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SUMMARY 
  

With its many advantages, direct-contact membrane distillation (DCMD) appears 

to hold potential for the recovery of high quality water from different industrial effluents. 

Porous hydrophobic polyvinylidene fluoride (PVDF) membranes have been extensively 

used in DCMD operations. However, these PVDF membranes are vulnerable to 

membrane fouling and pore wetting in low surface tension feeds, restricting its 

application for water recovery from challenging industrial wastewaters. The mechanisms 

involved are not fully understood due to a lack of study on the interaction between 

different low surface tension contaminants and the membrane surface in the DCMD 

domain. To address these challenges, this work aims at developing a fundamental 

understanding of the relationship between surfactant-stabilized oil-in-water (O/W) 

emulsions and a PVDF membrane surface in DCMD operations. The results reveal that 

surfactant concentration and hydrophobicity had an influence on membrane fouling and 

wetting behaviors of these emulsions. Notably, surfactants with a lower hydrophilic-

lipophilic balance value could make the PVDF membrane surface less hydrophobic and 

cause less severe fouling by restraining the adsorption of oil droplets on the membrane 

surface. These findings suggest that membrane surface modification is required to achieve 

fouling- and wetting-resistant properties for robust long-term applications.  

 

Inspired by mussels’ byssus with remarkable adhesive power that is neither 

degraded nor deformed in the marine environment, dopamine coating has emerged as an 

option for membrane surface modification. In this work, two composite hollow fiber 

membranes were fabricated, one by single-step co-deposition of polydopamine 

(PDA)/polyethylenimine and the other via accelerated oxidant-induced PDA deposition 

onto the surface of a commercial hydrophobic PVDF substrate. The successful deposition 

was verified using different characterization techniques. These composite membranes 
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exhibited Janus wettability with its modified surface being underwater superoleophobic 

for preventing organics adhesion while insuring that unmodified pores beneath the 

surface remained hydrophobic for vapor transport. The anti-fouling and anti-wetting 

properties of both modified membranes were investigated via bench-scale DCMD 

experiments by feeding a series of low surface tension solutions. In comparison to the 

pristine PVDF membrane, the modified membranes demonstrated excellent fouling- and 

wetting-resistant properties in different surfactant solutions as well as O/W emulsions. 

This was ascribed to the formation of an interfacial hydration layer and deposition of 

functional groups within the membranes’ rough hierarchical structures. The PDA-

decorated membrane was also used for seawater desalination, during which it maintained 

a stable flux and high salt rejection rate. Furthermore, the PDA-decorated membrane 

presented a flux enhancement of up to 70% over the pristine PVDF membrane in 3.5 wt% 

NaCl solution at 333 K. This study demonstrates the potential of both modified 

membranes for extended DCMD applications such as water recovery from industrial 

wastewater containing low surface tension substances. 
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Chapter 1  Introduction 
	

	

1.1. Background 
	

The importance of oil and gas in today’s context cannot be overstated as they 

continue to account for nearly 78% of the world’s total energy consumption as shown in 

Fig. 1-1 [1]. With many production activities, a substantial volume of produced water is 

generated annually within the oil and gas industry, making it one of the most water-

intensive industries. Produced water is essentially wastewater co-produced in a 

production well along with the oil and/or gas phase(s) as illustrated in Fig. 1-2 [2]. This 

trapped water is brought up to the surface during oil and gas extraction operations. It is 

commonly known as the largest waste stream from the oil and gas refineries as it contains 

a variety of pollutants, namely: (i) dissolved and dispersed oils and greases; (ii) 

production solids; (iii) dissolved gases; (iv) soluble and insoluble organics; (v) production 

chemicals; (vi) inorganics and (vii) dissolved formation minerals [3]. These constituents 

of produced water are highly dependent on the geological locations as well as formation 

processes. Managing produced water has become a consequential part of the sustainable 

development of the oil and gas industry due to stringent environmental legislations, 

severe strain on water resources, and escalating costs of wastewater disposal [3]. 
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Fig. 1-1. Expected growth in total primary energy demand by 2035. Adapted from World 
Energy Outlook 2013 [1]. 

