary for calculating the relevant critical asperity radius. The most 

severe irreversible adhesion occurs at low solution IS, because the depth of the primary minimum 

is the highest (Section 2.4). Therefore, as a rule of thumb, the original feed ionic strength can be 

used as the reference, because it is lower than what the membrane actually experiences during the 

MD process (due to increase in concentration). The critical asperity radius obtained this way is 

the highest bound for this parameter. In addition to the above, calculation of the critical asperity 

radius and employing fabrication techniques that can produce the asperities with controlled size 

are among the challenges that need to be tackled in engineering adhesion-resistant MD 

membranes. 

2.7.2 Chemical patches in MD membranes 

The length scale of the chemical patches is an important factor to consider in designing MD 

membranes. As discussed in Section 2.5, the chemical heterogeneities on membrane surfaces 

exist in forms of solid-liquid and air-liquid interfaces. The length-scale of these chemical 

heterogeneities can range from a few to hundreds of nanometers depending on the type of the 

membranes and the method used to fabricate or modify their surface [24, 130].  

The air-water interfaces in hydrophobic, superhydrophobic, and omniphobic membranes are 

located on the nonwetted portion of the rough surfaces (in Casse-Baxter state) and on the pore 

entrances. In Janus (hydrophilic-hydrophobic) membranes, these interfaces are usually located on 

the pore entrances. Air-water interfaces can act as hydrophobic patches in MD membranes. 

Hydrophobic interactions are different from EDL interactions in the intensity and the nature and 

their effective range can exceed tens of nanometers [86]. Increasing the total area of favourable 

interfaces such as air-water interfaces beyond a certain point can increase the adhesion and 

entrapment of hydrophobic colloidal particles on these surfaces. It is a common practice in 

hydrophobic, superhydrophobic, and omniphobic membranes to attempt and make the membrane 

surface as hydrophobic as possible to ensure a Cassie-Baxter state [24, 130]. However, there is 

no research focusing on whether this increase in the total hydrophobic patches (air-water 

interfaces) can exacerbate the colloidal adhesion in MD. The local contribution of the 

hydrophobic forces from the air-water interfaces can lead to the adsorption of hydrophobic 

particles onto these interfaces. According to the discussions of Section 2.5, in a constant patch 

density, a surface with smaller favourable patches have a lower rate of particle deposition. 
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Therefore, for creating a membrane surface with lower likelihood for the adhesion of hydrophobic 

particles, membranes with smaller surface pores (pores at the surface of the membrane exposed 

to the solution) but instead increased number density of pores would be more favourable. 

Another type of attractive patches are the areas on the surface resulting from surface treatments 

which use alternatively positively and negatively charged chemicals. The patchy surface is created 

in this case due to the incomplete coverage of the underlying substrate with the top layer. This is 

unavoidable in practice. However, the use of other alternative methods that do not involve 

positively charged intermediate surfaces might be helpful in avoiding such attractive patches.  

Apart from attractive patches, the effect of repulsive patches should also be considered in the 

design of adhesion resistant membranes. For instance, these patches can be created in omniphobic 

and superhydrophobic membranes due to the application of metal oxides or silica nanoparticles 

in creating the re-entrant structure [24, 130]. These surfaces usually have a negative surface 

charge which can repel negatively-charged foulants. In addition, the shape of these particles also 

plays an important role in resisting the adhesion of negatively charged colloidal particles.  

The fact that each interaction type between colloidal particles and membrane surfaces can have a 

different intensity can be utilized as an advantage in membrane design. For a given type of 

membrane surface, the membrane engineer has a plethora of options for selecting the materials 

that can act as repellents for certain foulants. Addition of these repellent materials to the 

membrane surface can significantly improve its adhesion-resistance properties.  

2.7.3 Importance of underwater oil wetting resistance of MD membranes  

For the oils, apart from their surface interactions with the membrane, underwater wettability of 

the membrane by oil droplets is another important characteristic in determining the resistance of 

membranes against oil adhesion and wetting [8, 25]. Therefore, the membranes showing a high 

underwater oil contact-angle (underwater oleophobic surfaces) are favorable in the treatment of 

oily waters. While underwater oil repellence is observed in omniphobic membranes only under 

special circumstances [7, 147-149], Janus membranes are usually highly oleophobic underwater 

[8, 25]. This property is imparted on Janus membranes by their hydrophilic top layer that can 

maintain a hydration layer acting as a barrier against the adhesion and spreading of oil droplets 

on its surface [25]. However, the stability of the hydrophilic top layer remains to be a challenge 

in Janus membranes because of its poor integration with the hydrophobic substrate [25, 26]. In 

this regard, surface grafting methods are gaining increasing attention for fabricating Janus 

membranes [32]. In these methods, typically, a hydrophilic polymer is covalently tethered to the 

hydrophobic substrate, creating more stable membrane as compared to those in which the binding 

takes place due to hydrophobic or electrostatic interactions.  
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2.7.4 Polyelectrolytes and their stimuli-responsive behaviour in the design of oil resistant MD 

membranes  

Surface grafted polyelectrolyte brushes are among the materials that have been used to form 

adhesion-resistant surfaces due to their electrostatic charge and ability to maintain a hydration 

layer in their vicinity [150]. Due to the ionic nature of polyelectrolyte brushes, their surface 

properties can be tuned by adjusting the pH and ionic strength of the solution. Weak anionic 

(acidic) polyelectrolytes become more underwater oleophobic with increasing pH [151, 152]; 

while the opposite is often found with weak cationic (basic) polyelectrolytes [150]. For both 

anionic and cationic brushes, with an increased ionic strength, the brush thickness goes through a 

maximum [151]. Changes in the brush thickness can be explained in terms of electrostatic 

interactions, osmotic pressure, and steric repulsions. At low salt concentrations (typically less 

than 10-3 M), an increase in the salt concentration leads to an increase in charge density within 

the brushes due to the reduction in Debye length [151]. This phenomenon leads to the expansion 

of the brush and is referred to as the osmotic brush regime. With further increase in the salt 

concentration (typically above 10-3 M, the electrostatic interactions within the brush decreases 

leading to its collapse, namely salted-brush regime [151]. The increase in the brush thickness due 

to salt concentration was found to be correlated to the increase in its underwater oleophobicity 

[150, 152-154]. Polyelectrolyte brushes are gaining an increased attention in creating fouling 

resistant self-cleaning membranes in UF [155, 156], NF [157], FO [158], and RO [40] 

applications. However, the application of these brushes is limited in MD [32].  

2.7.5 Grafting of polyelectrolytes using atom-transfer radical polymerization (ATRP) 

Polyelectrolytes are usually grafted from their constituent monomers (grafting-from) onto 

different substrates using controlled radical polymerization methods such as atom-transfer radical 

polymerization (ATRP) to form well-defined polymer brushes [34, 159-161]. In addition, 

controlled radical polymerization methods such as ATRP usually require an oxygen-free 

atmosphere which limits their facile applicability in membrane modification. For employing 

ATRP on membranes, the surface grafting reactions need to be performed either inside 

deoxygenated reaction vessels that limits the size of the membrane coupons, or under a glove box 

which restricts the application of this method to the laboratories with access to this equipment 

[34]. Oxygen sensitivity in ATRP is attributed to the tendency of oxygen to react with the catalyst 

and hinder the propagation reaction, leading to a complete cessation of the polymerization [66]. 

New reaction schemes have been developed to tackle the problems related to deoxygenation in 

ATRP [68], which include the use of reducing agents as in activators regenerated by electron 

transfer (ARGET)-ATRP [162] and supplemental activator and reducing agent (SARA)-ATRP 

[67]. In addition, it was found that UV light can be employed to circumvent the oxygen-sensitivity 

of ATRP by regenerating the catalyst and can be used to control the reaction time, so that the 



Chapter 2 Literature Review 

44 

 

reaction can be performed under open atmosphere to create polymer brushes [66, 68, 163]. 

However, to the best of our knowledge, such UV-assisted ATRP technique has not yet been 

employed to graft polymer brushes onto membranes.  

2.8 Application of electrochemical impedance spectroscopy (EIS) for in-situ 

fouling and wetting detection in MD 

In the study of fouling in MD, the drop in flux is often used as an indication of fouling (or 

excessive particle adhesion), while wetting is detected by monitoring the electrical conductivity 

of the permeate solution. More advanced techniques have been employed to monitor fouling and 

wetting, which include optical coherence tomography (OCT) [164-167], and electrochemical 

impedance spectroscopy (EIS) [19, 69-75]. Among the mentioned methods, EIS is gaining 

increasing attention due to its versatility and sensitivity to the changes in the membrane properties. 

It is a powerful technique that has been applied for in-situ fouling studies in various membrane 

processes such as reverse osmosis (RO) [168-182], nanofiltration (NF) [183-186], ultrafitration 

(UF) [187-199], microfiltration (MF) (together with UF), [200-206], and electrodialysis (ED) 

[200-206]. It has also been applied for in-situ wetting [19, 70-75] and fouling [69] studies in MD. 

EIS measurements are commonly performed by passing an AC current through the system and 

measuring the potential difference. Different parameters are then calculated as a function of 

frequency (𝑓), which can provide information on the changes taking place in the system. Below, 

two common methods for in-situ EIS measurements, namely the single frequency measurements 

and wide-frequency sweep will be discussed. 

2.8.1 Single-frequency in-situ EIS measurements in wetting detection in MD 

Wetting studies using EIS in MD have been performed predominantly using single-frequency 

measurements [19, 70-75]. In this method, the EIS measurement is performed at one frequency 

and the data acquisition is repeated by a predefined time-step during the MD process to monitor 

the changes in the system. The measurement frequency is commonly chosen in a way that it 

represents the properties of the physical element under study as reported by [19, 75]. In these 

studies, focussing on the membrane properties, the measurement frequency is chosen in the mid 

to high frequency range (10 kHz to 1 MHz) which is related to the ohmic resistance and capacitive 

behaviour of the system, so that the EIS data can be attributed to the membrane properties. 

Although this relationship can exist, the membrane properties are not the only parameters 

affecting the electrical properties of the system at any selected frequency. Other parameters such 

as electrical double layer (EDL) properties and permeate properties, that change during the MD 

process, can also affect the EIS data acquired at a single frequency. One approach to address this 

problem is to place the electrodes in direct contact with the membrane [19, 75]. Although this 

approach is effective in decreasing the effect of ohmic resistances of the feed and permeate 
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liquids, it still suffers from possible interferences from the interfaces between the solids (i.e., the 

membrane or the electrodes) and liquids (i.e., feed or permeate). Another approach to address this 

issue is to employ membranes with special design such as conductive membranes [69] or layer-

by-layer membranes [70] to exclude the effects of permeate properties. These membranes with 

conductive surface layer have been designed to replace at least one of the electrodes [69, 70]. 

While this method is promising in terms of excluding the effects of permeate properties, the 

changes in the interfacial membrane properties on the feed side can still influence the obtained 

results. In addition, this approach limits the applicability of EIS to the membranes with special 

designs.  

It can be concluded that single-frequency in-situ EIS measurements suffer from the limited 

information that they can provide on the changes in the impedance of the system during MD. This 

problem can be tackled using wide frequency sweep measurements discussed in the next section. 

2.8.2 Wide-frequency sweep in-situ EIS measurements in wetting detection in MD 

Another method for in-situ EIS measurements is wide-frequency-sweep sampling which has been 

applied more commonly in other membranes but also to a limited extent, in MD [69]. In this 

method, the EIS measurements are performed at a wide range of frequencies (5-6 orders of 

magnitude), and the frequency sweep is repeated multiple times during the MD process. This 

method provides more information (e.g., EDL effects and changes in permeate and feed salinity) 

on the behaviour of the system as compared to the single-frequency method. However, 

interpretation of the EIS results using this method depends on the equivalent circuit models 

proposed to analyse the data, and on how well these models can be applied to the system under 

study [69]. The complexity of the equivalent circuit model applied for the system requires detailed 

considerations to obtain reliable values for the circuit components (e.g., resistors and capacitors) 

representing the physical element of interest (e.g., the membrane). In all prior works, a holistic 

approach provided the needed information on the behaviour of the system by observing the trends 

in the EIS data and comparing them to the phenomena taking place in the system, which are 

monitored through traditional membrane process parameters, such as the permeate flux, solute 

rejection, etc., that are recorded simultaneously with the EIS data. 

In conclusion, a wide-frequency sweep benefits from its ability to capture the behaviour of the 

system over a wide range of frequencies, providing insight on different properties of the system. 

However, this approach suffers from the complexities and errors associated with the equivalent 

circuit analysis. Considering the potential applications of MD in water reclamation from produced 

wastewater in various industries (e.g., shale oil and gas, food, and metal forming) [8], a dedicated 

EIS study with oily solutions on MD membranes is needed to shed further light on the fouling 

and wetting mechanisms in different water environment.  
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2.5. Conclusions and future directions: 

In this chapter, to understand the oil adhesion resistance of MD membranes, the surface 

interactions between colloidal particles and MD membranes were investigated by reviewing the 

surface science literature.  

For this purpose, first the interfaces of MD membranes that participate in surface interactions 

were identified for the three common membrane types, namely, (super)hydrophobic, omniphobic, 

and Janus membranes. The interfaces in these membranes can generally be broken down to two 

main components of air-water and solid water interfaces. The air-water interfaces form on the 

rough surfaces and pore entrances and solid water interfaces are formed between the membrane 

material and the feed solution at the points of direct contact with the feed water. Therefore, the 

MD membranes are usually consisted of rough surfaces in combination with chemical 

heterogeneities. To understand the underlying physics of the surface interactions for this complex 

system, different scenarios were first analysed separately, and were subsequently combined 

together to paint the full picture of the MD membranes.  

In the next step of these analyses, the well-known DLVO theory as well as other theories were 

discussed for the interactions between smooth flat surfaces and spherical particles. It was found 

from the literature that parameters such as IS and surface potential (or charge) of the membrane 

and particle determine the attraction or repulsion between the membrane and the particles. In 

addition, the DLVO interaction energy between the smooth flat surface and the colloidal particle 

exhibits an energy barrier that prevents the adhesion of the particle to the flat surface.  

Next, it was found that the addition of asperities (roughness features) onto the flat surface can 

affect the surface interactions depending on the relative size of the asperities and the particle. 

When the asperities are smaller than the particles, their presence decreases the height of the 

DLVO energy barrier leading to a high likelihood of particle adhesion. However, when the 

asperities are larger than the particles, the surface interactions depend on the location of the 

particles with respect to the asperities. The adhesion of the particles on rough surfaces are also 

affected by hydrodynamics of the systems, because the hydrodynamic motion of the solution can 

provide enough force to detach the particles from the surface and carry them over the asperities. 

Under the hydrodynamic flow of the solution, it was found that a closely-spaced in-line 

arrangement of the asperities favours the adhesion resistance by benefiting from the 

hydrodynamic flow of the particles over the asperities.  

In the next step of this analysis, the effect of chemical heterogeneities was analysed on the surface 

interactions between a smooth flat surface and colloidal particles. Here the concept of ZOI was 

employed as an aid to understand the surface interactions between smooth patchy flat surfaces 

and colloidal particles. If the size of the favourable patches are smaller than the ZOI of the 
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particles, surface adhesion takes place at a higher patch density, because of a large contribution 

of the base surface in determining the surface interaction energy. However, if the size of the 

patches are larger than the particle ZOI, the particle is directly influenced by the favourable patch, 

and particle adhesion takes place more readily. Therefore, on an unfavourable surface with 

favourable patches the adhesion of the particles to favourable patches can take place even though 

the total surface has the same net surface potential (or charge) as the particles. Hydrodynamics 

were found to affect the surface interactions in this case by exposing the particles to the 

unfavourable patches creating a hydrodynamic bump effect that can repel the particles off the 

surface and prevent surface adhesion. 

Next, the combined effect of topography and chemical heterogeneity was analysed in relation to 

MD membranes. It was conjectured that the portion of the membrane solid surfaces that are in 

direct contact with the feed solution play a crucial role in controlling the colloidal adhesion to 

these membranes. The roughness features that constitute this portion can determine whether the 

colloidal particle adheres to the solid surface of the membrane. In addition, it was conjectured 

that the air water interfaces present in MD membranes could act as attractive patches that trap 

hydrophobic particles and may play a role in pore blockage on the membranes.  

Apart from the effects of surface interactions on oil adhesion, underwater oleophobicity was 

identified as another important factor in oil-resistant MD membranes. This property is related to 

a high resistance to the spreading of an oil droplet on the membrane while immersed underwater. 

Janus membranes were introduced as one of the membrane types with high underwater 

oleophobicity. However, the poor stability of the hydrophilic top layer in these membranes poses 

challenges in their long-term durability. Oxygen tolerant UV-assisted ATRP was introduced as 

possible solution to address this problem. In addition, the application of polyelectrolytes in 

creating oil resistant membranes was highlighted in this chapter. 

Finally, the state of the art in the analysis of wetting and fouling using in-situ EIS measurements 

was reviewed and analysed. It was found that most of the studies in MD employed single-

frequency measurements, while wide-frequency sweeps were rare in the literature. The single 

frequency measurements attributed the changes in the impedance at a selected frequency to the 

changes in the membrane properties, while the changes in other parameters such as the permeate 

and feed characteristics can also affect the impedance.  