 

 
Fig. 1-2. Schematic illustrating different sources of produced water [4]. 

 

Generally, several options are available for produced water management as 

depicted in Fig. 1-3: (i) injection of the produced water into the same formation process 

or another suitable formation; (ii) discharge back into the environment after treatment; 

(iii) reuse in oil and gas field operations after treatment; and (iv) beneficial reuse for 

consumption or agricultural purposes after treatment [5]. Amongst these management 

methods, the reuse of produced water is a growing trend as it provides a potential profit 

stream [6]. To tap on this potential, produced water has to be first treated to remove main 

constituents such as oils and greases, production chemicals (surfactants), and production 

solids (salts). The treatment techniques for produced water can be broadly classified into 

the physical, chemical, and biological methods as illustrated in Fig. 1-4. However, 

conventional treatment methods often have several intrinsic disadvantages, including low 

removal efficiencies of oil droplets with diameters less than 20 µm, low water recovery, 
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high operating costs as well as the possibility of corrosion and recontamination [7]. The 

rapid development of membrane technologies offers attractive solutions to produced 

water treatment. Over the past few decades, membrane processes such as microfiltration 

(MF) [8-10], ultrafiltration (UF) [11-13], nanofiltration (NF) [14-16], reverse osmosis 

(RO) [17, 18], and forward osmosis (FO) [19] have been applied for produced water 

treatment. These membrane technologies have been preferred over conventional methods 

due to their high oil removal efficiencies, small footprint, as well as easy operation and 

maintenance. While some of these processes can be combined to achieve high removal 

efficiencies, high operating costs remain a major concern. Another grand challenge is 

membrane fouling caused by oil droplets and soluble organics. 

 

 
Fig. 1-3. Management strategies for produced water [2].  
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Fig. 1-4. State-of-the-art produced water treatment techniques. 

	

Membrane distillation (MD) is an emerging thermally driven separation process 

using a hydrophobic porous membrane as a selective barrier against liquid transport. In 

the MD process, the transport of water vapor molecules through the membrane pores is 

driven by the partial vapor pressure difference resulting from the temperature difference 

between the hot feed and the cold permeate [20-22]. Highly purified distillate is produced 

when the vapor molecules condense on the cold permeate side, while most of the 

nonvolatile species are rejected. MD has a couple of distinct advantages over other 

pressure-driven membrane processes that include its ability to treat wastewater with high 

salinity and utilize low-grade thermal energy, which is an abundant available source of 

emission-free power in the oil and gas industry [23-30]. From the economic perspective, 

MD’s small footprint and low operating cost render it a leading candidate for small-scale 

and off-grid applications for water recovery from produced water [31]. Among four 

different types of configuration, the direct-contact membrane distillation (DCMD) is 

widely studied due to its simple operation mode as illustrated in Fig. 1-5 [32].  
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Fig. 1-5. The concept of the direct-contact membrane distillation process.  

	

1.2. Problem statement	

In the MD process, the porous hydrophobic membrane is a crucial element for 

efficient vapor transport and preventing liquid permeation from the saline feed to the 

distillate. Hence, conventional MD membranes are typically fabricated from hydrophobic 

polymeric materials that include polypropylene (PP), polyvinylidene fluoride (PVDF), 

and polytetrafluoroethylene (PTFE). Specifically, PVDF is one of the most extensively 

used polymeric materials for MD operations ascribing to its excellent thermal stability, 

chemical stability, and mechanical strength. These membranes have shown stable 

performances for treating relatively clean feeds that contain mostly salt. However, they 

are vulnerable to membrane fouling and pore wetting when used to treat challenging 

feeds that contain hydrophobic (e.g. oil) and/or amphiphilic (e.g. surfactants) pollutants. 

Adsorption of these substances on the membrane surface can lower the pore liquid entry 

pressure (LEP) or cause pore blockage, which compromises on the recovery rate and 

distillate quality [33].  
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Over the past decade, numerous studies have been conducted on the application of 

MD for the treatment of oily wastewater and produced water [5, 34-38]. The influences of 

pretreatment, operating conditions, and novel membrane surface modifications have been 

intensively studied. In most of these works, different pretreatment techniques were used 

to remove oil before the MD stage. Therefore, the true potential of MD in the treatment of 

produced water has not been explored. In particular, very limited amount of work has 

been reported on the influences of surfactants on membrane fouling and pore wetting. 

Only with an in-depth understanding of the relationship between different types of foulant 

and the membrane surface, robust MD membranes with fouling- and wetting-resistant 

properties can then be developed. This could potentially extend the applications of the 

MD process to treating oil-in-water (O/W) emulsions such as produced water as well as 

surfactant-containing wastewaters from the textile, food, paint, polymer, cosmetic, and 

pharmaceutical industries, to name a few [39-49].  

 

Minimizing pore wetting and fouling of PVDF membranes concurrently have 

proven to be challenging. A wide range of surface modification methods has been 

adopted to achieve this goal. Hierarchical re-entrant structures, coupled with low surface 

energy, can improve the anti-wetting properties of omniphobic membranes as they 

represent a significant energetic barrier that has to be overcome in order to transit from 

the metastable Cassie-Baxter state to the fully wetted Wenzel state [50-54]. The other 

approach to mitigate fouling and wetting involves creating a superhydrophilic skin layer 

on the top of a hydrophobic or omniphobic substrate [37, 55-57]. This forms a hydration 

layer surrounding the superhydrophilic skin and renders the membrane surface 

superoleophobic under water. Besides that, incorporation of low surface energy functional 

groups into the hydrophilic matrix can further facilitate the detachment of hydrophobic 
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foulants such as oil [58]. It is evident from these studies that strides have been made in 

improving the anti-fouling and anti-wetting properties of MD membranes. Yet, most of 

these surface modification techniques are often too complex for practical applications. 

Therefore, developing a facile technique to engineer robust MD membranes that can 

handle wastewaters containing low surface tension pollutants is of high priority. 

 

Moreover, to make MD membranes commercially viable, membranes with high 

vapor permeability have to be developed [59]. This can be achieved through altering 

vapor-membrane interaction, which is one of the major physicochemical factors 

determining permeability [60, 61]. Apart from that, striking a balance between high mass 

transfer and low heat loss is also vital in enhancing vapor permeation flux in MD 

operations [62]. In line with this, much effort has been focused on performing surface 

modification on commercially available polymeric substrates to attempt to enhance flux, 

which includes the immobilization of carbon nanotubes (CNT) in membrane pores [59, 

60, 63-67]. CNT’s excellent thermal conductivity reduces the effect of temperature 

polarization, which in turn brings about an increase in vapor driving force across the 

membrane. In addition, CNT’s remarkable sorption and desorption capacity contribute 

favorably to water-membrane interactions. Faster removal of water vapor from the 

membrane pores is also possible via CNT’s atomic-scale smooth surface. Similar 

concepts have been proposed through incorporating nanodiamond and graphene oxide 

within the membrane matrix [68, 69]. Besides that, reducing vapor transport distance 

while maintaining the membrane thickness can facilitate mass transport across the 

membrane [62]. These works have contributed tremendously to developing MD 

membranes with enhanced flux, but the performances of these membranes in saline feeds 

containing low surface tension pollutants are found to be undesirable. To put it succinctly, 
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while interest in MD has increased significantly in recent years, the lack of robust 

membranes has contributed to its low acceptance for large-scale industrial applications. 