 

 

 

 Materials and Methods 
3.1 Materials 
A commercial PVDF membranes Immobilon®-PSQ, (average pore size=0.2 𝜇𝑚) and 

Immobilon® (average pore size=0.45 𝜇𝑚) were purchased from Merck-Millipore (Darmstadt, 

Germany). Dodecane (≥99.9%), sodium acrylate (NaAA), NaOH, (3-

Aminopropyl)triethoxysilane (APTES) (99%), Cu(II)Br2 (99%), n-hexane (99%), 2,2′-bipyridyl 

(bipy), 2-Bromo-2-methylpropionic acid (BMPA), and 𝛼-bromoisobutyryl bromide (BiBB) 

(98%) were purchased from Sigma-Aldrich (St. Louis, USA). Toluene (99.8%), and triethylamine 

(TEA) (99%) were purchased from ThermoFisher Scientific (Massachusetts, USA). All chemicals 

were used as received without further purification.  

3.2 Characterizations 

3.2.1 Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) 

The ATR-FTIR measurements of the as-prepared membranes were performed using a Perkin 

Elmer ATR-FTIR spectrometer (Perkin Elmer, Germany), in the wavenumber range of 600-4000 

cm-1, and the data were averaged over 16 scans for each specimen.  

3.2.2 Contact-angle experiments 

The contact-angle experiments of the membrane surfaces were performed using a drop shape 

analyzer (DSA25E, Krüss, Germany) and were analyzed using Advance software (Krüss, 

Germany). For in-air water contact angle experiments, the experiment was repeated at least 5 

times at 5 different spots for each sample. The underwater oil contact angle tests were performed 

with dodecane under Milli-Q water and under saline solutions with salinities varying from 0.0010 

M to 3.0 M NaCl. Due to the challenges in capturing the contact angle of the oil droplets under 

water, the dynamic process (i.e., the approach, contact, and retraction of the needle) capturing the 

attached oil droplet was recorded using the video recording function of the Advance software 

(Krüss, Germany). Screenshots were extracted from the recorded videos of each test at each stage 

of approach, contact, and retraction of the needle.  

3.2.3 Scanning electron microscopy (SEM) and energy dispersive X-ray (EDX) spectroscopy 

SEM was performed using a Phenom II SEM (ThermoScientific, USA) equipped with a built-in 

EDX spectrometer. Dry membrane samples were gold-sputtered prior to the SEM image 

acquisition. The images were acquired from top surface of the samples at the magnification of 

10,000x to 20,000x with the beam energy of 10 keV. EDX analysis was performed on three 

selected spots on top of the membranes as well as for three regions on the surface on each 

membrane.  
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3.2.4 Streaming potential analysis 

Streaming potential analysis was performed using a Surpass electrokinetic analyzer (Anton Paar, 

Austria) in the pH range of 2.5 to 9.0 to obtain the surface zeta potential of the membranes. The 

electrolyte solution was 0.1 M NaCl and the pH was adjusted using HCl (0.1 M) and NaOH (0.1 

M) solutions by the titration function of the instrument.  

3.3 Method development for surface modifications  

The aim of the surface modifications is to graft PAA onto membrane surfaces employing Oxygen-

tolerant UV-assisted ATRP. The grafting reactions consisted of four main steps including OH-

functionalization [23, 207], grafting of the initiator anchoring compound, grafting of the initiator 

onto the anchoring groups [197, 208, 209], and the ATRP of sodium acrylate onto the anchored 

initiators [66, 163]. The concentration of each species was chosen based on the values commonly 

chosen in the literature without further optimization [23, 66, 163, 197, 207-209]. 

In this research, two methods were pursued to create oil resistant membranes. In the first method, 

the entire membrane surface and pores were subject to surface treatment, while in the second 

method, only the top surface (facing the feed solution) of the membrane was subject to the surface 

treatments. The aim of the first method was to develop a benchmark for studying the effect of 

sparse-grafting of PAA on the oil adhesion properties and oil fouling in MD. It was also employed 

to refine and troubleshoot the possible issues with the experimental setups and implementation of 

the chemical reactions. Another important goal of this method was the selection of a membrane 

compatible with the selected reaction conditions. The second method was employed to develop 

an extreme end toward making a surface with concentrated patches of hydrophilic PAA molecules 

on a hydrophobic membrane surface to investigate the effect of surface interactions in the point-

of-contact of the membrane and the feed liquid.  

3.4 Approach 1: Grafting of PAA on the entire membrane 

The aim of this method is to use the entire membrane surface and inside of the membrane pores 

as a base for grafting of PAA with different grafting densities. The purpose of this method is to 

create a benchmark that can subsequently be used to analyse the effect of sparse-grafting of 

hydrophilic compounds on the membrane surfaces. A commercial PVDF membrane (average 

pore size=0.45 𝜇𝑚) was employed in this approach. 
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Figure 3.1: Proposed reaction steps for grafting of the poly(acrylic acid) (PAA) sodium salt on the 

surface of the PVDF membrane. The selected initiators were BMPA and BiBB for Approaches 1 and 2, 

respectively.   

3.4.1 Alkaline treatment (OH-grafting) 

In this approach, the membranes were fully prewetted before the initial step of surface treatment. 

For prewetting the membranes, the membrane coupons were first soaked in pure ethanol in a 

beaker to ensure that ethanol fills the membrane pores and makes it translucent. The ethanol was 

subsequently replaced by Milli-Q water by adding copious amounts of Milli-Q water and draining 

the beaker multiple times. The final membrane was removed from the beaker and placed in 

another beaker filled with Milli-Q water to avoid drying. For alkaline treatment reactions, the 

membrane was submerged in a highly-concentrated alkaline solution (7.5 M NaOH) at 70 ± 4℃ 

for 3 h [23]. The membrane was then removed from the beaker and washed thoroughly with Milli-

Q water and dried in a drafted atmospheric oven at 60℃ overnight, followed by drying in a 

vacuum oven at 60℃ for 6-8 h to remove the residual moisture.  

3.4.2 APTES-grafting 

For this step, the OH-functionalized membranes were immersed in a 0.03 M solution of APTES 

in toluene, and the reaction was carried out in a sealed container under N2 blanket for 24 h in 

room temperature [210]. After the reaction, the membranes were extracted from the container and 

washed thoroughly with ethanol and water, and dried in a drafted oven at 60℃.  

3.4.3 Initiator-grafting 

In this step, BMPA was grafted onto the surface of the APTES-treated samples. For grafting of 

the initiator, a 0.02 M solution of BMPA in toluene was prepared at room temperature [197, 208, 

209]. In addition, TEA was used for a few of the tested samples as a catalyst that can assist the 

silanization reaction. To perform the initiator grafting, the membranes were immersed in the 

solution and the reaction vessel was purged with N2 for 30 min to remove the moisture. Next, the 

reaction vessel was sealed and the reaction continued for 24 h at room temperature, on an orbital 

mixer [197, 208, 209]. At the end of the reaction, the membranes were removed from the vessel 

and washed thoroughly with ethanol and water, and dried in a drafted oven at 60℃ overnight.  
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3.4.4 Oxygen tolerant UV-assisted ATRP for PAA grafting using Approach 1 

ATRP was performed for all samples using a solution of NaAA, Cu(II)Br2, and bipy in water with 

the molar ratio of [NaAA]:[Cu(II)Br2]:[bipy] 0.5:0.005:0.01 [66, 163]. The mentioned solution 

was poured into several glass petri-dishes and the membranes were immersed in the petri-dishes. 

The polymerization started by exposing the petri-dishes to UV light (wavelength= 362 nm, power 

density at the exposure distance of 10 cm=2-2.5 mW/cm2) from above in open atmosphere at 

room temperature. The reaction was terminated by switching-off the UV light after 3 h. The 

membranes were then removed from the petri-dishes and washed thoroughly with ethanol and 

water, and dried in a drafted oven at 60℃ overnight. In some of the samples, TEA (with a 

concentration of 0.2 M) was added to the reaction medium as catalyst. Figure 3.2 presents the 

two alternative methods of loading the samples into the petri-dishes used in Approach 1. In the 

method shown in Figure 3.2a, the membrane was submerged in the polymerization solution 

inside a petri-dish, and another petri-dish (empty) was placed over the solution pushing the extra 

solution out of the petri-dish and floated over the solution. In the method shown in Figure 3.2b, 

the membrane was first placed on a dry petri-dish and a few drops of the polymerization solution 

was poured onto the membrane. The membrane was then covered using a microscope glass slide. 

The latter method was previously used in the literature for grafting of different polymers on silicon 

wafers [66].  

 

Figure 3.2: The schematic illustration of Different methods of performing the ATRP reactions by a) 

submerging the membrane in the polymerization solution, b) sandwiching the membrane and the 

polymerization solution between the petri dish and a glass slide. 

3.5 Approach 2: Grafting of PAA on top of the roughness features of the MD 

membranes 
In this approach, the PAA chains were grafted onto the commercial PVDF membranes (average 

pore size=0.2 𝜇𝑚) without the initial prewetting of the membranes to limit the grafting sites for 

the PAA brushes to the top surface of the membrane. The specific reaction conditions for this 

approach are described below: 
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3.5.1 Alkaline treatment 

the PVDF membranes were initially OH-functionalized using a 7.5 M NaOH solution at room 

temperature for 3 h (alkaline treatment). For this purpose, a dry membrane coupon (without 

prewetting [207]) was fixed in a custom-made module exposing the top surface to the 

modification solution, while sealing the bottom surface. The membrane was secured in the 

custom-made module using silicone gaskets ensuring no liquid could bypass the membrane and 

reach the unexposed face of the membrane. Upon removal of the membrane from the module, the 

unexposed face of the membrane was carefully examined to ensure it was completely dry and free 

of any traces of liquid. After the alkaline treatment, the membrane was washed thoroughly with 

MilliQ water, and dried overnight in a drafted oven at 60℃. 

3.5.2 APTES grafting 

After the alkaline treatment, the membrane was removed from the module, washed thoroughly 

with MilliQ water, and dried overnight in a drafted oven at 60℃. The membranes were then 

functionalized by amine groups (-NH2 ) using a solution containing 0.03 M APTES and 0.044 M 

TEA in toluene, in a sealed container under N2 blanket for 24 h at room temperature [210].  

3.5.3 Initiator grafting 

Next, the initiator, BiBB, was grafted onto the membranes using a solution containing 0.02 M 

BiBB and 0.01 M TEA in toluene, under N2 blanket for 24 h at room temperature [197, 208, 209]. 

After each APTES and BiBB grafting steps, the membrane was washed thoroughly with n-hexane, 

and dried in a drafted oven at 60℃ overnight. 

3.5.4 Oxygen tolerant UV-assisted ATRP for PAA grafting employing Approach 2 

For ATRP, the initiator-grafted membranes were first pre-wetted by ethanol in a glass beaker. 

The ethanol was then replaced by water through washing the membrane with copious amount of 

water. The pre-wetted membrane was transferred to and submerged in a petri-dish containing 25 

mL of an aqueous solution containing [NaAA]:[Cu(II)Br2]:[bipy] with the molar ratio of 

0.5:0.005:0.01 [66, 163]. The ATRP reaction was initiated by exposing the petri-dish to the UV 

light (wavelength= 362 nm, with the irradiance of 2-2.5 mW/cm2 at the exposure distance of 10 

cm) from the top in open atmosphere at room temperature [66]. The reaction was terminated after 

3 h by switching off the UV light and removing the membrane from the petri dish. The membrane 

was then washed thoroughly with ethanol and water, alternatingly, and was dried in a drafted oven 

at 60℃ overnight. The schematics for the reaction setup of Approach 2 is shown in Figure 3.3. 

As observed from this figure, in Approach 2, the membrane was immersed in the polymerization 

solution without covering the reaction medium, directly exposing the system to the atmosphere.  
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Figure 3.3: The schematic illustration of the reaction setup for performing the UV-ATRP reactions by 

submerging the membrane in the polymerization solution in Approach 2. 

3.6 Membrane distillation experiments 

MD experiments were performed in a custom-made module with a feed inlet temperature of 60℃ 

and permeate inlet temperature of 20℃ in the countercurrent configuration, with crossflow 

velocity of 3.13 m/min on both feed/permeate sides. The schematic of the MD setup is shown in 

Figure 3.4. The PVDF and PVDF-PAA membranes were tested against a mechanically dispersed 

aqueous oil solution containing 0.1 %(v/v) dodecane and 0.1 M NaCl. Immediately before 

performing MD on oily solutions, both membranes were tested with a 0.1 M NaCl solution for 2 

hours to ensure the integrity of the membranes. The electrical conductivity (EC) of the permeate 

solution was monitored in real-time by an EC-meter probe placed inside the permeate container. 

The permeation flux data obtained from MD on the PVDF-salt system over the first 5 h of the 

experiment was used to calculate the standard error for the flux calculations and was employed 

in the flux graphs as error bars. At the end of each MD experiment, the membranes were removed 

from the module immediately to visually examine for any translucent spots created on the 

membrane surface as a result of possible wetting. 
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Figure 3.4: Schematic of the setup used to conduct MD experiments in this work. T indicates the location 

of the thermocouples for temperature measurement. 

3.7 Preparation of the saline oil dispersions 

The oil dispersion was prepared first with 4 mL of dodecane that was dispersed in 4 L of Milli-Q 

water using a high-shear mechanical mixer (Unidrive X1000, Caterpillar) at 15000 rpm for 15 

min. Then, 23.38 g (0.4 mol) of NaCl was added to the solution and dissolved using a magnetic 

stirrer for 10 min. After the dissolution of the salt, the mixture was stirred again using the high 

shear mixer at 15000 rpm for 15 min. The solution was prepared at room temperature (about 

20℃), and the resulting dispersion was stable at least for 2 h, but showed signs of phase separation 

visually observable as the solution becoming transparent on the bottom section of the container. 

Therefore, during the MD, the feed solution was replaced with a fresh solution at t=2 h and t=4 h 

from the start of the experiment to extend the time during which the membrane was exposed to 

the oily dispersion. In addition, the MD experiment was allowed to continue overnight (20 h in 

total) to observe the long-term effects of any possible oil wetting on the EC of the permeate 

solution. The oil droplets in the prepared dispersions were too large for the available DLS 

instruments for a successful measurement of droplet size distribution. Therefore, the oil droplet 

size was not measured for the prepared feed solutions pre- or post-MD.  

3.8 EIS experiments 

The EIS experiments were performed using an electrochemical workstation (Autolab 

PGSTAT12, Metrohm, Herisau, Switzerland) equipped with a FRA3.2 module. The tests were 

performed in potentiostatic mode with a current range of 100 nA to 10 mA and a maximum root-

mean square (RMS) voltage amplitude of 0.01 V to avoid Faradaic reactions. A two-electrode 

configuration was employed using stainless steel electrodes with the working/sensing electrode 

facing the membrane from the feed side and the counter/reference electrode facing the membrane 

from the permeate side. A schematic of the MD cell showing the parts including the EIS electrodes 

in exploded view is shown in Figure 3.5.  
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Figure 3.5: Exploded view of the MD cell employed in the current research, showing location of the 

electrodes, the flow channels, and the membrane. 

The data acquisition was performed in both static (without MD operation), and dynamic (during 

MD operation) modes to obtain information on the changes taking place on the values of the 

equivalent circuit parameters, and to establish correlations between the EIS data and the physical 

properties of the MD system. For the static tests, the module was detached from the MD setup, 

and was filled with the relevant solution at room temperature. The frequency (f) range for the 

static tests was 0.1 Hz to 500 kHz with 10 measured frequencies per decade. For the dynamic 

tests, the data acquisition took place in-situ during MD operation, performing one complete 

frequency sweep per hour with the first sweep starting at t=0 h at the frequency range of 1 Hz to 

500 kHz with 10 measured frequencies per decade (20 full frequency sweeps per each test). Each 

frequency sweep took about 15 min to 30 min, depending on the level of the noise and the ability 

of the instrument to acquire proper data in the low-frequency range. The capacitance of the rubber 

gaskets was obtained by numerical fitting using OriginPro 9.1. The rest of the obtained data were 

analysed and fitted by Nova 2.1.4 (Metrohm, Herisau, Switzerland). The curve fitting was done 

in slightly different manners depending on the level of noise in the original data (e.g., those with 

𝑍′ < 0 𝑎𝑛𝑑 − 𝑍′′ < 0). For example, the fitting range for the noisy data sets was limited to the 

range of 100 𝐻𝑧 ≤ 𝑓 ≤ 500 𝑘𝐻𝑧. For other data sets, the fitting was performed over the entire 

measured frequency range. 



 

 

 

  Proof of concept for oxygen-

tolerant UV-assisted atom-transfer radical 

polymerization (ATRP) of Poly(acrylic acid) 

(PAA) onto PVDF Membranes 
4.1 Introduction 

The aim of this chapter is to develop a benchmark for refining and troubleshooting the possible 

issues with the experimental setups and implementation of the chemical reactions for oxygen-

tolerant UV-ATRP on PVDF membranes. In this section, preliminary ATR-FTIR and water 

contact angle results are presented on the prepared samples. The aim of the performed 

characterizations was to investigate the success of each step of the surface modifications.  

4.2 Validation of the initiator grafting reactions 

4.2.1 ATR-FTIR Results on the treated and untreated membranes 

ATR-FTIR results on the pristine PVDF, alkaline treated (PVDF-OH), APTES-treated (PVDF-

APTES), initiator-grafted (PVDF-BMPA) and PAA-grafted (PVDF-PAA) membranes are shown 

in Figures 4.1. As can be observed from Figure 4.1, the PVDF-PAA membrane showed a new 

peak at 1550-1650 cm-1, which can be can be assigned to the -COOH stretching related to the 

acidic form of PAA [211-215]. However, no other peaks related to any characteristic bonds 

related to the grafted functional groups are observed in the collected spectra of the other steps of 

the surface treatment. This result could be attributed to the extremely low concentration of the 

functional groups on the membrane surface.  