 

1.3. Research objectives 
 

The general objective of this study is to enhance the performance of the MD process 

for surfactant-containing feed water via surface modification. The specific directives 

include: 

 

Ø The fundamental understanding of the composition of real produced water 

solutions that can be used for MD and the types of foulant that are present; 

 

Ø Establishing an in-depth understanding of the interaction of different surfactant-

stabilized O/W emulsions with membrane chemistry and surface structures; 

 

Ø Conducting a comprehensive study on the issues of membrane fouling and pore 

wetting via bench-scale DCMD experiments by feeding a series of low surface 

tension saline wastewater; 

 

Ø Tailoring and architecting of commercial hydrophobic PVDF hollow fiber 

membranes via a facile and accelerated approach to develop robust membranes 

with fouling- and wetting-resistant properties;  

 

Ø Corroboration of surface chemistry and hierarchical structure of the modified 

PVDF membranes via characterization tests; and 
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Ø Drawing comparisons to latest studies available in the literature in an attempt to 

benchmark the performances of the modified membranes and determine the 

relevance of these studies from a broader perspective. 

 

1.4. Thesis outline 

This thesis encompasses seven chapters, which are highlighted as follows: 

 

Chapter 1: Introduction – A brief background on MD, its existing challenges, and 

research objectives are summarized in this chapter. 

 

Chapter 2: Literature review – This is a critical review of the available literature 

on the advantages and disadvantages of different MD configurations, different 

applications of MD, as well as fouling and wetting control strategies in MD to 

better appreciate the different topics covered in this thesis. 

 

Chapter 3: Materials and methods – This chapter covers in detail the materials, 

chemicals, and methodologies used in this Ph.D. study.  

 

Chapter 4: Surfactant effects on water recovery from produced water via direct-

contact membrane distillation – This chapter is the first attempt to understand the 

roles of surfactants and oils in water recovery from produced water via DCMD by 

elucidating the fouling and wetting mechanisms observed on a commercial 

hydrophobic PVDF hollow fiber membrane. A comprehensive study is performed 

with different types of oil and surfactant via a bench-scale DCMD experimental 

rig. With this foundation, robust MD membranes with fouling- and wetting-

resistant properties are developed as demonstrated in Chapters 5 and 6. 
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Chapter 5: Superoleophobic surface modification for robust membrane 

distillation performance – This is the first report on single-step co-deposition of 

polydopamine (PDA) and polyethylenimine (PEI) on the outer surface of a 

hydrophobic PVDF hollow fiber substrate that can be used for low surface tension 

feeds via DCMD. An interfacial hydration layer that is formed within the 

modified layer, coupled with the presence of protonated amine-functional groups, 

can effectively prevent membrane fouling and pore wetting in the presence of low 

surface tension contaminants. 

 

Chapter 6: Polyvinylidene fluoride membrane modification via oxidant-induced 

dopamine polymerization for sustainable direct-contact membrane distillation – 

The previous surface modification technique discussed in Chapter 5 is facile but 

time-consuming. Hence, the focus is shifted towards developing an accelerated 

technique to engineer robust membrane surfaces for extended applications of 

DCMD. Through the use of an oxidant, a composite hollow fiber membrane with 

sandwich structure is developed within a few hours. Its underwater 

superoleophobicity can effectively prevent organics adhesion. Notably, this novel 

membrane presents a flux enhancement of up to 70%. 

 

Chapter 7: Conclusions and recommendations – Empirical evidences from 

Chapters 4, 5, and 6 are summarized here. Recommendations for future work are 

elaborated in this chapter. 
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Chapter 2 Literature Review 
	

 
 

This review will focus on better understanding the advantages and disadvantages 

of different MD configurations. Besides that, the types of feed suitable for 

treatment/separation via the MD process will be explored, which involves the interaction 

of the feed (i.e. composition) with the membrane chemistry and surface structures. 

Furthermore, prior studies on the types of fouling that are likely to occur in different MD 

processes will be discussed. This knowledge is paramount since contrary to expectations, 

the occurrence of fouling can lead to pore wetting. With this foundation, prior studies on 

membrane surface modification are then summarized. This review will end with a critique 

of the state-of-the-art. 

 

2.1. MD requirements and configurations 

MD is a continuous thermal-driven desalination process based on the vapor-liquid 

equilibrium [32, 70, 71]. In this process, water vapor molecules from the warm saline 

feed transport through a porous hydrophobic membrane and condense into highly purified 

distillate on the cold permeate side, driven by the water vapor pressure difference 

associated with the temperature gradient across the membrane. MD has been proposed as 

a promising candidate for water recovery from highly saline feeds over conventional 

pressure-driven membrane processes due to its merits of low sensitivity to feed salinity, 

moderate operating conditions, and ability to utilize low-grade thermal energy that is 

abundantly available within many industries [53, 72, 73]. 

 

While the technology is promising, some of MD’s drawbacks have limited its use 

in large-scale industrial applications. There is no specifically designed membrane 
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available for MD processes. Currently, the membranes used for MD processes are 

originally fabricated for the MF or UF process but have been utilized for various MD 

applications due to their hydrophobicity and appropriate pore sizes. On the other hand, 

the novel MD membranes fabricated thus far have issues with unstable and low permeate 

flux due to both the concentration and temperature polarization phenomena. In most MD 

cases, heat transfer is the rate-limiting step. Therefore, it is paramount to reduce heat loss 

during conduction across the membrane matrix and vapor-filled pores. Apart from that, 

membrane fouling and pore wetting are also tough tackling issues of the MD process.  

 

As such, MD membranes must be anti-wetting and anti-fouling. Some of the 

common polymeric materials used are PTFE, PP, and PVDF. These materials are 

hydrophobic in nature, which is a key requirement for MD membranes. An excellent MD 

membrane should possess several characteristics in order to fulfill the earlier promises of 

the MD technology. When designing a MD membrane, it is paramount to take into 

account mass and heat transfer since both operate in tandem during the MD process. A 

MD membrane should have a narrow pore size distribution and an optimal pore size 

ranging between 0.1 µm and 1 µm [74]. While a larger pore size is desired to achieve 

higher permeate fluxes, a smaller pore size can reduce the possibility of liquid penetration 

that ultimately leads to pore wetting. Hence, an optimal pore size should be determined 

for different types of feed solution and operating condition.  

 

In addition, MD membrane should have a high porosity, preferably between 30% 

and 85%, in order to achieve higher permeate fluxes since higher porosity provides a 

larger evaporation surface area [74]. The thermal conductivity of high porosity 

membranes is low since the conductive heat transfer coefficient of the vapor molecules is 

significantly lower than the polymer used. The optimal thickness of a single layer MD 
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membrane should range between 30 µm and 60 µm [74] while the thickness of a dual 

layer hydrophobic/hydrophilic composite membrane can have a hydrophobic layer that is 

as thin as 5 µm [75].  In general, the permeate flux is reduced as the membrane becomes 

thicker because there is an additional resistance to mass transfer but on the other hand, a 

thicker membrane can reduce conductive heat loss. In order to strike a balance between 

the impacts of mass transfer and heat transfer resistances, different membrane thicknesses 

have to be carefully studied.  

 

It is understood that the MD membrane does not interfere with the vapor-liquid 

equilibrium but instead acts only as a support for its interfaces [74]. The MD membrane 

should display good thermal stability and excellent chemical resistance to a variety of 

feed solutions and at least one layer of the MD membrane should be hydrophobic in order 

to prevent pore wetting. It is paramount to prevent pore wetting as it has adverse effects 

on the quality of the distillate, which remains one of the major obstacles impeding the 

wider application of MD [76, 77]. Furthermore, the MD membrane should have high 

LEP, which is dependent on the maximum pore size and the membrane hydrophobicity.  