 

Figure 4.1: ATR-FTIR results on the pristine and surface-modified PVDF membranes using Approach 

1: a) full view of the ATR-FTIR spectra, b) magnified view of the spectra (1500-2000 cm-1) for observing 

the carbonyl peaks of the surface-grafted PAA. 
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To understand the effect of the presence of TEA in the polymerization solution in the ATRP of 

PAA, the ATR-FTIR spectra of the PVDF grafted in presence and in the absence of TEA were 

compared. Figure 4.2 illustrates the ATR-FTIR spectra for the PVDF samples prepared using the 

two different ATRP methods with two different reactant compositions. As can be observed from 

this figure, the PAA-grafted membranes showed no significant difference in their FTIR spectra 

suggesting that the reaction was successful in both cases. However, ATR-FTIR data cannot be 

used for a quantitative measure of the grafting density or the degree of polymerization. For this 

purpose, water contact angle experiments might provide additional insight as to which method is 

more favourable.  

 

Figure 4.2: ATR-FTIR results on the pristine, PVDF-PAA, and PVDF-PAA-TEA membranes prepared 

using Approach 1: a) full view of the ATR-FTIR spectra, b) magnified view of the spectra (1500-2000 

cm-1) for observing the carbonyl peaks of the surface-grafted PAA. 

4.2.2 Water contact-angle measurements 

Water contact-angle tests were performed to analyse the surface properties of the modified and 

pristine membranes. The WCA results for the treated and untreated PVDF samples are shown in 

Figure 4.3. As can be observed from this figure, different treatment steps resulted in different 

changes in the contact angles of the PVDF membranes. The OH-treated membranes exhibited a 

fully hydrophilic behaviour and the water droplets immediately wicked into the membrane. 

However, the membranes demonstrated higher contact-angle after APTES treatment. PVDF-PAA 

and PVDF-PAA-TEA membranes showed lower contact angles compared to the PVDF-APTES 

membranes. However, the contact angles of these membranes were unstable and the recorded 

values of contact angle were related to the average of multiple measurements within the first 

minute after dispensing the water droplet onto the membrane. Nevertheless, the PVDF-PAA 

membrane showed a lower contact-angle values as compared to the PVDF-PAA-TEA. This result 

could be due to the possible de-grafting effect of TEA in presence of water, which suggests that 

the use of TEA in the polymerization solution might be unfavourable for the reaction.  
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Figure 4.3: Water contact-angle results on the surface of the pristine as well as the treated membranes. 

The water droplets wetted the PVDF-OH membranes upon contact.  

4.3 Discussions and conclusions on Approach 1 

Approach 1 was performed to fully graft PAA on the surface of the membranes as well as inside 

the membrane pores, to obtain a benchmark on the reaction conditions. Based on the visual 

observations made during the modifications process, PVDF membranes maintained their integrity 

during all of the modifications steps, therefore, these membranes are more suitable to be used for 

the next steps of this study.  

According to the ATR-FTIR results, the surface concentration of the functional groups that were 

grafted before PAA was too low to show any noticeable effect on the ATR-FTIR spectra. 

However, the PAA chains exhibited a peak at 1550-1650 cm-1, which can be attributed to -COOH 

stretching of the PAA molecules which confirms the success of the employed reaction conditions 

[211-215]. In addition, it was found that the presence or absence of TEA in the polymerization 

solution did not have an effect noticeable in the ATR-FTIR spectra on the success of the ATRP 

in PAA grafting. Water contact angle results provided additional insight into the changes in the 

surface properties of the membranes through different stages of surface modifications. Especially, 

these results showed a lower contact angle for PVDF-PAA as compared to PVDF-PAA-TEA, 

implying that the presence of TEA in the polymerization solution might have led to the de-grafting 

of PAA chains by catalysing the hydrolysis of the silane bonds (formed by the APTES grafting) 

in presence of water [216].  

In general, results of this chapter indicated the success of the oxygen-tolerant UV-assisted ATRP 

in the grafting of PAA onto the PVDF membranes. Nevertheless, membranes grafted using 

Approach 1 cannot be directly employed for MD applications due their hydrophilic nature. 
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Therefore, as describe in Chapter 3, Approach 2 was designed to limit the grafting sites for the 

PAA molecules only on the top (feed-facing) surface of the membrane. This approach will be 

adopted in the rest of the thesis and the results of this approach will be discussed in Chapters 5 

to 8. 



 

 

 

  Salinity-responsive poly(acrylic-

acid)-grafted PVDF membranes by oxygen 

tolerant atom-transfer radical polymerization 

(ATRP) for oil-resistant membrane 

distillation 
5.1  Introduction 

In the previous chapter, the successful grafting of PAA chains was verified for Approach 1 which 

resulted in a hydrophilic membrane. As described in Chapter 3, the employed method for the 

surface treatments of Approach 1 was further developed into Approach 2 by grafting the PAA 

chains only on the top surface of the PVDF membrane. This approach is hypothesized to be 

effective against the adhesion of dispersed oil droplets in the treatment of oily waters due to the 

hydration and electrostatic repulsions between PAA brushes and the oil droplets.  

In this regard, the current chapter is focused on the characterizations, salinity responsive 

behaviour, and  MD performance of a commercial PVDF membrane (pore size = 0.2 𝜇𝑚) 

modified using Approach 2. For this purpose, the surface chemistry and morphology of PVDF 

and PVDF-PAA membranes will be analysed in Section 5.2 using various methods such as ATR-

FTIR, and SEM-EDX analyses to confirm the success of the oxygen tolerant UV-ATRP in the 

grafting of PAA brushes onto the PVDF membranes. Next, the underwater oil adhesion properties 

of both membranes as well as the salinity responsive behaviour of the PVDF-PAA membrane will 

be analysed in Section 5.3. Finally, the performance of both membranes will be evaluated in the 

MD of a saline oil dispersion containing 0.1 % (v/v) dodecane and 0.1 M NaCl in water in Section 

5.4. Full description of the experimental procedures used in the current chapter can be found in 

Chapter 3. 

5.2 Surface chemistry and morphology of the PVDF-PAA membranes 

Changes in the surface chemistry of the membranes can be observed through the ATR-FTIR 

results shown in Figure 5.1, where the inset of this figure shows the magnified region in the range 

1500-4000 cm-1 of the same spectra. As can be observed in the inset graph, a new peak can be 

observed for PVDF-PAA at 1580 cm-1 which can be attributed to the asymmetric stretching of -

COO- related to the sodium salt of PAA [211, 214, 217]. This peak is followed by a shoulder at 

1680 cm-1 which can be assigned to the -COOH stretching related to the acidic form of PAA [211-

215]. Additionally, a broad peak can be observed in PVDF-PAA in 3000-3500 cm-1 which can be 

attributed to the -OH groups in the hydrogenated form of PAA [211-214]. The presence of both 
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forms of PAA can be attributed to the exchange of H+ and Na+ ions, as a result of exposure of the 

PAA sodium salt to water during the washing process [215].  

 

 

Figure 5.1: ATR-FTIR spectra of PVDF and PVDF-PAA membranes. 

SEM analysis was performed to investigate the changes in the surface morphology of the PVDF 

membranes due to PAA grafting. The SEM images obtained from the top surface (the surface 

facing the feed solution) of the PVDF and PVDF-PAA membranes are shown in Figures 5.2a 

and b. As can be observed from these figures, there is no noticeable difference in surface 

morphology between the PVDF and PVDF-PAA membranes.  

EDX analysis on the PVDF and PVDF-PAA membranes can provide information on the effect of 

PAA grafting on the elemental composition of the membrane surfaces. This analysis was 

performed on three selected spots on top of the nodular roughness features (asperities) (Figures 

5.2c and d), as well as for a region (Figures 5.2e and f) on the surface on each membrane. It 
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should be noted that the electron beam penetration depth for the EDX spectra is ca. 2 − 5 𝜇𝑚 

[218], meaning that the obtained results could be influenced by the corrugations of the surfaces 

as well as the underlying bulk material that can make an additional contribution to the elemental 

composition measured by the instrument.  

The resulting EDX spectra of the spot and region analyses are shown in Figure 5.2g. As can be 

observed from the EDX spectra (Figure 5.2g), oxygen is present on the surface of both modified 

and unmodified samples with relatively low concentrations. PAA chains contain oxygen and 

carbon atoms that can increase the surface concentration of these elements on the membrane 

surface in the PVDF-PAA membrane as compared to those in the PVDF membrane. However, 

addition of PAA onto the PVDF membrane affects the concentration of all of the elements on the 

PVDF simultaneously. Therefore, instead of analysing the values of the atomic concentrations, it 

is more informative to analyse the relative concentrations of O/F, O/C, and C/F in the obtained 

results. The results of these calculations are shown in Figure 5.2h. As can be observed from the 

concentration ratios of the spots, the concentration of oxygen and carbon has increased relative to 

fluorine for the PVDF-PAA membrane illustrating the presence of PAA chains on the top of the 

surface asperities.  

However, a comparison of the values obtained for the region analysis does not show any 

significant difference between the two samples, with the PVDF-PAA sample having a slightly 

higher O/F ratio. In addition, comparison of the region results and the spot results for both 

membranes show a large difference for the PVDF-PAA, while the difference is smaller for the 

PVDF membrane. This suggests the possibility of a higher grafting density on top of the asperities 

for the PVDF-PAA membrane. This could be the result of the minimal intrusion of the alkaline 

solution in the first surface modification treatment step (Chapter 3), which limited the anchoring 

points of the PAA chains to the top regions of the roughness features. This hypothesis will be 

discussed in more detail in Sections 5.3 and Chapter 6. Alternatively, the high oxygen content 

on top of the surface asperities in PVDF-PAA could mean that the molecular weight of the PAA 

chains located here is larger than those located in the valley regions, due to a better exposure to 

UV light during ATRP.  
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Figure 5.2: SEM images of PVDF (a) and PVDF-PAA (b) membranes. Spots selected for the EDX 

analysis of PVDF (c), and PVDF-PAA (d) membranes. Region images for the EDX analysis on the PVDF 
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(e) and PVDF-PAA (f) membranes. e) Atomic concentration ratio of O/C and O/F in PVDF and PVDF-

PAA obtained from the EDX analysis. The scale bars correspond to 8 𝜇𝑚 (in a and b), 3 𝜇𝑚 (in c and d),  

and 15 𝜇𝑚 (in e and f). 

Streaming potential analysis was performed to obtain the apparent surface zeta potential (𝜁) of 

the PVDF and PVDF-PAA membranes, in order to study the effect of PAA on the surface zeta 

potential, the results of which are shown in Figure 5.3 as a function of pH. As observed, the 

presence of negatively-charged PAA molecules on PVDF-PAA has led to a larger negative 

surface zeta potential on the membrane surface as compared to the PVDF membrane. The 

isoelectric point (IEP) of the PVDF-PAA membrane is reached at a higher pH as compared to the 

PVDF membrane. This could be the due to the PAA chains being deprotonated at a higher pH 

(pKa of PAA is 4.3-4.9 [63]). In addition, presence of the secondary amine groups on the 

anchoring points of the PAA molecules and unreacted primary amine groups from APTES may 

have contributed to the increase in the pH of the IEP in the PVDF-PAA membrane. The amine 

groups of PVDF-PAA can become protonated at low pH leading to a more positive surface charge 

as compared to PVDF. 

 

Figure 5.3: Surface zeta potential of PVDF and PVDF-PAA membranes as a function of pH using a 0.1 

M NaCl solution at room temperature. The error bars represent the standard deviation of four 

measurements and are smaller than the data points for pH > 3.  
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The in-air water contact-angle (WCA) results for PVDF and PVDF-PAA membranes are shown 

in Figure 5.4. As observed, the WCA decreased from 134 ± 2° for the pristine PVDF to 110±3° 

for PVDF-PAA. However, it should be noted that hydrophobic properties of the studied MD 

membranes cannot be unambiguously interpreted from the WCA results due to their rough and 

porous structure which affects the apparent contact angle [147, 148]. The observed decrease in 

the apparent contact angle suggests a change in surface chemistry or topography which needs to 

be complemented by other results.  

 

Figure 5.4: Water contact angle of PVDF and PVDF-PAA membranes 

5.3 Salinity-responsive behaviour and underwater oleophobicity of the PVDF-

PAA membranes 

To analyse the salinity-responsive behaviour of the grafted brushes, underwater oil adhesion tests 

were performed on PVDF and PVDF-PAA membranes using dodecane in aqueous solutions with 

different concentrations of NaCl (from MilliQ water to 3 M NaCl). Snapshots from the oil 

adhesion experiments at the respective stage of approach, contact and retraction are shown in 

Figure 5.5.  

For the PVDF membrane, in all of the tested solutions, when the oil droplet came into contact 

with the membrane surface, it instantaneously snapped onto the surface (the “contact” stage in 
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Figure 5.5) breaking off from the needle. The penetration of the oil droplet continued afterward 

until the droplet was completely infused into the membrane leaving a translucent area on the 

sample (not shown in the figures).  

For the PVDF-PAA membrane under Milli-Q water and under 0.001 M NaCl solution, the oil 

droplet adhered to the surface in the contact step, but did not show the instant snapping behaviour 

upon contact which was observed for the PVDF membrane. Upon retraction, the oil droplet 

remained attached to the membrane, subsequently penetrating the membrane over time. With 

further increase in the salinity of the solutions (from 0.01M NaCl up to 3 M NaCl), the oil droplets 

did not adhere to the PVDF-PAA membrane surface upon approach, contact, or retraction. 

The observed increase in underwater oleophobicity of PVDF-PAA with salinity can be attributed 

to the response of the PAA brushes to the presence of NaCl in the solution and stretching of these 

brushes in the osmotic brush regime (as explained in Chapter 2, Section 2.7.4). However, 

according to the previous studies on brush-coated nonporous smooth surfaces, the osmotic brush 

regime dose not persist in salt concentrations of higher than 0.1-0.5 M [151, 214, 219, 220]. 

Instead, the salted brush regime prevails at salt concentrations of higher than this threshold, and 

the adhesion force of the oil droplets to the brush-grafted surfaces is expected to increase with 

salinity due to the collapse and dehydration of the brushes [154, 221]. Nevertheless, the increase 

in the adhesion force at high salinities (≥ 0.1 M NaCl) did not seem to noticeably undermine the 

underwater oleophobicity of the PVDF-PAA membranes investigated in the current study.  

A similar behaviour was observed by other researchers in their studies on antifouling zwitterionic 

brush-grafted surfaces [40, 152, 158, 222-224]. For instance, Zhang et al., [158] grafted a 

zwitterionic polymer, namely poly(sulfobetaine methacrylate) (PSBMA) brush onto a 

commercial thin-film composite forward osmosis (FO) membrane to increase its underwater oil-

resistance properties. They observed a slight increase in the brush height for the brushes in 0.5 M 

NaCl as compared to those in DI water. In addition, they observed an increase in underwater oil 

contact angle and a decrease in the adhesion force of the brush-grafted surfaces in presence of 0.5 

M NaCl. In their FO experiments, the flux of the modified membranes showed a decline with 

time, but when the membranes were cleaned using the 0.5 M NaCl solution, almost 94% of the 

original flux was recovered after each cleaning step, while the cleaning had a weaker effect when 

DI water was used. This effect highlights the ability of the salt in the detachment of oil droplets 

from brush-grafted surfaces [40, 158].  

The analysis of the effect of salt on the underwater oleophobicity of brush-grafted porous and 

rough hydrophobic surfaces of MD membranes is more complex than that on smooth non-porous 

surfaces. This complexity originates from the entrapment of water and/or air pockets inside the 

pores and roughness cavities of the membrane surface, forming a four-phase system of oil, water, 
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air, and solid membrane [147]. A partially hydrophilic membrane surface adds another solid phase 

to the mentioned four-phase system, making the analysis even more complex. In addition, apart 

from affecting the thickness and hydration of the PAA brushes, the change in the salinity can 

affect the oil-water, solid-water, and air-water interfacial tensions. The combination of these 

effects can lead to underwater oleophobic scenarios under special conditions of surface energies 

and topographies [147-149]. Therefore, it is possible that the response of the PAA chains to 

salinity is only one of the contributing factors to the observed changes in the underwater 

oleophobicity. The underwater oleophobicity of the PVDF-PAA membranes will be further 

investigated in Chapter 6 by proposing models for the surface chemistry of PVDF-PAA 

membrane and considering the wetting states of the membrane surfaces.  

 

Figure 5.5: Results of underwater oil adhesion tests on PVDF and PVDF-PAA membranes. 
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5.4 Effect of membrane surface modifications on oil fouling resistance of the 

MD membranes 

The permeation flux and EC for PVDF and PVDF-PAA alongside a photograph of each 

membrane after the process are shown in Figure 5.6a and b, respectively. As can be observed in 

Figure 5.6a, for the PVDF membrane, permeate flux started to decrease by about 17% from 

~12.5 kg/(m2.h) at t=1 h to ~10.1 kg/(m2.h) at t=2 h from the start of the MD test. The flux further 

decreased down to ~2.6 kg/(m2.h)  at t=5 h. Until this point, no significant change was observed 

in EC. However, beyond this point, the permeate EC started to rise alongside the value of the flux 

until the end of the experiment (20h), suggesting the intrusion of the feed liquid into the permeate 

stream. A visual observation of the membrane after MD (Figure 5.6a) showed that the PVDF 

membrane had become translucent at many spots, particularly in the regions where the membrane 

was in direct contact with the spacer, as well as the edges of the membrane. The decrease in flux 

in the MD of dispersed oils has been widely observed for hydrophobic membranes in the literature 

[6, 7, 9-14, 16-18, 20, 22, 23]. This phenomenon can be attributed to the adhesion of the oil 

droplets to the membrane as a result of hydrophobic interactions which leads to pore blockage. 