 

Fig. 2-1 shows the four main configurations for MD, namely direct-contact 

membrane distillation (DCMD), vacuum membrane distillation (VMD), sweeping gas 

membrane distillation (SGMD), and air gap membrane distillation (AGMD), which 

involve coupled mass and heat transfer phenomena. 
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Fig. 2-1. Different types of MD configuration. 

 

In DCMD, an aqueous solution that is colder than the feed is in direct contact with 

the permeate side of the membrane. Condensation takes place on the cold liquid-vapor 

interface inside the membrane module and does not require the use of external 

condensers. Its main drawback is the massive loss of heat through conduction across the 

membrane, which explains the system’s low thermal efficiency. 

 

Vacuum is applied on the permeate side of the membrane by a vacuum pump, 

which consumes energy, in the VMD configuration. Due to its complexity, the operation 

and maintenance of the system requires highly skilled workers. The applied pressure is 

lower than the saturation pressure of the volatile molecules in the feed and condensation 

takes place outside of the membrane module. As such, the mass transfer resistance and 

conductive heat loss are negligible in this type of configuration. Thus, VMD has the 

potential to achieve much higher flux than DCMD. On the other hand, in the SGMD 
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configuration, cold inert gas sweeps the permeate side of the membrane carrying vapor 

molecules. Similar to VMD, condensation takes place outside of the membrane module. 

SGMD enhances mass transfer efficiency and reduces heat loss but requires a much larger 

condenser than VMD due to the large amount of sweeping gas and vapor. It is the least 

studied configuration in MD.  

 

In AGMD, a stagnant air gap is interposed between the membrane and the 

condensation surface. The evaporated volatile molecules cross both the membrane pores 

and air gap to condense over the cold surface inside the membrane module. There is 

reduced heat loss but an additional resistance to mass and heat transfer is formed due to 

the air gap thus resulting in lower permeate fluxes.   

 

Most of the papers published in journals have focused on the DCMD 

configuration, which contributes to more than 60% of the papers published, because of its 

simple operation mode. In view of that, the DCMD configuration will be adopted to 

which all details given in this thesis refer. That being said, each configuration has its own 

advantages and limitations depending on the type of application.  

 

2.2. Studied MD applications and challenges for practical 
implementation 
	

MD is an attractive option for saline and wastewater treatment as well as for the 

concentration of solutions that are sensitive to heat, such as juices and dairy products. It 

can also be applied to the pharmaceutical industry for the concentration of blood and 

protein solutions. MD has many possible applications but is particularly attractive for the 

oil and gas industry due to the availability of low-grade thermal energy in this industry. 
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2.2.1. Seawater desalination 

Saline water desalination is the most studied MD application by researchers since 

in theory, the complete rejection of non-volatile solutes is possible. Alternatively, for 

sparsely populated areas without access to fresh water supplies, MD can serve as small-

scale and stand-alone units.  Li and Sirkar employed the VMD configuration, where the 

feed temperature and flow velocity were varied, for desalination [78]. The performance of 

cross flow and parallel flow hollow fiber modules were investigated. The conclusion was 

that the former could achieve a significantly higher brine heat transfer coefficient. Water 

vapor fluxes as high as 71 kg m-2 h-1 were achieved by increasing the pore size and 

applying a more open coating.  

 

However, without the availability of low-grade waste heat or renewable energy 

sources to heat the feed solution, the energy requirement becomes a major stumbling 

block. Amongst the first to couple solar energy with MD, Hogan et al. studied on the 

feasibility of solar-heat MD in arid/rural areas [79]. The pilot plant demonstrated the good 

compatibility of solar energy and MD and could possibly provide clean drinking water to 

these regions. More recently,  Mericq et al. investigated on the utilization of solar energy 

in the form of salinity gradient solar ponds (SGSP) and solar collectors (SC) [80]. The 

immersion of the membrane module directly in an SGSP suffered the undesirable effects 

of the concentration and temperature polarization phenomena. In comparison, the use of 

SC produced fluxes as high as 140 L m-2 h-1. 