The subsequent increase in flux (observed from t=5 h to t=20 h) could be related to the leakage 

of the salt solution across the membrane due to oil fouling as implied by the onset of the increase 

in the permeate EC [6, 7, 9-18, 20-23].  
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Figure 5.6. MD permeation flux and EC for a) PVDF and b) PVDF-PAA. Feed and permeate inlet 

temperatures were constant at 60℃ and 20℃, and the crossflow velocity of both feed and permeate was 

3.13 m/min. The oily dispersion contained 0.1 % (v/v) dodecane and 0.1 M NaCl in water.  

In contrast to the PVDF membrane, the flux of the PVDF-PAA membrane and its permeate EC 

(Figure 5.6b) were almost constant with a slight decrease in flux from 17 kg/(m2.h) to 16 

kg/(m2.h) throughout the test (20 h). In addition, the visual observation of the membrane coupon 

after the MD (the photograph in Figure 5.6b) did not show any sign of translucent areas, further 
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confirming that the membrane was not wetted during the tested period. This behaviour can be 

attributed to the underwater oleophobicity of the PVDF-PAA membranes in the salinity of 0.1 M 

NaCl based on visual observations as discussed in Section 5.3.  

The importance of underwater oleophobicity of the MD membranes in the oil adhesion resistance 

has been highlighted by many researchers [6, 7, 9, 10, 12-18, 20-23]. However, the relevance of 

this property to the membrane performance is not well-understood yet. For instance, Wang et al. 

[18] prepared two hydrophilic-hydrophobic Janus membranes by coating a hydrophobic PVDF 

membrane with positively charged (poly(diallyldimethylammonium chloride) (PDDA)) and 

negatively charged (polydopamine (PDA)) hydrophilic polymers. Their findings suggested that 

despite both polymers being in-air hydrophilic and underwater-oleophobic, the PDA-coated 

membrane showed good oil adhesion resistance and a stable permeation flux during MD (for 12 

h) of dispersed shale-gas oil solutions due to its negative surface charge, while the membrane 

coated with PDDA was fouled severely with a significant flux drop in less than 6 h. The observed 

effects were attributed to the electrostatic repulsions between the negatively charged PDA and 

the negatively charged oil droplets. Generally, a negative surface charge is considered to be more 

favourable for the oil-resistant membranes because the dispersed oil droplets are almost always 

negatively charged and the oil-membrane electrostatic repulsions can contribute to the resistance 

of the membrane to oil adhesion [18, 154].  

In the current research, the surface zeta potential of PVDF-PAA was measured to be ~-44 mV 

(Figure 5) which was almost twice its value for the pristine PVDF (~-22 mV) at the pH of the 

MD experiments (6.5). Therefore, electrostatic interactions could contribute to the oil-adhesion 

resistance of the PVDF-PAA membrane. In addition, the PAA brushes maintain a hydration layer 

on the membrane that can prevent the adhesion of oil droplets onto the membrane.  

The anti-oil wetting properties of the PVDF-PAA membrane could also originate from the special 

geometry of the membrane surface and the location of the PAA brushes on the membrane surface. 

As discussed in Section 3.2, the PVDF-PAA membrane was found to be underwater oleophobic 

under 0.1 M NaCl solution. However, the in-air WCA results showed that the PVDF-PAA 

membrane had an apparent contact angle of larger than 90º which is in contrast to most studies 

that observed an in-air contact angle of lower than 90º for the Janus membranes [6, 7, 9, 10, 12-

14, 16-18, 20, 21, 23]. This implies that other phases may play a role in the underwater 

oleophobicity of the PVDF-PAA [147, 148]. Therefore, the underwater oleophobicity of the 

PVDF-PAA membrane will be analysed further by developing a model for the surface structure 

of this membrane in the next chapter (Chapter 6).  
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5.5 Conclusions  

Negatively charged polyelectrolyte brushes of PAA were explored in the current research for 

creating salinity-responsive anti-oil-adhesion membranes due to their strong hydration and 

negative electrostatic charge. Surface grafting of the PAA brushes was performed using UV-

assisted oxygen tolerant SI-ATRP on a commercial PVDF membrane to address the current 

challenges of the commonly used surface-initiated (SI)-ATRP in using oxygen-free atmosphere.   

The surface modifications were performed without pre-wetting of the PVDF membranes, and the 

resulting PVDF-PAA membrane was found to be in-air hydrophobic despite the hydrophilic 

modification of the top surface. The analysis of the surface chemistry and morphology of the 

membranes showed evidence of a higher surface concentration of oxygen and carbon on top of 

the surface roughness features as compared to the wider region on the membrane implying that 

the surface grafting has taken place predominantly on the top of the roughness features.  

The underwater oil adhesion tests performed under different salinities as well as under Milli-Q 

water for both membranes showed that oil could penetrate the PVDF membrane under all of the 

tested conditions. However, for the PVDF-PAA membrane the oil penetration only occurred in 

Milli-Q water and in the saline solution with 0.001 M NaCl, while for the higher salinities up to 

3 M NaCl, the oil droplet did not adhere or penetrate this membrane. The increase in the oil 

adhesion resistance of the PVDF-PAA membranes in response to the increase in salt concentration 

can be attributed to the response of the PAA brushes as well as possible changes in the surface 

energies of the interacting surfaces, which should be further analysed in future studies.   

The PVDF and PVDF-PAA membranes were tested in MD with an oil in water dispersion 

containing 0.1% (v./v.) dodecane and 0.1 M NaCl. The MD results showed that the PVDF 

membrane was fouled and wetted by oil immediately; while the PVDF-PAA membrane 

maintained its non-wetting behavior throughout the test period of 20 h with only a slight flux drop 

from 17 kg/(m2.h) to 16 kg/(m2.h).  

Salinity-responsive membranes can potentially be employed in the applications involving 

complex wastewaters containing hydrophobic, hydrophilic and amphiphilic solutes that can 

adhere to various types of surfaces. Switching the surface properties to the opposite wetting state 

in response to salinity can be utilized in these membranes to detach the adhered foulants from the 

membrane surface. Nevertheless, more research is needed to identify the limitations of the 

polyelectrolyte-grafted MD membranes and to develop suitable in-situ cleaning strategies to fully 

harness their stimuli-responsive behavior in fouling removal and membrane regeneration.



 

 

 

  Proposed models for the surface 

chemistry of the as-prepared PVDF-PAA 

membrane and their wetting properties  

6.1. Introduction 

This chapter focuses on the development of conceptual models for surface structure of the PVDF-

PAA membrane described in Chapter 5 to better understand the underwater oleophobicity of this 

membrane. For this purpose, two models are firstly proposed here for the membrane surfaces 

which are different in terms of the position/distribution of the PAA molecules on the surface. 

Next, the in-air water contact angle and the underwater oil contact angle of these models are 

evaluated under different wetting scenarios and based on different combinations of assumptions 

for the wetting states and the phases involved in the each of the proposed models. These contact 

angle values are plotted as a function of two independent parameters, namely, the surface fraction 

of the PAA on the top surface (𝑓𝑃𝐴𝐴), as well as the surface fraction of the top surface (𝑓𝑡𝑜𝑝) 

(described below in Section 6.2), to identify the conditions that can lead to underwater 

oleophobicity in each scenario.  

6.2. Models for the surface chemistry of PVDF-PAA membrane 

As described in Chapter 3 (Materials and Methods), the OH-functionalization was performed by 

exposing the PVDF membranes to the alkaline solution without pre-wetting the membranes. The 

alkaline solution leads to the local “-OH”-functionalization of the membrane at the points of direct 

contact between the liquid and the solid surface (i.e., solid-liquid interfaces). The surface-tethered 

-OH groups constitute the reaction sites for the subsequent surface modification steps. Therefore, 

the PAA chains are expected to be located at the liquid-solid interfaces originally in a direct 

contact with the alkaline solution of the first modification step.  

The portion of the surface that is functionalized by -OH groups depends on the membrane surface 

properties (e.g., surface energy, roughness, pore size), surface tension of the alkaline solution, the 

progressive hydrophilization of the membrane, and reaction conditions (e.g., time and 

temperature). Therefore, the exact wetting regime of the membrane in terms of Cassie-Baxter and 

Wenzel theories during the alkaline treatment process cannot be determined using the available 

experimental data in this study. However, it is possible to perform a qualitative analysis and 

develop a model that can describe the behaviour of the as-prepared PVDF-PAA membrane.  
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Due to the hydrophobic nature of the PVDF membrane substrate, the alkaline solution cannot 

penetrate the membrane upon initial exposure to the membrane surface. If it is assumed that no 

further solution ingress occurs beyond the solid-liquid-air contact line as a result of the alkaline 

treatment, and only the top surface of the nodular roughness features is functionalized by -OH 

groups (and later by PAA molecules). It is also assumed that the –OH groups and the 

corresponding PAA molecules are not located on the inner surfaces of the pores. Herein, this 

model will be referred to as Model 1. The final result of this model is shown in Figure 6.1a with 

the PAA chains located only on top of the surface roughness features (represented by the green 

circles on top of the outer surface in Figure 6.1), and the air-water interface forming both on the 

partially wetted roughness features and near the entrance of the pores.  

Another extreme case can happen in case the three-phase (air-liquid-PVDF) contact line of the 

alkaline solution advances into the external roughness cavities and partially enters the pores down 

to a point in a certain depth beneath the top surface of the membrane. This model is referred to as 

Model 2. A schematic illustration of the final product (i.e., after PAA grafting) of this model is 

shown in Figure 6.1b with PAA chains covering the top surface as well as a portion of the interior 

surface of the pores, and the air-water interfaces forming inside the pores. The surfaces shown in 

Figures 6.1a and b are assumed to be topographically similar to each other with a rough outer 

surface and cylindrical and uniform-sized nanometer scale pores. In addition, for simplicity, the 

surface-grafted PAA molecules are assumed to have negligible effect on the surface roughness.  

 

Figure 6.1: Schematic illustrations of a) Model 1, where only the top surface of the membrane is partially 

grafted with PAA molecules; and b) Model 2, where the top surface of the membrane is fully grafted by 

PAA molecules and the internal surface of the pores is grafted by PAA down to a certain depth (below the 

membrane surface facing the feed) . For both schematics, the green circles on top of the outer surface 

represent the nodular roughness feature of the membrane. Close-up images on bottom have ~nm 

dimension scale. 
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6.3. In-air-water contact angle of the proposed models: 

The Cassie’s equation can be employed to obtain a relationship for the in-air water contact angle 

of both membranes (Models 1 and 2). Schematics of a water droplet on the membranes are shown 

in Figures 6.2a and b for Models 1 and 2, respectively. Here, for simplicity, the membranes are 

assumed to be consisted of two types of surfaces, namely the part of top surface with roughness 

features and the interfaces at the pore entrances. The surface fraction of each portion is denoted 

as 𝑓𝑡𝑜𝑝 and 𝑓𝑝𝑜𝑟𝑒, respectively. In addition, the fraction of the PAA-grafted portion and the 

fraction of the liquid interfaces with phases other than PAA (air, oil, water) at the top surface are 

denoted as 𝑓𝑃𝐴𝐴 and 𝑓𝑡𝑜𝑝 𝑙𝑖𝑞𝑢𝑖𝑑, respectively. In all of the derivations in this chapter, it is assumed 

that 𝑓𝑡𝑜𝑝 + 𝑓𝑝𝑜𝑟𝑒 = 1 and 𝑓𝑃𝐴𝐴 + 𝑓𝑡𝑜𝑝 𝑙𝑖𝑞𝑢𝑖𝑑 = 1. In other words, it is assumed that the fraction of 

each surface is equal to its vertical projection. Although this assumption is not true in general 

[225], it can be employed for a semi-quantitative analysis of the wettability of the model surfaces.  

In Model 1, the top of the roughness features is in contact with water and the wetting state obeys 

Cassie-Baxter regime. In addition, it is assumed that the liquid entry pressure into the pores is 

high enough so that the water meniscus is stable near the pore entrances. Therefore, for the in-air 

contact angle of water (𝜃𝑤,𝑡𝑜𝑡𝑎𝑙) in Model 1, Cassie’s equation yields: 

cos 𝜃𝑤,𝑡𝑜𝑡𝑎𝑙 = 𝑓𝑡𝑜𝑝 cos 𝜃𝑤,𝑡𝑜𝑝 + 𝑓𝑝𝑜𝑟𝑒 cos 𝜃𝑤,𝑎𝑖𝑟  Equation 6.1 

Where, 𝜃𝑤,𝑡𝑜𝑝 and 𝜃𝑤,𝑎𝑖𝑟 are in-air contact angles of water on the top surface and on air. Since 

water does not spread in air it can be assumed that 𝜃𝑤,𝑎𝑖𝑟 = 180° and thus cos 𝜃𝑤,𝑎𝑖𝑟 = −1. In 

addition, since the top surface of the membrane is governed by Cassie’s law: 

cos 𝜃𝑤,𝑡𝑜𝑝 = 𝑓𝑃𝐴𝐴 cos 𝜃𝑤,𝑃𝐴𝐴 + 𝑓𝑃𝑉𝐷𝐹 cos 𝜃𝑤,𝑎𝑖𝑟 Equation 6.2 

Where, 𝑓𝑃𝐴𝐴 and 𝑓𝑃𝑉𝐷𝐹 are the surface fractions of the PAA-grafted and the bare portion of the 

roughness features on the top surface of the membrane in Model 1, and 𝜃𝑤,𝑃𝐴𝐴 is the in-air water 

contact angle of a flat and smooth PAA-grafted surface. Similar to above, cos 𝜃𝑤,𝑎𝑖𝑟 = −1. Since 

𝑓𝑡𝑜𝑝 + 𝑓𝑝𝑜𝑟𝑒 = 1 and 𝑓𝑃𝐴𝐴 + 𝑓𝑃𝑉𝐷𝐹 = 1, by substituting Equation 6.2 into Equation 6.1, we 

obtain: 

cos 𝜃𝑡𝑜𝑡𝑎𝑙 = 𝑓𝑡𝑜𝑝𝑓𝑃𝐴𝐴(cos 𝜃𝑤,𝑃𝐴𝐴 + 1) − 1   Equation 6.3 

Therefore, for cos 𝜃𝑡𝑜𝑡𝑎𝑙 ≤ 0 the following relationship should hold: 

𝑓𝑡𝑜𝑝𝑓𝑃𝐴𝐴 ≤
1

(cos 𝜃𝑤,𝑃𝐴𝐴 + 1)
   

Equation 6.4 

In Model 2, the PAA chains cover the top surface as well as a portion of the internal surface of 

the pore walls. Therefore, the top surface is fully in contact with water (in Wenzel state). However, 
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the calculation of the water contact angle for this model is not straightforward, and the difference 

between the Laplace pressures of the top of the test droplet and that of the water capillary in the 

pores should be accounted for in order to obtain the correct water contact angle. However, for 

simplicity, it is assumed that at the pore entrances, the test liquid (water) comes into contact with 

itself and the contact angle of water with itself is zero. Accordingly, for the in-air water contact 

angle (cos 𝜃𝑤,𝑡𝑜𝑡𝑎𝑙) of Model 2, we have: 

cos 𝜃𝑤,𝑡𝑜𝑡𝑎𝑙 = 𝑓𝑡𝑜𝑝 cos 𝜃𝑤,𝑡𝑜𝑝 + 𝑓𝑝𝑜𝑟𝑒 cos 𝜃𝑤,𝑤𝑎𝑡𝑒𝑟  Equation 6.5 

Here, 𝜃𝑤,𝑤𝑎𝑡𝑒𝑟 is assumed as the contact angle of water with itself which is equal to zero. For the 

top surface, since the test liquid can fully penetrate the roughness features, the in-air water contact 

angle (𝜃𝑤,𝑡𝑜𝑝) can be described using Wenzel’s equation: 

cos 𝜃𝑤,𝑡𝑜𝑝 = 𝑅𝑓 cos 𝜃𝑤,𝑃𝐴𝐴  Equation 6.6 

In which 𝜃𝑤,𝑃𝐴𝐴 is the in-air water contact angle of a flat and smooth PAA-grafted surface, and 

𝑅𝑓 is the roughness factor (the ratio of the true area to the vertically projected area of the surface, 

𝑅𝑓 ≥ 1, and −1 ≤ 𝑅𝑓 cos 𝜃𝑤,𝑃𝐴𝐴 ≤ 1).  

Similar to above, cos 𝜃𝑤,𝑤𝑎𝑡𝑒𝑟 = 1, and 𝑓𝑡𝑜𝑝 + 𝑓𝑝𝑜𝑟𝑒 = 1. Therefore, by substituting Equation 

6.6 into Equation 6.5, cos 𝜃𝑡𝑜𝑡𝑎𝑙 is obtained as: 

cos 𝜃𝑤,𝑡𝑜𝑡𝑎𝑙 = 𝑓𝑡𝑜𝑝(𝑅𝑓 cos 𝜃𝑤,𝑃𝐴𝐴 − 1) + 1  Equation 6.7 

Since the maximum of 𝑅𝑓 cos 𝜃𝑃𝐴𝐴 is equal to 1, the right hand side of Equation 6.7 is always 

positive. Therefore, Model 2 cannot lead to a membrane with an in-air contact angle of more than 

90º (cos 𝜃𝑤,𝑡𝑜𝑡𝑎𝑙 ≤ 0).  

Combining with the in-air contact-angle results obtained in this study (Figure 5.4 in Chapter 5), 

it can be hypothesized that the PVDF-PAA membranes prepared in this study can be described 

by Model 1.  
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Figure 6.2: In-air water contact angle of the surfaces of PVDF-PAA membranes according to a) 

Model 1, and b) Model 2. The PAA-grafted region is shown as a smooth layer for simplicity (in 

violet colour) 

6.4.  Underwater oil contact angle of the proposed model surfaces 

The underwater oil contact angle of the proposed models can be calculated in a similar manner as 

its in-air water contact angle using a combination of Cassie’s and Wenzel’s equations. However, 

here, each of the proposed model can show a different behaviour depending on the phases that 

are trapped in the roughness features of the top surface, the wetting state of the top surface, and 

the pre-existing phase inside the pores. For instance, for Model 1, apart from the PAA-grafted 

portion of the top surface, the oil droplet can come into contact with one of the phases, i.e., air, 

water, or the solid-PVDF phases, creating three different cases/scenarios for the top surface. In 

addition, in the pore entrances, the oil droplets can come into contact either with air or with pre-

existing water trapped in between the air and the oil droplet creating two different cases for the 

pore entrances. These cases create a total of six different scenarios for Model 1. Conversely, 

Model 2 can only accommodate the Wenzel state on the top surfaces, because its top surface is 

fully covered with PAA (𝑓𝑃𝐴𝐴 = 1). It also involves one case for the pore entrances with water 

being the phase in contact with the oil droplet. Therefore, only one scenario will be analysed for 

Model 2.  

For the mentioned scenarios, the relationship for their underwater oil contact angle (cos 𝜃𝑜,𝑡𝑜𝑡𝑎𝑙) is 

calculated in Table 6.1 as a function of the surface fraction of the top of the membrane surface 

(𝑓𝑡𝑜𝑝), surface fraction of the PAA grafted portion on the top of the membrane surface (𝑓𝑃𝐴𝐴), 

underwater oil contact angle of the PAA (cos 𝜃𝑜,𝑃𝐴𝐴), and underwater oil contact angle of the 

PVDF (cos 𝜃𝑜,𝑃𝑉𝐷𝐹) (where applicable). In all of the calculations, when applicable, it is assumed 

that oil completely spreads on water with cos 𝜃𝑜,𝑤𝑎𝑡𝑒𝑟 = 1, and that oil does not spread on its 

interface with air (cos 𝜃𝑜,𝑃𝐴𝐴 = −1) [147]. The relationships for cos 𝜃𝑜,𝑡𝑜𝑡𝑎𝑙 as well as other details 
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about each model and scenario are presented in Table 6.1. In addition, detailed derivation for the 

underwater oil contact angles of “Model 1-Secario 1” as well as Model 2 are presented in 

Appendix A. 

Based on the calculated relationships for cos 𝜃𝑜,𝑡𝑜𝑡𝑎𝑙 in Table 6.1, it is possible to determine 

whether the oil droplet would spread on the membrane under each condition. For this purpose, 

the literature data were employed for approximating the values of 𝜃𝑜,𝑃𝐴𝐴~150° [226, 227] and 

𝜃𝑜,𝑃𝑉𝐷𝐹~40° [6, 7, 14, 17, 18], respectively. It should be noted that for PVDF, the literature data 

are related to porous and rough membrane surfaces which may deviate significantly from the 

intrinsic underwater oil contact angle for this polymer. However, this value can be used for the 

purpose of the current qualitative analysis. In addition, the roughness factor (𝑅𝑓) for Wenzel’s 

equation in Model 2 is assumed to be equal to 1.1 to ensure that the assumption of the Wenzel 

state is physically valid. Larger values of 𝑅𝑓 can lead to a cos 𝜃𝑜,𝑃𝐴𝐴 value smaller than -1, which 

means that the Wenzel state cannot describe these systems with higher roughness factors.  

Table 6-1: The underwater oil contact angle of the membranes according to the proposed models under 

different scenarios. The phases on the top surface and in the pores refer to the interfaces of the mentioned 

phases with oil. 

Model Scenario 
Top Surface 

Phases 

Pore Entrance 

Phase 
𝐜𝐨𝐬 𝜽𝒐,𝒕𝒐𝒕𝒂𝒍 

1 

1 PAA-air air 𝑓𝑡𝑜𝑝𝑓𝑃𝐴𝐴(cos 𝜃𝑜,𝑃𝐴𝐴 + 1) − 1 

2 PAA-water air 𝑓𝑡𝑜𝑝(𝑓𝑃𝐴𝐴(cos 𝜃𝑜,𝑃𝐴𝐴 + 1) + 2) − 1 

3 PAA-PVDF air 𝑓𝑡𝑜𝑝(𝑓𝑃𝐴𝐴(cos 𝜃𝑜,𝑃𝐴𝐴 − cos 𝜃𝑜,𝑃𝑉𝐷𝐹) + 2) − 1 

4 PAA-air water 𝑓𝑡𝑜𝑝(𝑓𝑃𝐴𝐴(cos 𝜃𝑜,𝑃𝐴𝐴 + 1) − 2) + 1 

5 PAA-water water 𝑓𝑡𝑜𝑝𝑓𝑃𝐴𝐴(cos 𝜃𝑜,𝑃𝐴𝐴 − 1) + 1 

6 PAA-PVDF water 𝑓𝑡𝑜𝑝𝑓𝑃𝐴𝐴(cos 𝜃𝑜,𝑃𝐴𝐴 − cos 𝜃𝑜,𝑃𝑉𝐷𝐹) + 1 

2 1 PAA water 𝑓𝑡𝑜𝑝(𝑅𝑓 cos 𝜃𝑜,𝑃𝐴𝐴 − 1) + 1 

 

The schematics of each model and scenario as well as the wettability phase diagrams plotted in 

terms of cos 𝜃𝑜,𝑡𝑜𝑡𝑎𝑙 vs. 𝑓𝑡𝑜𝑝 and 𝑓𝑃𝐴𝐴 are presented in Figures 6.3 and 6.4 for Model 1, and in 

Figure 6.5 for Model 2. In the mentioned figures, the oleophobic regions with cos 𝜃𝑜,𝑡𝑜𝑡𝑎𝑙 < 0, 

and the oleophilic regions with cos 𝜃𝑜,𝑡𝑜𝑡𝑎𝑙 ≥ 0 were shown in red and blue, respectively. 

As observed from Figure 6.3b, “Model 1-Scenario 1” leads to underwater oleophobic states for 

all combinations of 𝑓𝑡𝑜𝑝, and 𝑓𝑃𝐴𝐴. This is an important result, because it implies that a 

hydrophobic surface can become underwater oleophobic if the top of the surface roughness 

features is covered with hydrophilic compounds, and the rest can maintain a stable air-water 
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interface. Similar surfaces have been discovered in nature that show superior resistance against 

fouling in marine environments [228]. In addition, in Scenarios 2 and 3 (Figures 6.3d and f), an 

increase in 𝑓𝑡𝑜𝑝 at low 𝑓𝑃𝐴𝐴 leads to a transition from oleophobic to oleophilic state. This is due 

to the effect of the oil-water (in Scenario 2) and oil-PVDF (Scenario 3) interfaces on the top 

surface of the membrane which allow the spreading of oil. This shows that maintaining a stable 

Cassie-Baxter state (involving oil-PAA and oil-air interfaces) on the top surface is crucial for the 

membrane in maintaining its underwater oleophobicity.  

As shown in Figures 6.4b, d, and f, the presence of water in the pores of the membrane in Model 

1 (Scenarios 4, 5, and 6) changes the behaviour of the membrane making it more prone to 

oleophilic behaviour at low 𝑓𝑡𝑜𝑝 (i.e., high portion of the pores). Similar to above, the spreading 

of oil on oil-water interfaces leads to a better spreading of the oil droplets on the membrane 

surface in these scenarios. In Scenarios 5 and 6 (Figures 6.4d, and f), the oloephobic region 

becomes limited to high 𝑓𝑡𝑜𝑝 and 𝑓𝑃𝐴𝐴 due to the easier spreading of oil on oil-water (in Scenario 

5) or oil-PVDF (in Scenario 6) interfaces on the top surface of the membrane. The behaviour of 

Model 2 (Figure 6.5) is essentially similar to the Scenario 5 of Model 1 at 𝑓𝑃𝐴𝐴 = 1, becoming 

underwater oleophobic at 𝑓𝑡𝑜𝑝 > 0.5.  
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Figure 6.3: The schematic presentation of the underwater oil contact angle of PVDF-PAA membrane and 

the wettability phase diagrams/plots of cos 𝜃𝑜,𝑡𝑜𝑡𝑎𝑙 as a function of 𝑓𝑡𝑜𝑝 and 𝑓𝑃𝐴𝐴 according to Model 1-

Scenarios 1 (a and b), 2 (c and d), and 3 (e and f). The region coloured in red shows the combinations of 

𝑓𝑡𝑜𝑝 and 𝑓𝑃𝐴𝐴 with 𝜃𝑜,𝑡𝑜𝑡𝑎𝑙 > 90°, while the blue region show the combinations leading to 𝜃𝑜,𝑡𝑜𝑡𝑎𝑙 ≤ 90°.  



Chapter 6 Proposed models for the wetting properties of PVDF-PAA membranes 

 

80 

 

 

Figure 6.4: The schematic presentation of the underwater oil contact angle of PVDF-PAA membrane and 

the wettability phase diagrams/plots of cos 𝜃𝑜,𝑡𝑜𝑡𝑎𝑙 as a function of 𝑓𝑡𝑜𝑝 and 𝑓𝑃𝐴𝐴 according to Model 1-

Scenarios 4 (a and b), 5 (c and d), and 6 (e and f). The region coloured in red shows the combinations of 

𝑓𝑡𝑜𝑝 and 𝑓𝑃𝐴𝐴 with 𝜃𝑜,𝑡𝑜𝑡𝑎𝑙 > 90°, while the blue region show the combinations leading to 𝜃𝑜,𝑡𝑜𝑡𝑎𝑙 ≤ 90°.  
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Figure 6.5: The schematic presentation of the underwater oil contact angle of PVDF-PAA membrane 

according to Model 2 (a). The plot of cos 𝜃𝑜,𝑡𝑜𝑡𝑎𝑙 as a function of 𝑓𝑡𝑜𝑝 for Model 2 as presented in Table 

6.1 (b). The surface becomes underwater oleophobic with 𝜃𝑜,𝑡𝑜𝑡𝑎𝑙 ≥ 90° at 𝑓𝑡𝑜𝑝 ≥ 0.5. 

In accordance with Model 1, as suggested by the SEM results obtained in Chapter 5 (Figure 

5.4), the PAA grafting has mainly taken place on the top of the surface asperities in the PVDF-

PAA membrane. In addition, as suggested by the underwater oil adhesion experiments (Figure 

5.7), this membrane has a high underwater oil contact angle in all of the tested conditions in 

Section 5.3. Therefore, the theoretical analysis presented above is consistent with our 

experimental observations. However, the modelling approach employed above is overly 

simplified and does not consider other effects such as the hydration and expansion of the PAA 

chains/brushes, electrostatic interactions between the PAA molecules and the oil-water interface, 

multicomponent surface energies, and the Laplace pressure differences between the capillary 

pores and the membrane top surface. In addition, the effects of salinity response of the PAA 

molecules as well as the effect of salinity on the surface tension of water is neglected in the above 

discussions. For instance, the relationships for the cos 𝜃𝑜,𝑡𝑜𝑡𝑎𝑙 of Model 1 predict that the 

membrane can transition from underwater oleophilic to oleophobic depending on whether there 

is trapped water inside the roughness features on the top surface, or near the pore entrances. As 

observed in Section 5.3, at low salinities (Milli-Q water and 0.001 M NaCl), the oil droplets 

suddenly attached the membrane upon retraction, and later continued to penetrate the membrane. 

The increase in the surface tension of water due to the increase in the salinity can lead to a 

shallower level of liquid penetration into the roughness features on the top surface of the 

membrane as well as the pores. This can lead to a switch in the underwater oleophobicity of the 

membrane according to the above analyses. This change can roughly be analogized by a change 

from Scenarios 2 to 1 or from Scenarios 5 to 3. The snapshots taken from the "contact" stage of 

the oil droplet with the membrane surface under Milli-Q water and under 0.001 M NaCl show a 

high contact angle for PVDF-PAA (Figure 5.7) despite the droplet being pulled onto the 
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membrane. Therefore, these observations imply that other factors should be investigated further 

to better understand the underwater oleophobicity and its relevance to oil wetting in MD.  

Another limitation of the proposed model, especially for real wastewaters, is the need for 

obtaining the individual contact angle values of the liquid medium as well as those the oil droplets 

on the grafted and pristine sections of the membrane. These data are usually difficult to measure 

experimentally, and can only be calculated to a limited extent using theoretical values for the pure 

compounds. This could pose a serious challenge in real oily wastewaters which often contain 

complex combinations of different compounds.  

Finally, in practical applications, some of the proposed scenarios can take place simultaneously 

on one membrane (on different regions of the membrane surface), leading to inconsistent wetting 

behaviour. In addition, wetting transitions can occur between these scenarios which makes the 

analysis even more complex. 

Overall, despite its limitations and shortcomings of the proposed simplified models, they can be 

used as new steps toward understanding the more complex mechanisms in the oil contamination 

of membranes, by providing preliminary advice as to what surface properties might be favourable 

for underwater oleophobicity. 

1.5 Conclusions 

In this chapter, two models were proposed for the structure of the as-developed PVDF-PAA 

membrane in order to understand its wetting properties in the context of oily saline water. In 

Model 1, it was assumed that the PAA brushes were only grafted on the top regions of the surface 

roughness features of the membrane, while in Model 2, the PAA chains were assumed to cover 

the entire top surface of the membrane as well as a portion of the internal surface of the pores. 

The calculations of the in-air water contact angle of the proposed models showed that Model 1 is 

better aligned with the experimental results obtained for this membrane in Chapter 5. The 

underwater oil contact angle of the proposed models was calculated using a combination of 

simplifying assumptions under six scenarios for Model 1 and one scenario for Model 2, and the 

resulting underwater oleophobicity phase diagrams were plotted as a function of 𝑓𝑡𝑜𝑝 and 𝑓𝑃𝐴𝐴. It 

was found that apart from the interfaces that the oil droplets form with the PAA patches, the 

interfaces formed between oil and one of the three phases consisting of air, bare (untreated 

portion) PVDF, or water can significantly affect the underwater oleophobicity of the PVDF-PAA 

membrane. Among the investigated scenarios, the scenario with oil-air interfaces (Model 1-

Scenario 1) showed underwater oleophobicity over the entire range of 𝑓𝑡𝑜𝑝 and 𝑓𝑃𝐴𝐴. However, 

for other scenarios, depending on the whether the oil droplet contacted water or bare PVDF, the 

underwater oleophobicity was limited to a region in the oleophobicity phase diagrams. 

Comparison of these findings with the experimental data of the underwater adhesion results in 
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Chapter 5 showed that despite the general agreement between the two, other factors should also 

be considered for a deeper understanding of these surfaces such as the hydration and expansion 

of the PAA brushes, and electrostatic interactions between the PAA molecules and the oil-water 

interface, which deserve a further study. Nevertheless, the proposed models can potentially be 

used as a qualitative tool in explaining and understanding the behavior of Janus membranes and 

in designing new oil-resistant membranes. 



 

 

 

  Analysing the wetting behaviour in 

membrane distillation of oily waters in real-

time by in-situ electrochemical impedance 

spectroscopy (EIS) 
 

7.1 Introduction 
Researchers have successfully developed materials that allow MD to treat oily waters, but the 

underlying beneficial mechanisms need to be better understood. Accordingly, the aim of this 

chapter is to analyse the oil wetting in MD membranes using real-time in-situ EIS measurements. 

In this chapter, the time-resolved full frequency sweep electrochemical impedance spectroscopy 

(EIS) measurements (detailed in Chapter 3) will be discussed to study the oil wetting behaviour 

of two MD membranes:  a commercial hydrophobic PVDF (mean pore size = 0.2 𝜇𝑚), and the 

PVDF-PAA membrane developed using Approach 2 (described and characterized in Chapters 

3, 5, and 6).  

Due to the complexity of the equivalent circuits in MD, a deterministic analysis of wetting and 

fouling in MD is a challenging task. Thus, here a new approach is proposed to tackle the problem 

from a different angle, i.e., obtaining valuable information from the system by observing the 

changes in the obtained EIS data and comparing them to theoretical circuit models.  

The current chapter aims at performing a holistic analysis of the EIS results by observing the 

evolution of frequency response of the model MD systems under three different scenarios (i.e., 

with pristine PVDF membrane with feed containing salt only; and respective pristine and 

modified PVDF membranes with a feed containing salt and oil) over the course of twenty-hour 

experiments. Accordingly, first, the results of the visual observation on the MD and in-situ EIS 

measurements will be discussed in Section 7.2 for the three tested systems, namely, PVDF-salt, 

PVDF-salt-oil, and PVDF-PAA-salt-oil systems. Next, the equivalent circuit for the system will 

be developed in Section 7.3. Finally, the EIS data obtained on PVDF-salt-oil, and PVDF-PAA-

salt-oil systems will be fitted by the developed equivalent circuits in Section 7.4 to analyse the 

changes in the system parameters and their correlation to the changes observed during MD of 

these systems. 