 

2.2.2. Food industry 

In the food industry, dewatering is a crucial stage in the processing of fruit juices 

and milk as it makes the concentrates more resistant to microbial attack and chemical 

deterioration [81]. This in turn greatly enhances the taste, flavor, and color. Kimura and 
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Nakao used PTFE membranes for the concentration of mandarin orange juice, milk, 

sugar, and gelatin [82]. For the case of the mandarin orange juice, a comparison between 

the MD and RO processes were made. It was observed that an increase in feed 

concentration led to a higher flux in the MD process, as compared to the RO process. 

However, lower fluxes were observed in the concentration of milk, sugar, and gelatin 

where there was increased mass transfer resistance imposed by the viscous feed solution.  

 

   Calabro et al. studied on the suitability of MD in the concentration of orange juice 

[83]. They described the transport phenomena and formulated heat and mass transfer 

balances. By varying the operating conditions, they were able to conclude that MD is a 

concentration technique with potential and can be applied to other citrus juices. 

Subsequently, there have been more publications on the application of MD in the food 

industry. For example, Nene et al. demonstrated the concentration of sugar syrup while  

Christensen et al. performed MD on whey protein and achieved a concentration of at least 

34% of the total dissolved solids [84, 85]. 

 

As early as the 1980s, researchers such as Chlubek and Tomaszewska have 

already begun studying on the feasibility of the MD process in the field of dairy 

processing [86]. In spite of that, there have been very few publications until recently [87, 

88]. However, one possible drawback of the application of MD in the food industry is that 

the requirement to heat the feed solution to maintain the vapor pressure difference can 

lead to a serious loss of organic volatiles [89]. 

 

2.2.3. Textile industry 

MD can also be applied in the textile industry as demonstrated by Calabro et al. 

[90]. Through the MD process, lesser amount of raw dye and water would be required 
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because of the high concentration level of dye recovered and the excellent quality of the 

distillate collected. Not only will the cost of textile wastewater treatment be cheaper, 

there will also be lesser pollution. More recently, Criscuoli et al. used VMD for the 

concentration of different dye solutions and understood the relationship between the 

different operating parameters and flux [91]. Interestingly, apart from fouling, they 

observed swelling of the membrane due to an interaction between the dye and the 

polymeric membrane. 

 

2.2.4. Chemical industry 

Over the years, MD has proven its worth in the chemical industry and there have 

been an increasing number of publications in this area. Tomaszewska was one of the 

pioneers to perform the concentration of the solution obtained after extraction of 

phosphogypsum with sulfuric acid by using PTFE membranes, which maintained its 

hydrophobicity even after 100 h of operation but experienced some damages due to its 

low mechanical strength [92]. The removal of carcinogenic VOCs from industrial 

wastewater is essential to protecting public health and the environment from these 

adverse effects. Wu et al. used PVDF membranes for the removal of benzene/toluene 

from wastewater [93]. A 99% removal of benzene/toluene was achieved at feed 

temperature 323 K and feed flow rate of 0.001 m3 h-1. A key finding was that the liquid 

phase and membranes imposed resistances to the mass transport of both benzene and 

toluene. Similarly, Wu et al. removed 1,1,1-trichloroethane (TCA), which is known to be 

carcinogenic, from wastewater using PVDF hollow fiber membranes [94]. They observed 

up to 97% removal of TCA at a feed temperature of 323 K and feed flow rate of 0.001 m3 

h-1.  

 

Glycerol, which is typically a by-product of bioethanol production, can be 
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converted into value-added chemicals. Shirzazi et al. were the first to apply MD for the 

separation of glycerol-water solutions, which can be found in many industrial wastewater 

effluents [95]. They used the Taguchi model to predict the best experimental conditions 

and observed some interactions between these conditions and the various operating 

variables. The data obtained concluded that the two most influential factors were the feed 

temperature and the sweeping gas flow rate. Madhumala et al. recovered hydrochloric 

acid (HCl) from a chloralkali industrial effluent and dehydrated glycerol-water mixture 

using PTFE and polystyrene (PS) membranes, respectively [96]. They suggested that MD 

is an economically viable and environmentally friendly technology. 