7.2 Visual observation of the real-time in-situ EIS measurements 

Visual observation is an effective holistic analysis method that focuses on the general features of 

the obtained EIS data. Depending on the quality of the observed data in different frequencies, 

visual observation is an important first step before applying data reduction methods, as it can 
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reveal information about the changes in various features of the system over time. In order to better 

understand the EIS data, and their relevance to MD, a side-by-side comparison of the MD and 

EIS results is shown in Figure 7.1a-f. As can be observed in Figure 7.1a, the flux of the pristine 

PVDF is relatively constant throughout the MD of 0.1M NaCl solution (namely the PVDF-salt 

system). Concurrently, the Bode plots (|Z| vs. 𝑓) in Figure 7.1d show no change from the 

beginning to the end of the MD experiments. It is important to note the noisy nature of the data 

at 𝑓<100 Hz, which might be related to the high impedance of the system (i.e.  the components 

that are between the electrodes shown in Figure 3.5 in Chapter 3) and the inability of the 

instrument in resolving the parasitic noise caused by the low current signal passing through the 

system. The observed noise at low-frequencies will be discussed in more detail in Section 7.3. 

The second column in Figure 7.1 presents the MD (Figure 7.1b) and Bode plots (Figure 7.1e) 

at different times for the PVDF-salt-oil system. As can be observed from the MD data, the 

permeate flux gradually drops from 16 to 5.7 kg/(m2.h) in the first 6 h of the experiment. In 

addition, it can be observed from the MD results that the permeate EC is almost constant at 1.7 

μS/cm from the beginning of the experiment until t=5 h, gradually increasing afterward and 

reaching 61 μS/cm at the end of the experiment. The observed increase in the permeate EC 

suggests the occurrence of a breakthrough of the feed solution across the membrane into the 

permeate solution, which is a sign of membrane wetting. These changes manifest themselves in 

the EIS results as an overall reduction in the value of the impedance modulus (|Z|) over time. An 

interesting feature of the EIS Bode graph for this system (Figure 7.1e) is the significant reduction 

of |Z| at low-frequency regions as compared to that in the high-frequency ranges. The changes in 

the impedance at the low-frequency region of the |Z| plots imply the occurrence of changes in the 

ion transport and diffusive properties of the system, while changes in the high-frequency region 

are related to the ohmic and charge transfer properties of the system. In addition, a downturn can 

be observed in the Bode plots of the PVDF-salt-oil system over time with the greatest step 

occurring between t=5 h and t=6 h, concomitant with the onset of liquid breakthrough across the 

membrane, suggesting that the decrease in permeate electrical resistance might contribute to the 

large decrease in |Z| in the low-f region. Compared to the low-f end of the Bode plots, the value 

of |Z| at higher f changes less significantly, suggesting that the ohmic and capacitive properties of 

the system are affected less significantly during MD. These properties are related to the electrical 

double layers (EDLs) formed in the interfaces of solid-liquid (i.e., electrode-feed/permeate 

solutions, membrane-feed/permeate solutions), liquid-liquid (i.e., oil-water), gas-liquid (i.e., 

between air bubbles and feed/permeate solutions, and air-water interfaces between the 

feed/permeate solutions and the dry portion of the membrane pores). The ohmic impedance can 

be attributed to the electrical resistance of the feed and permeate solutions as well as the 

membrane impedance. The noise observed in the PVDF-salt system was also observed in the 
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PVDF-salt-oil system, but diminished upon the onset of wetting after 5 hours. This may be due 

to the reduction in impedance, which lessens the potential for noise to interfere with the signal.  

Figures 7.1c and f present the MD data and EIS Bode plots for the PVDF-PAA-salt-oil system. 

As can be observed from the MD data, the permeate flux and EC remained constant during the 

tested period of 20 h. This suggests the absence of a liquid breakthrough across the membrane, 

confirming the effect of the PAA surface modification to prevent wetting. The decrease in 

permeate EC observed for the PVDF-salt system (Figure 7.1a) was not observed here, instead, 

the EC increased slightly, which was attributed to the very low starting EC of the Milli-Q water 

used in this test (~2 𝜇𝑆/𝑐𝑚), indicating that predominantly distilled water permeated the 

membrane and a very salt high rejection (~99.98% based on the EC values assuming a constant 

feed EC value of 10 𝑚𝑆/𝑐𝑚) obtained over the entire run. The membrane therefore was intact 

and wetting did not occur. The Bode plots of the PVDF-PAA-oil system at different times (Figure 

7.1f) show a slight downturn in the low-f region and a relatively less pronounced change in the 

high-f region. The changes in the low-f region for the PVDF-PAA-salt-oil system are more 

significant as compared to the changes in the same region of the PVDF-salt system. However, 

these changes are less significant in PVDF-PAA-salt-oil system as compared to that of the PVDF-

salt-oil system. These observations indicate interesting effects in each scenario, and warrants 

further analysis.  

 

Figure 7.1. MD results and corresponding real-time Bode plots (impedance modulus (|Z|) vs. different 

frequencies) at different times for the three tested systems: PVDF-salt: a) and d); PVDF-salt-oil b) and e); 

PVDF-PAA-salt-oil c) and f). Feed and permeate inlet temperatures were constant at 60℃ and 20℃, and 
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the crossflow velocity of both feed and permeate was 3.13 m/min. The oily dispersion contained 0.1 % 

(v/v) dodecane and 0.1 M NaCl in water. The saline solution contained 0.1 M NaCl in water. 

For a better observation of the changes in the impedance of the studied systems during MD, the 

values of |Z| at 7 selected frequencies ranging from 1 Hz to 500 kHz are shown as a function of 

time for each system in Figure 7.2a-c. In addition, the “normalized |Z|” corresponding to each 

graph is calculated by dividing |Z| at each time to the value of |Z| at t=1 h (shown in Figures 7.2d-

f and Figure B1a-c in Appendix B). As can be observed in Figures 7.2a and d, the value of |Z| 

for the PVDF-salt system remains almost constant throughout the experiment at all of the selected 

frequencies. Both the |Z| and “normalized |Z|” vs. time plots for the PVDF-salt-oil system 

(Figures 7.2b, 7.2e, and B1b in Appendix B) show a decline in impedance at all of the sampled 

frequencies over time. Similar to what was observed in the Bode plots, the decline in the 

impedance is more significant at low frequencies as compared to the high frequencies. At f=1.0 

Hz, 10 Hz, 1.1 kHz, and 9.3 kHz, the value of |Z| decreases by 1-3 orders of magnitude; while for 

f=120 kHz and 500 kHz, this decrease is less than one order of magnitude. Similar to what was 

discussed in the analysis of Bode plots (Figure 7.1d-f), the difference in the decline in |Z| among 

different frequencies could be attributed to the changes of the system associated with diffusive 

and ion transport properties of the PVDF-salt-oil system (possibly due to oil wetting). As can be 

seen in the presented graphs (Figures 7.2b and e), an increase in |Z| at 10 Hz is observed from 

t=0 to t=3 h, followed by a decrease at t>3 h. This extremum might be related to the adhesion of 

the oil droplets onto the membrane, and onset of the liquid breakthrough process. However, more 

evidence is needed to confirm this hypothesis.  

The |Z| and “normalized |Z|” plots for the PVDF-PAA-salt-oil system (Figures 7.2c and f) show 

a reduction in impedance at low to mid frequencies (1.0 Hz, 10 Hz, 110 Hz, and 1.1 kHz); while 

the decrease at higher frequencies (9.3 kHz, 120 kHz and 500 kHz) is less significant. Considering 

the fact that the permeate EC measured using the EC meter did not change during MD, the 

observed decline in the impedance of this system could be attributed to the changes in EDL 

properties in the feed side possibly caused by the oil droplets adjacent to the membrane and/or 

electrode surface. To understand the underlying mechanism of such phenomenon, additional 

information is needed on the adhesion of the oil droplets on the membrane and electrode surfaces 

as well as the EDL properties in the oil-water interfaces. Such information is not available in the 

current study but highlights another direction for applying EIS to better understand behaviour of 

membranes in MD and could be subject of a future work.  

The comparison of the |Z| and “normalized |Z|” plots of the PVDF-salt-oil (Figures 7.2b and e) 

and PVDF-PAA-salt-oil (Figures 7.2c and f) systems can be utilized to identify the attributes of 

the low-f and high-f regions in the presence of a wetting substance (oil) when wetting did, or did 
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not, occur. At the low-f region, the observed impedance for the PVDF-salt-oil system shows a 

decline by about two orders of magnitude, while the impedance of the low-f region in PVDF-

PAA-salt-oil decreases less than one order of magnitude. Considering that no significant EC rise 

was observed in the PVDF-PAA-salt-oil system the decrease in |Z| of this system would mean 

that the observed changes were not related to wetting, or that wetting also had taken place in this 

system, but the rate of EC rise has been too slow to show any effect in the permeate EC, which 

was measured in the permeate container and was affected by the vapour flux through the 

membrane. At the high-f range, the change in the properties of both systems are insignificant and 

cannot be used to distinguish between a wetting and nonwetting scenario. Although it is usual 

practice to select a frequency at the mid- to high-f range as a probing frequency for example 10 

kHz to 1 MHz [19, 75], our results show that such frequency might not conclusively help identify 

wetting in an MD system.  

 

Figure 7.2: The impedance modulus (|Z|) (top row) and the normalized impedance modulus (|Z|/|Z1|) 

(where |Z1| is the value of impedance at t=0 h (bottom row)) at different frequencies vs. time for PVDF-

salt: a) and d); PVDF-salt-oil: b) and e); PVDF-PAA-salt-oil: c) and f). Feed and permeate inlet 

temperatures were constant at 60℃ and 20℃, and the crossflow velocity of both feed and permeate was 

3.13 m/min. The oily dispersion contained 0.1 % (v/v) dodecane and 0.1 M NaCl in water. The saline 

solution contained 0.1 M NaCl in water. 

The Nyquist plots for the performed tests are presented in Figure 7.3a-f in different 

magnifications on the positive section (𝑍′ > 0 𝑎𝑛𝑑 − 𝑍′′ > 0) of each of the respective plots. In 

addition, the full view of the plots can be observed in Figure B2a-c in Appendix B. 
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As can be observed in Figure 7.3a and B2a (in Appendix B), many data points in the Nyquist 

plots of the PVDF-salt system are scattered and/or fall within the negative sections of the axes 

(𝑍′<0 and/or – 𝑍′′<0). A well-defined curve made up of the data points, decreasing in frequency 

from the origin, can be observed in the magnified view of the Nyquist plots for this system (Figure 

7.3d). As the points move away from the origin (decreasing frequency order), the data become 

more scattered to a point that no coherent trend can be observed (Figure 7.3a). The elapsed time 

has no visible effect on the graphs of this system. The scatter in the data at lowest frequencies, 

and the presence of data points within the negative regions of the axes suggest the presence of a 

high level of parasitic noise, possibly due to the low measured current (within the minimum 

measured range of 100 nA). 

The Nyquist plots of PVDF-salt-oil system are shown in Figures 7.3b, 7.3e, and B2b (in 

Appendix B). It can be observed in the overall plot (Figure B2b in Appendix B), this system 

also contains many data points in the negative region of the 𝑍′ and – 𝑍′′ axes. However, the 

number of data with negative values seem to be smaller than that for the PVDF-salt system, 

suggesting a lower level of noise in the data. The magnified view of the Nyquist plots for the 

PVDF-salt-oil system presented in Figure 7.3b, similar to the PVDF-salt system, shows a 

coherent trend starting from the origin (in decreasing frequency order) progressively becoming 

more scattered only for the first 5 hours. A downturn in the plots develops gradually from t=1 h 

to t=5, then from t=6 h the plot begins touching the 𝑍′ axis forming a semi-circle (Figure 7.3e). 

On the later stages of the process, a diffusive tail starts forming and the plots take the appearance 

of a typical Randle’s circuit [229]. With time, the semi-circle section of the plots become smaller 

in diameter and their inflection point shifts to the left (toward lower 𝑍′). Each semi-circle in the 

Nyquist plots is usually associated with at least one time constant corresponding to a resistor and 

a capacitor in parallel with each other (a Maxwell-Wagner element). A decrease in the diameter 

of the semi-circle is then attributed to the reduction in the resistivity of the resistance component 

of the Maxwell-Wagner element describing the system [230]. Multiple components of our studied 

system can act as Maxwell-Wagner elements, including, the membrane, and the electric double 

layers in the liquid-solid interfaces between the electrodes (or membrane) and the feed (or 

permeate) solutions [182]. The potential physical meaning of these patterns in the EIS data will 

be discussed later with equivalent circuit analysis.  

The Nyquist plots obtained for the PVDF-PAA-salt-oil system are presented in Figures 7.3c, 7.3f, 

and B2c (Appendix B). As can be observed, the initial stages of the experiment resemble that of 

the PVDF-salt and PVDF-salt-oil systems including the effects of noise (Figure B2c in Appendix 

B). Over time, the low-f end of the plots (points furthest in order from the origin) go through a 

downturn (Figure 7.3c) gradually reaching a state at which two connected semi-circles can be 

observed. The shrinkage in the radius of the semi-circles is not enough to show a well-defined 
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junction point between them. The observation of two semi-circles in the Nyquist plots suggests 

the presence of at least two time constants (Maxwell-Wagner elements) in the system. Based on 

the available information about the system, it is not possible to identify the underlying phenomena 

responsible for creating such effect [182]. Similar to the PVDF-oil-salt system, this element can 

be associated with the membrane and/or the EDLs on different interfaces of the system [182].  

 

Figure 7.3: The positive section of the Nyquist plots at different times for PVDF-salt: a) and d); PVDF-

salt-oil: b) and e); PVDF-PAA-salt-oil: and c) and e). Top row shows the plots up to 𝑍′ = −𝑍′′ = 106 Ω, 

and the bottom row shows the magnified view of the plots up to 𝑍′ = −𝑍′′ = 105 Ω. Feed and permeate 

inlet temperatures were constant at 60℃ and 20℃, and the crossflow velocity of both feed and permeate 

was 3.13 m/min. The oily dispersion contained 0.1 % (v/v) dodecane and 0.1 M NaCl in water. The saline 

solution contained 0.1 M NaCl in water. 

For a better comparison across the different test conditions, the Bode and Nyquist plots for all of 

the performed MD tests are plotted in Figures 7.4a and b, respectively. It can be observed that at 

the initial stages of the MD process, the Bode and Nyquist plots of the PVDF-salt-oil system are 

similar to those of the PVDF-salt system in terms of both the values and the shape of the graphs. 

Over time, the Bode plots of the PVDF-salt-oil system deviate from those of the PVDF-salt plots 

by going through a large downturn, and their corresponding Nyquist plots exhibit a downturn 

followed by a change in the shape of the graphs from a large arch to a “semi-circle plus a straight 

line” toward the later stages of the process.  

It can also be observed that the Bode plot of the PVDF-PAA-salt-oil system at t=1 h resembles 

the Bode plot of the PVDF-salt-oil system at t=5 h. Over time, the Bode plots of the PVDF-PAA-

salt-oil system go through a downturn, with the final plot (at t= 20) situated just above the plot of 
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PVDF-salt-oil system at t=6 h. The Nyquist plots of the PVDF-PAA-salt system also go through 

a downturn forming dual semicircles, but do not go beyond this stage during the 20 h of the 

experiment, while the Nyquist plots of the PVDF-salt-oil system go through this stage roughly 

between t=5 h and t=10 h transforming into a single semi-circle with a diffusive tail (a Randle’s-

circuit-type response [229]). This period of time coincides with the onset of the breakthrough 

from the feed solution to the permeate solution detected by the EC meter for this system (Figure 

7.1b), which shows a possible correlation between the transformation of the Nyquist plots and the 

occurrence of the liquid breakthrough. This correlation is more difficult to notice in the Bode 

plots, since the shape of these plots is similar across the PVDF-salt-oil and PVDF-PAA-salt-oil 

systems. In terms of magnitude, the Bode plots of the former system go through a larger decrease 

in |Z| over the course of the experiment (20 h) as compared to the latter. In addition, a significant 

drop in |Z| occurs in the former system between t=5 h and t=6 h (coinciding with the onset of the 

breakthrough) enveloping the entire Bode plots of the latter between t=1 h and t=20 h. The 

physical meaning of the observed changes in the Bode and Nyquist plots for the studied systems 

and their relationship with the occurrence of wetting will be investigated through equivalent 

circuit analysis in Section 7.4.  

 

Figure 7.4: Cross comparison of the Bode (a), and Nyquist (b) plots of the studied systems over the entire 

course of MD (20 h). 

7.3 Analysis of static EIS measurements and development of equivalent circuits  

An equivalent circuit model was developed for the MD systems under study to analyse the real-

time MD-EIS results. A simplified demonstration of the different physical elements of the system 

is presented in Figure 7.5 showing four EDLs, two liquid media, a membrane and the rubber 

gaskets depicted in Figure 3.5 in Chapter 3. Each component was simulated by their 

corresponding circuit elements based on the static EIS tests on the MD cell alone (no pumps or 

tubing). 
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Figure 7.5: Schematic presentation of the physical elements involved in the measured electrical 

properties of the system for EIS equivalent circuit analysis. 

The impedance response of the gaskets (not proportionally shown in Figure 7.5 was modelled by 

a single capacitor in the equivalent circuit models and was assumed to be constant for all of the 

static EIS and dynamic MD-EIS tests. The equivalent circuit models of the gaskets and the 

remaining active components of the cell were analysed and summarised in Table 7.1. The detailed 

analysis and EIS curve fittings can be found in Appendix B as indicated in the notes in Table 

7.1. For the final combined equivalent circuit model, the membrane is modelled using a Maxwell-

Wagner element (a resistor in parallel with a capacitor) and the entire cell was considered with 

all elements developed for the previous components. For developing the full equivalent circuit, 

the static EIS tests were performed to simulate the conditions of MD under the nonwetted and 

wetted scenarios, where both involved the feed compartment filled with 0.1M NaCl solution and 

the permeate compartment filled with Milli-Q water. In the wetted scenario, the membrane was 

deliberately wetted by dispensing 2-3 droplets of oil (dodecane) directly onto the membrane 

before the module was assembled and the feed and permeate compartments were filled. The EIS 

data fitting was performed using the initial guesses obtained from the calculated individual 

compartments, but was only successful for the wetted system. For the purposes of this study, the 

values of the parameters obtained for the wetted case were chosen as the initial guesses for curve 

fittings on the real-time data for both the PVDF-salt-oil and PVDF-PAA-salt-oil systems.  
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Table 7-1: Summary of the modelled circuit components for each model element based on static testing 

including the proposed combined circuit. The static tests were performed at room temperature without 

MD.  

Model 

component 
Equivalent circuit and element values Notes 

The cell (the 

gaskets) 

 

 Dry empty cell 

 Simulated as a 

capacitor 

 Fitting in Figure 

B3 

The feed 

compartment* 

 

 Feed solution: 

0.1M NaCl 

 Resistor and 

constant phase 

element (CPE) 

for solvent and 

EDL 

impedances. 

 Fitting in 

Figure B4 

The permeate 

compartment* 

 

 Milli-Q water 

only 

 New capacitor 

introduced 

into 

compartment 

due to high 

solution 

resistance 

 Fitting in 

Figure B5 
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The combined 

system 

including the 

membrane 

 

 Model only 

successful 

with wetted 

membrane 

 Fitting in 

Figure B6 

*The initial guesses for the permeate and feed properties in the was obtained by performing EIS on each of the saline 

solution and the Milli-Q water separately in the cell without the membrane. Therefore, for data fitting each of the 

equivalent circuits shown in this table were in parallel with the cell capacitance as shown in Figures B4 and B5.  

7.4 Changes in the physical properties of the system during MD measured by real-

time EIS.  

The data obtained from the real-time MD-EIS tests for PVDF-salt-oil and PVDF-PAA-salt-oil 

systems were fitted using the combined equivalent circuit proposed in Table 7.1. The curve fitting 

was performed by keeping the feed resistance and CPE parameters constant (apart from the cell 

capacitance) across all tests. For PVDF-PAA-salt-oil system, the curve fittings were performed 

on the data obtained over the interval of 5 hours. For the PVDF-salt-oil system, in order to better 

analyse the system near the breakthrough point of wetting, the curve fitting for the first 10 h of 

the experiment was performed in one-hour intervals; while for the data after t=10 h, it was only 

performed at t=15 h and t=20 h. It was also found that the PVDF-salt-oil system circuit proposed 

in Table 7.1 could not be successfully fitted to the data after t=7 h, possibly due to the occurrence 

of wetting, which makes the capacitance element of the permeate redundant. Therefore, to 

perform the curve fitting on the data after t=7 h, the equivalent circuit was simplified to only 

contain one resistor-CPE pair to represent the combined properties of all EDLs and solutions 

involved in the system. The simplified equivalent circuit is shown in Figure 7.6. Nevertheless, 

the data at t=8 and 9 h could not be fitted using either of the original or modified equivalent circuit 

models. This could be due to the fast rate of the transitions taking place during this time range 

(from t=7 h to t=10 h). 
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Figure 7.6: The equivalent circuit a), and curve fitting results b), on the PVDF-salt-oil system at t=10 h 

after wetting occurred. 

The curve fitting was also attempted on the PVDF-salt systems, but no successful fit was obtained 

using the combined equivalent circuit model presented in Table 7.1. This might be due to the 

large impedance of the unwetted membrane, the interference from the environment, or the 

limitations of the fitting algorithm in fitting the parameters with large differences in magnitude.  

The values obtained for the membrane resistance and capacitance of the PVDF-salt-oil and 

PVDF-PAA-salt-oil systems are shown in Figures 7.7a and c, respectively. The obtained values 

for membrane resistance and capacitance include the physical properties (i.e., resistivity and 

dielectric permittivity, respectively) as well as the geometrical aspects (i.e., thickness and 

effective projected surface area for both resistance and capacitance) of the membrane. The value 

of the membrane resistance for the PVDF-PAA-salt-oil system decreased from 67.4 kΩ at t=1 h, 

to 29.9 kΩ at t=20 h (Figure 7.7a). This decrease might be due the diffusion of solutes from the 

feed solution (e.g., NaCl leakage via an “imperfect” membrane, or oil transfer by hydrophobic 

diffusion [231, 232]) through the membrane. The capacitance of the membrane in the PVDF-

PAA-salt-oil system remains almost constant throughout the 20 h of the MD process (Figure 

7.7c).  

The resistance of the membrane in the PVDF-salt-oil system goes through a maximum (more 

accurately, a damped oscillatory behaviour) in the early stages of the experiment followed by a 

decrease that stabilises at t=7-8 h and a slight decrease until t=20 h (Figure 7.7a). The high 

average membrane resistance prior to the breakthrough (wetting) could possibly be related to the 

intact membrane and potentially the adhesion of the oil droplets to the membrane surface, which 

subsequently leads to the breakthrough of the feed liquid through the membrane observed by EC 

rise starting around 5 hours (Figure 7.1b). For the PVDF-salt-oil system, during the initial stages 

of MD, the membrane capacitance fluctuates within the range of 1 nF to 10 nF (Figure 7.7c). 
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This fluctuation could be related to the noise discussed earlier associated with higher initial 

impedances.  

 

Figure 7.7: Membrane resistance (a, and capacitance b); and permeate resistance (c, and capacitance d), 

obtained from model fitting on PVDF-salt-oil and PVDF-PAA-salt-oil systems. The permeate resistance 

for the PVDF-salt-oil system is shown in dotted lines for t > 7 h to highlight the fact that this value is 

obtained for the modified equivalent circuit and may include contributions from both permeate and feed 

solutions. The corresponding permeate capacitance was not present in the modified circuit model and the 

data are absent for this parameter after t=7 h. 

To further understand the changes in different parameters of the system, the resistance and the 

capacitance of the permeate obtained from the curve fitting are graphed in Figures 7.7b and d, 

respectively. The resistance of the permeate in the PVDF-PAA-salt-oil system only slightly 

decreases with time, which is in agreement with the fact that no change in the permeate EC in the 

permeate container was observed (Figure 7.1c). In addition, the capacitance of the permeate 

increases slightly with time for this system. The observed changes for this system could be the 

result of either a minor leakage through the membrane (i.e., transfer of oil), or numerical errors 
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in curve fitting. The changes are however very minor, and hence considered in alignment with 

the experimental EC results.  

As shown in Figure 7.7b, the resistance of the permeate for the PVDF-salt-oil system exhibits 

fluctuations over time, going through a maximum at t=3 h and a local minimum at t=6 h. 

Otherwise, until t=9 h for the PVDF-salt-oil system, the values of the permeate resistance are 

close to those obtained for the PVDF-PAA-salt-oil system. After t=9 h, the system no longer 

follows the behaviour expected based on the equivalent circuit presented in Table 7.1, and as 

mentioned above, it was modelled using a modified equivalent circuit (Figure 7.6). Comparing 

the values obtained for the resistance of the combined solutions after t=9 h and that of the 

permeate solution prior to t=9 h, for the PVDF-salt-oil system, it can be observed that the 

resistance of the combined solution is lower than the permeate resistance suggesting the 

possibility of membrane wetting. In the opposite case where the liquids are not mixed, the total 

resistance of the permeate and feed solution in series would be equal to or higher than the 

permeate resistance, because the resistivity of two resistors in series are additive. The readings 

from EC meter are also in agreement with these observations, as a rise in permeate EC is observed 

after t=9 h. Overall, a side-by side comparison between the membrane- and permeate-resistance 

(Figures 7.7a and b), and between the membrane- and the permeate- capacitance (Figures 7.7a 

and b) shows that the changes in the properties of the membrane and the permeate solution 

happened almost at the same time for the PVDF-salt-oil system, while in the PVDF-PAA-salt-oil 

system, the mild changes in the membrane resistance has not led to any noticeable change in the 

permeate properties. Therefore, it is possible to correlate the results of the fitted parameters to the 

occurrence of wetting in the studied systems independent from the EC results, and by observing 

the permeate properties; while establishing this correlation was not possible based on solely 

analysing the impedance modulus values at high or low frequencies over time.  

Overall, by comparing the fitting results for the PVDF-PAA-salt system, it can be observed that 

the membrane and permeate resistance and capacitance may not have a large contribution to the 

changes observed in the Nyquist and Bode plots. This is an interesting effect that might be related 

to the EDL properties reflected in the values of the CPE parameters, which could be worth further 

investigations in future research.  

7.5  Conclusions 

To understand the wetting behaviour of membrane distillation (MD) membranes during the 

treatment of oily water, this work entailed a dedicated study using time-resolved full-frequency 

sweep electrochemical impedance spectroscopy (EIS). The findings of this research were 

supported by comparing the observations of two MD membranes, one was a pristine hydrophobic 
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PVDF that wetted during MD operation; and its modified version with grafted PAA that did not 

show signs of wetting over 20 h of MD. The main conclusions are summarized as: 

 MD was analysed using EIS to explore wetting behaviour in oily waters with hydrophobic, 

and PAA coated chemistry membranes;  

 Visual analysis of the EIS data showed clear trends in behaviour associated with membrane 

wetting events for hydrophobic PVDF; 

 Results were contrary to previous work where single frequency analysis could be correlated 

to specific MD behaviour, being wetting in this studied case. Effects occurred at low 

frequencies, but considering noise and complexity of the observed EIS patterns, equivalent 

circuit analysis was proposed as a more appropriate means to correlate to MD performance 

effects; 

 Static testing allowed the development of equivalent circuits for key MD module components. 

However, for the membrane equivalent circuit, only a pre-wetted membrane was able to 

provide appropriate fitting to EIS results; 

 The equivalent circuit was revised to consider major changes in model sensitivity pre- and 

post-wetting events; 

 Both the PVDF and the PVDF-PAA membranes showed a reduction in the impedance 

modulus |Z| at high frequencies. However, only the PVDF samples showed changes in flux 

and an increase in the permeate EC. This implies that the occurrence of wetting cannot be 

unambiguously determined by simply monitoring the impedance modulus at high-f range and 

the membrane properties should be extracted through equivalent circuit analysis using models 

developed for the very setup under study. Membrane resistance was found to follow MD 

wetting events only for when oily waters were included in solution. Membrane capacitance 

was unchanged over the test duration. The equivalent circuit could not be fit to the NaCl 

solution only (no oil) MD test; and 

 Permeate resistance and capacitance followed MD behaviour in terms of expected 

performances and permeate EC measurements. The permeate resistance showed a drop and 

the capacitance showed an increase near the onset of wetting in the PVDF-salt-oil system, 

while it showed no noticeable changes in the PVDF-salt-oil system. 

 While the equivalent circuit analysis of the EIS data employed in the current study is 

independent of the type of the feed solution, it is limited by the uncertainty in multi-parameter 

numerical model fitting.  
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Overall, this work has shown how EIS needs careful consideration in its data handling to interpret 

results that are appropriately assigned to MD performance events such as wetting. Future work 

can explore specific effects within a complex EIS system to further uncover the behaviour linked 

to MD performance and new membrane chemistries conveniently in real-time. 



 

 

 

  Conclusions and future directions 
8.1 Summary of the current research 

Through this PhD study, a salinity responsive MD membrane was successfully developed by 

grafting a negatively-charged polyelectrolyte (PAA) onto the surface of a commercial 

hydrophobic membrane (PVDF; mean pore size = 0.2 µm) via a novel oxygen tolerant UV-

assisted atom transfer radical polymerization (ATRP) method. The aim was not only on the 

development of adequate membranes for overcoming oil-fouling and wetting issues that are 

detrimental in MD applications, but also on the in-depth understanding as to what membrane 

properties contributed to anti-oil-adhesion and anti-oil-wetting properties of the membrane. The 

specific conclusions of the current research can be summarized as below: 

1) Surface science describing fouling of MD membranes: According to the analysis of the 

surface science literature performed in Chapter 2 of the current thesis, surface interactions 

can play a major role in colloidal adhesion in MD membranes. It was highlighted in this 

analysis that the MD membranes have a composite interface consisting of topographical and 

chemical heterogeneities that need to be considered in the studies of colloidal adhesion that 

are practically realised as ‘fouling’. This composite interface is made up of a solid-liquid 

portion that forms between the membrane solid surface and the feed water, and an air liquid 

portion that forms between the feed water and the trapped air pockets in the roughness 

features of the membrane as well as in the pore entrances. For the region of the solid-liquid 

interfaces that are in a direct contact with water, an increase in the size of roughness features 

can contribute to an increase in particle attachment at high salinities. However, it also 

decreases the likelihood of irreversible particle attachment. In addition, local favourable 

attachment conditions can be created by the opposite charges on the membrane in form of 

patches that can attract colloidal particles. This means that the total charge of the membrane 

might not be a reliable factor in predicting tendency of the membrane in resisting the adhesion 

of a particular colloid. It was also highlighted that the membrane surface should be considered 

as a whole for a better understanding of colloidal adhesion in MD membranes. This is because 

the presence of air-water interfaces can act as attractive patches for hydrophobic compounds 

subsequently leading to the entrapment of colloidal particles in these interfaces and blockage 

of the pores. 

 

2) Demonstration of a new readily-scalable oxygen tolerant ATRP: Oxygen tolerant UV-

assisted ATRP was found to be viable method for grafting PAA onto a commercial PVDF 

under open atmosphere and for preparing a salinity responsive membrane (PVDF-PAA) for 

MD (Chapters 4 and 5). Successful grafting of PAA was verified by the ATR-FTIR 
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spectroscopy as evidenced by the peaks related to the asymmetric stretching of -COO- (at 

1580 cm-1), COOH stretching (at 1680 cm-1), and –OH stretching (at 3000-3500 cm-1). In 

addition, SEM-EDX analyses showing a high atomic concentration of oxygen on the top of 

surface roughness features implying the higher concentration of PAA molecules in these 

regions. This further aligned with the employed surface treatment method that was performed 

without pre-wetting of the membrane in the first stage of creating the grafting sites on the 

membrane surface (the alkaline treatment). In addition, in-air water contact angle 

measurements showed a drop in the water contact angle from 134 ± 2° to 110±3° due to the 

presence of the hydrophilic PAA brushes. The streaming potential analysis showed streaming 

potential analyses showed an increase in the negative surface zeta potential of the PVDF-

PAA membrane (ca. -44 mV) as compared to the PVDF membrane (ca. -22 mV) due to the 

presence of the negatively charged PAA brushes.  

 

3) Salinity responsive PAA grafted MD membranes showed oil adhesion resistance: The 

underwater oil adhesion tests performed on the prepared PVDF-PAA membranes showed 

evidence of the response of the PAA brushes to salinity (Chapters 5 and 7). It was found that 

in the absence of NaCl, oil was able to adhere to the PVDF-PAA membrane and penetrate the 

membrane over time. However, with the addition of NaCl to the test solution with a 

concentration of as low as 0.01 M, the PVDF-PAA membrane became underwater-

superoleophobic. This change could be attributed to the expansion of the PAA chains in 

response to increase in salinity. However, the underwater superoleophobic behaviour of the 

PVDF-PAA membrane persisted under high NaCl concentrations (3 M NaCl), which implied 

that the decrease in brush thickness in salted brush regime did not significantly decrease the 

underwater oleophobicity of this surface. Conversely, the PVDF membrane was wetted by 

oil regardless of the salinity of the test medium. 

 

4) A model to describe underwater oleophobicity of PVDF-PAA membranes in the context 

Janus membranes: According to the proposed model in Chapter 6, the PAA molecules are 

assumed to be located on the top region of the roughness features of the membrane that are 

in direct contact with water during MD. This membrane exhibits underwater oleophobicity 

under various scenarios, especially in the case where there is minimal trapped water within 

the roughness features and the pore entrances after the oil droplet is placed in contact with 

the membrane. Therefore, it was found that the underwater oleophobicity of this type of 

surface originates from the combined effect of the hydrophilic patches (PAA brushes) and the 

air pockets trapped within the surface roughness features and inside the pores. In addition to 

this case, other scenarios were investigated within the framework of this model, and it was 

found that underwater oleophobicity depends on the surface fraction of the hydrophilic 
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patches (the PAA brushes) on the top surface of the membrane as well as the total surface 

fraction of the top surface of the membrane.  

 

5) Effective MD operation with PVDF-PAA membrane in oily solutions: The PVDF-PAA 

membrane showed superior performance in MD of a model dispersed oily saline solution 

((0.1% (v/v) dodecane+0.1 M NaCl) for 20 h with a stable flux (16-17 kg/(m2.h)) and no 

significant permeate EC rise (Chapters 5 and 7). However, the PVDF membrane was wetted 

and fouled by oil with its flux dropping from ca. 12.5 kg/(m2.h) to 2.6 kg/(m2.h) during the 

first 5 h of the MD experiment. The permeate EC for this membrane significantly increased 

throughout the experiment (by almost 40 folds). The resistance of the PVDF-PAA membranes 

can be attributed to the hydration and negative surface of the PAA chains as well as the 

location of the PAA-grafted patches on the membrane surfaces.  

 

6) Extension of EIS knowledge for explaining MD membrane behaviour and anti-wetting 

mechanisms: Oil wetting was also analysed in Chapter 7 of the current study by real-time 

in-situ electrochemical impedance spectroscopy (EIS) employing a wide frequency sweep (1 

Hz to 500 kHz). Holistic analysis of the EIS results showed significant differences between 

the behaviour of PVDF and PVDF-PAA membranes against dispersed oily solutions. In the 

Bode graphs, a large drop in impedance (by 1-2 orders of magnitude) was observed at the 

low- and mid-frequency (<10 kHz) end of the graphs with time for the PVDF membrane, 

while the drop in impedance was not significant for the PVDF-PAA membrane under similar 

conditions. The equivalent circuit analysis of the EIS results showed that the membrane 

resistance and capacitance might not have a significant contribution to the total impedance. 

Instead, the impedance was influenced more by the electrical double-layer (EDL) properties 

of both the feed and the permeate solutions, as well as the resistance and the capacitance of 

the permeate solution.  

8.2 Future directions: 

Further research areas can be explored based on the results of this study. A few examples of these 

works are proposed below: 

1. Modelling of the surface interactions in MD employing (X)DLVO theory: 

Understanding the effects of surface interactions in colloidal adhesion to the MD 

membranes can lead to the design of better adhesion-resistant membranes. However, in 

the analyses performed in the current thesis, it was identified that the effect of surface 

interaction in MD has not been well understood. Therefore, future studies on this topic 

could include modelling of the surface interactions in MD membranes using (X)DLVO 

theory by considering the complex interfaces of the MD membranes and accounting for 
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the effects of surface topography and chemistry. These studies can shed light on the 

underlying mechanisms of surface interactions as well as the contribution of each portion 

of the interfaces in determining the adhesion of the colloidal particles onto the membranes. 

In addition, these studies may require an accurate measurement of the surface properties 

of the rough membranes which is a serious challenge due to the complex effects the 

roughness on the measured values. Therefore, further research is needed to develop and 

optimize facile methods that can accurately measure the surface properties of such 

surfaces.  

 

2. Harnessing the full potential of oxygen-tolerant UV-ATRP: Current thesis showcased 

a specific combination of a polyelectrolyte grafted onto a membrane. However, 

considering the versatility of the ATRP reaction systems in working with a wide variety 

of monomers [34, 159, 161], further research can explore the grafting of many other types 

of polymers such as zwitterionic and positively charged polyelectrolytes on various 

different membranes (RO, NF, UF, etc.) in developing membranes with advanced 

functionalities.  

Another unique advantage of ATRP as a living radical polymerization is its high level of 

control over the molecular structure of the grafted polymers by exploiting the ‘living’ 

aspect of this polymerization reaction [34, 159, 161]. This feature allows for the 

consecutive polymerization of multiple monomers forming block copolymers with 

controlled structures. Block copolymer brushes can provide opportunities for more 

complex functionalities for membranes due to their controllable phase transitions [161]. 

Therefore, future studies can explore the grafting of block copolymer brushes on 

membrane surfaces in creating membranes with special functionalities.  

A major challenge in the application of the oxygen tolerant UV-ATRP in industrial scale 

is the difficulties related to the initiator grafting [34]. This step is usually performed in 

laboratory settings using tedious reaction steps that take several hours. However, more 

straightforward methods need to be adopted and/or developed for initiator grafting steps 

to enable a successful scale-up of UV-ATRP. 

In the current study, only UV light was employed for performing the ATRP reactions. 

However, in there are several studies that showed the successful application of visible light 

instead of UV [68, 233-235]. Therefore, further research can investigate the application of 

visible light in the ATRP of different monomers onto membrane surfaces. This can further 

improve the feasibility of the ATRP reactions for industrial applications be decreasing the 

associated production costs.  

The stability and robustness of the grafted chains is another topic of concern in surface 

grafting reactions using UV-ATRP. Due to the low amount of grafted PAA, as well as the 
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specific grafting of PAA on the top of the roughness features, an accurate measurement of 

the grafting density was not possible in the current study. Therefore, further research is 

needed to develop methods that can accurately measure the grafting density of the polymer 

brushes on rough (and porous) membrane surfaces. This will provide an opportunity to 

measure the robustness of the grafted brushes.  

Finally, the environmental impact and sustainability of the surface modification step can 

influence the applicability of the proposed method in industry. Further research is needed 

to investigate alternative environmentally friendly methods for surface modification of 

MD membranes. 

 

3. Behaviour of the PVDF-PAA membranes against other colloids: As discussed above, 

the PVDF-PAA membranes developed in the current study exhibited superior behaviour 

in the MD of a model dispersed oily water. However, the application of these membranes 

can further be explored in the treatment of other colloids such as proteins, emulsified oils, 

and milk to explore the effect of the changes in colloid surface properties on the 

performance of these membranes. In addition, the salt responsive behaviour of the PVDF-

PAA membranes can further be explored against real oily wastewaters which often contain 

multiple compounds as well as mixtures of various monovalent and multivalent salts. 

Multivalent ions can lead to the collapse of the PAA brushes due to their bridging effect. 

It can be hypothesized that these ions may lead to reduced oleophobicity in the developed 

PVDF-PAA membranes. Finally, real wastewaters containing a broader range of 

contaminants such as humic acids and microorganisms can be explored to evaluate the 

response of the PAA brushes in complex environments. 

 

4. A deeper analysis of the proposed model for the surface-grafted membranes: 

Modelling of the underwater oil contact angle of the Janus membranes developed in the 

current study showed a general agreement between the modelling predictions and obtained 

results. However, the proposed modelling approach did not take into account effects such 

as the dynamic response of the PAA brushes to salinity and changes in the interfacial 

energies of the involved compounds. Further studies can include these effects in the 

analysis of underwater oil contact angle of similar Janus membrane surfaces to better 

understand the behaviour of this type of membranes against oil adhesion and intrusion. In 

addition, future studies can include a more rigorous validation of the proposed models and 

their transitions by employing specialized experimental design and appropriate numerical 

modelling methods. 
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The commercial PVDF membrane selected for the surface grafting in the current thesis 

was a model to showcase the wide possibilities that can be adopted for this purpose. 

Especially, the grafting method employed in this study can be extended to membranes 

with different topographies to understand the effect of topography on the oil adhesion 

resistance of these membranes. Further research can take advantage of the re-entrant 

roughness geometries of omniphobic membranes to create Janus membranes that are 

simultaneously resistant to dispersed oils and low-surface-tension feed liquids. 

 

5. Design of special electrodes for in-situ EIS studies of oil wetting in MD: The in-situ-

EIS studies performed in the current thesis suggested the possible interferences in the 

obtained data form the feed and permeate properties as well as noise related to the high 

impedance of the system. Therefore, further research can focus on the design of new 

electrodes and membrane cells that allow for capturing the behaviour of the system over 

a wide range of frequencies by minimizing the mentioned interferences. In addition, the 

application of complementary methods such as optical coherence tomography (OCT ),  

and fluorescence microscopy alongside EIS can provide deeper insight on the occurrence 

of colloidal adhesion and wetting in MD.



 

 

 

Appendices 

Appendix A: Sample derivation of underwater oleophobicity of the models 

proposed in Chapter 6 

Here, the underwater oil contact angle derivations for “Model 1-Scenario 1” and Model 2 will 

be discussed as examples.  

Similar to the in-air contact angle of the model membranes, Cassie’s equation can be written for 

the underwater oil contact angle (𝜃𝑜,𝑡𝑜𝑡𝑎𝑙) of Model 1-Scenario 1: 

cos 𝜃𝑜,𝑡𝑜𝑡𝑎𝑙 = 𝑓𝑡𝑜𝑝 cos 𝜃𝑜,𝑡𝑜𝑝 + 𝑓𝑝𝑜𝑟𝑒 cos 𝜃𝑜,𝑎𝑖𝑟  Equation A.1 

Where 𝜃𝑜,𝑡𝑜𝑝 and 𝜃𝑜,𝑎𝑖𝑟 are the underwater oil contact angles of the top surface and the air 

(~180°, because oil does not spread in air), respectively. Further, according to Cassie’s equation 

for the top surface: 

cos 𝜃𝑜,𝑡𝑜𝑝 = 𝑓𝑃𝐴𝐴 cos 𝜃𝑜,𝑃𝐴𝐴 + 𝑓𝑃𝑉𝐷𝐹 cos 𝜃𝑜,𝑎𝑖𝑟 Equation A.2 

In which 𝜃𝑜,𝑃𝐴𝐴, 𝜃𝑜,𝑎𝑖𝑟 are the underwater oil contact angles of a “flat and smooth PAA-grafted 

surface” and the oil-air interfaces. It is important to note that the oil droplet is assumed not to 

penetrate past the PAA-grafted region and not to contact the region with exposed PVDF (thus 

forming a metastable Cassie-Baxter state).  

Similar to the in-air water contact angle calculations, considering 𝑓𝑡𝑜𝑝 + 𝑓𝑝𝑜𝑟𝑒 = 1 and 𝑓𝑃𝐴𝐴 +

𝑓𝑃𝑉𝐷𝐹 = 1, cos 𝜃𝑎𝑖𝑟 = −1, and by substituting Equation A.2 into Equation A.1, the following 

can be obtained: 

cos 𝜃𝑜,𝑡𝑜𝑡𝑎𝑙 = 𝑓𝑡𝑜𝑝𝑓𝑃𝐴𝐴(cos 𝜃𝑜,𝑃𝐴𝐴 + 1) − 1   Equation A.3 

Here, cos 𝜃𝑜,𝑃𝐴𝐴 ≤ 0, therefore cos 𝜃𝑜,𝑡𝑜𝑡𝑎𝑙 ≤ 0.  

For the underwater oil contact angle of Model 2: 

cos 𝜃𝑜,𝑡𝑜𝑡𝑎𝑙 = 𝑓𝑡𝑜𝑝 cos 𝜃𝑜,𝑡𝑜𝑝 + 𝑓𝑝𝑜𝑟𝑒 cos 𝜃𝑜,𝑤𝑎𝑡𝑒𝑟  Equation A.4 

And  

cos 𝜃𝑜,𝑡𝑜𝑝 = 𝑅𝑓cos 𝜃𝑜,𝑃𝐴𝐴 Equation A.5 

In addition, 𝑓𝑡𝑜𝑝 + 𝑓𝑝𝑜𝑟𝑒 = 1 and cos 𝜃𝑤𝑎𝑡𝑒𝑟 = 1, therefore: 

cos 𝜃𝑜,𝑡𝑜𝑡𝑎𝑙 = 𝑓𝑡𝑜𝑝(𝑅𝑓 cos 𝜃𝑜,𝑃𝐴𝐴 − 1) + 1  Equation A.6 
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Appendix B: Supplementary information on real-time in-situ EIS studies of oil 

wetting in MD (Chapter 7) 

B1: Dynamic EIS results on the three studied systems (PVDF-salt, PVDF-salt-oil, and PVDF-

PAA-salt-oil) 

Full view of the normalized |Z| plots and Nyquist plots are shown in Figure S1 and S2, 

respectively. 

 

Figure B 1. Full view of the normalized impedance modulus (|Z|/|Z1|) (where |Z1| is the value of 

impedance at t=0 h (bottom row)) at different frequencies vs. time for PVDF-salt: a) and d); PVDF-salt-

oil: b) and e); PVDF-PAA-salt-oil: c) and f). Feed and permeate inlet temperatures were constant at 60℃ 

and 20℃, and the crossflow velocity of both feed and permeate was 3.13 m/min. The oily dispersion 

contained 0.1 % (v/v) dodecane and 0.1 M NaCl in water. The saline solution contained 0.1 M NaCl in 

water. 

 

Figure B 2: Full view of the Nyquist plots at different times for PVDF-salt: a) and d); PVDF-salt-oil: b) 

and e); PVDF-PAA-salt-oil: and c) and e). Feed and permeate inlet temperatures were constant at 60℃ 

and 20℃, and the crossflow velocity of both feed and permeate was 3.13 m/min. The oily dispersion 

contained 0.1 % (v/v) dodecane and 0.1 M NaCl in water. The saline solution contained 0.1 M NaCl in 

water. 
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B2: Details on the fitting procedures for the development of the equivalent circuits employed in 

the in-situ EIS analyses 

The detailed analysis and fitting of the EIS data for each element in the equivalent circuit is 

described below. 

a. The cell:  

Dry cell tests were performed on the cell with and without the membrane without addition of 

any liquid to the feed and permeate compartments.  The cell is simulated using a single 

capacitor. The equivalent circuit and the curve fitting results for the cell properties are shown 

in Figure S1. For the curve fitting, the Z” data from the dry cell system without the membrane 

was fitted using OriginPro 9.1 by a custom equation for a single capacitor (Z”=-j/(wC)). The 

curve fitting was performed on the data in the frequency range of 110 Hz to 500 kHz using 

Lavenberg-Marquardt nonlinear curve fitting algorithm. The capacitance value obtained for 

the membrane cell (64 pF) was held constant in the subsequent curve fittings performed on 

the system. The highest impedance that the system can register with the current setup apart 

from the instrument internal impedance, is the impedance of the cell which manifests itself 

as a capacitor in parallel with the system. The fitting results and the equivalent circuit for the 

cell impedance is shown in Figure B3. 

 

Figure B 3: The equivalent circuit and curve fitting results on the cell properties. In the Nyquist plots, the 

blue circles represent the raw data and the red triangles represent the fitted curve. 

 

b. The feed compartment:  

The feed liquid modelled was 0.1M NaCl solution in water, and the effect of oil droplets on 

electrical properties of the system are ignored for simplicity. The EIS test was performed on 

the module with the membrane and with the saline solution (0.1M NaCl) only. A proposed 

equivalent circuit for this compartment as well as the model fitting results are presented in 

Figure B4. The equivalent circuit model for the saline solution includes a resistor in series 
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with a constant phase element representing the solvent impedance and the impedance of the 

EDL of the surfaces of the electrode and the membrane in parallel with the cell capacitance.  

In the proposed equivalent circuit, the contribution from the EDLs of the electrode-feed and 

membrane feed interfaces are combined in one CPE, because the two CPE components in 

series are mathematically equivalent and create redundancy for the fitting algorithm. In other 

words, the algorithm has no way of differentiating between the two components. Therefore, 

when possible, it is recommended to combine mathematically equivalent circuit elements into 

a single circuit element that can represent the properties of its constituent elements. It is 

important to note that after obtaining the value for the new surrogate element, it might be 

possible to find the value of the constituent elements if they are measured separately or if they 

are assumed to have similar EDL properties.  

It should be noted that in the analyses related to the EDL properties, it is assumed that the 

electrodes and the membrane are ideally polarizable for the purposes of our study, meaning 

that no electrochemical reactions take place on the solid liquid interfaces. This assumption is 

based on the fact that the maximum root-mean-square (RMS) amplitude of the voltage 

difference between the electrodes are set to 0.01 V which is lower than the 

oxidation/reduction potential of almost all known species present in the system. However, 

this does not necessarily preclude the occurrence of any electrochemical reactions in the 

EDLs since the gradient of the electric potential is very high with EDLs regardless of the 

maximum voltage difference between the electrodes. Nevertheless, to avoid the complexities 

related to the Faradaic reactions in the analysis of our system, the occurrence of such reactions 

is assumed to have negligible effects on the EIS results.  

 

Figure B 4: The equivalent circuit and curve fitting results on the feed compartment properties. In the 

Nyquist plots, the blue circles represent the raw data and the red triangles represent the fitted curve. 

 

c. The permeate compartment: 

The permeate liquid is assumed to be consisted of MilliQ water only. To analyse the electrical 

properties of the permeate compartment the static EIS test was performed on the module filled 
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with MilliQ water without the membrane. The proposed equivalent circuit along with the 

fitting result is shown in Figure B5. As can be observed from this figure, a new capacitor is 

introduced into the equivalent circuit model of the electrodes in contact with the MilliQ water. 

This new capacitor accounts for the capacitance behaviour of the space between the electrodes 

filled with MilliQ water. This capacitor was absent in the model for the feed compartment 

because of the low resistance of the solution and the negligible effect of the capacitive 

properties of the saline solution against its resistive properties.  

 

Figure B 5: The equivalent circuit and curve fitting results on the permeate compartment properties. In 

the Nyquist plots, the blue circles represent the raw data and the red triangles represent the fitted curve. 

 

d. The membrane and the combined equivalent circuit model: 

In this study, similar to other EIS studies in MD, the membrane is modelled using a Maxwell 

element (a resistor in parallel with a capacitor). To obtain an initial guess value for the 

membrane properties, the entire cell needs to be considered with all compartments developed 

in the previous subsections. For this purpose, static tests were performed to simulate the 

conditions of MD under two scenarios, namely, the nonwetted and wetted scenarios. In the 

nonwetted scenario, in presence of the intact (nonwetted) PVDF membrane, the feed 

compartment was filled with the 0.1M NaCl solution and the permeate compartment was 

filled with MilliQ water. In the wetted scenario, the membrane was wetted by dispensing 2-3 

droplets of oil directly onto the membrane before the module was assembled and the feed and 

permeate compartments were filled with the 0.1M NaCl and MilliQ water, respectively. The 

EIS data fitting was performed using the initial guesses obtained from the individual 

compartments calculated before. However, the model fitting was only successful for the 

wetted system. The EIS data, and the fitting results of the final equivalent circuit for the 

wetted scenario are shown in Figure B6. For the purposes of this study, the values of the 

parameters obtained for the wetted case were chosen as the initial guesses for curve fittings 

on the real-time data for both the PVDF-salt-oil and PVDF-PAA-salt-oil systems.  
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Figure B 6: The equivalent circuit and curve fitting results on the entire system including the membrane 

for the wetted scenario. In the Nyquist plots, the blue circles represent the raw data and the red triangles 

represent the fitted curve. 
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