 

MD has proved to be promising in the biofuel industry for bioethanol processing 

as well. Banat and Simandl used PVDF membranes for the separation of ethanol from 

aqueous streams and discovered that feed temperature played the most significant role in 

the resulting flux [97]. The exponential relationship between the vapor pressure and 

temperature meant that any fluctuations of the latter would have a significant impact on 

the driving force across the membrane. Gryta developed a bioreactor integrated with a 

MD unit and made a comparison with one without the MD unit [98]. The former was able 

to achieve better efficiency and productivity by selectively removing the volatile 

fermentation products from the broth. The CO2 bubbles formed in the fermenting broth 

enhanced the turbulence in the boundary layer, which in turn improved on the mass 

transfer of ethanol across the PP membranes. Lewandowicz et al. utilized the MD 

technique for the recovery of ethanol [99]. The MD technique presented several benefits, 

which include an increase in ethanol production, more complete fermentation of sugars, 

lower osmotic pressure entering the fermentation broth, lower formation of the by-

product glycerol, and sustainable increase in the numbers of yeast cells. However, high 

concentrations of volatile compounds might lead to low selectivity and pore wetting.  
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2.2.5. Petrochemical industry 

In the petrochemical industry, the production of polyolefins requires important 

chemicals such as ethylene and propylene [100]. The large-scale separation of the olefin 

from the corresponding paraffin is a crucial step in the manufacture of the above-

mentioned olefins [101]. Wastewater from the petrochemical industry may contain highly 

toxic species such as phenolic compounds or aromatic amines, which are inhibitory to 

biomass at high concentrations. More importantly, petrochemical wastewater often 

contains large quantities of oil. On the other hand, produced water from the hydraulic 

fracturing process contains dispersed oils, suspended particles, chemicals, and saline 

water [38]. 

 

So far, there have been a handful of literature reporting on the applicability of MD 

for the treatment and reuse of petrochemical wastewater and produced water. Khaing et 

al. investigated on the applicability of a novel submerged membrane distillation 

bioreactor (MDBR) for the reclamation of petrochemical wastewater [102]. The MDBR 

system was able to maintain a stable flux of 5.5–8.6 L m-2 h-1 for more than a month 

without membrane cleaning. The permeate quality met the requirements of NEWater 

albeit with a slightly higher total organic carbon (TOC) content. It was discovered that the 

inorganic fouling of the MD membranes was the predominant cause of flux decay, which 

could be recovered through chemical cleaning.  

 

  Singh and Sirkar used commercially available PTFE membranes for the treatment 

of produced water obtained from the steam assisted gravity drainage process in a DCMD 

setup [36]. It could achieve water vapor flux that was of one magnitude higher than the 

RO process. One other advantage MD has over RO is the ability of the former to utilize 

waste heat. Furthermore, the permeate produced was of good quality and posed no 
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problem to subsequent steam generation. On the other hand,	Alkhudhiri et al. treated 

produced water from the Arabian Gulf with PTFE flat sheet membranes and concluded 

that the AGMD configuration can be a cost effective process [5]. It was observed that an 

increase in both the temperature and flow rate of the feed led to an improved permeate 

flux. One important discovery was that there was no direct relationship between energy 

consumption and membrane pore size. 

 

   Zuo and Wang studied the relationship between the discharge of coastal 

petrochemical industries and the anti-fouling/anti-wetting properties of a novel MD 

membrane [37]. The novel surface modification approach, which includes creating a 

highly hydrophilic membrane surface through polyethylene glycol (PEG) grafting and the 

deposition of titanium dioxide (TiO2) nanoparticles, was able to achieve a consistent flux 

over one day of operation with no signs of fouling and pore wetting. Zhang et al. 

developed a hybrid forward osmosis-membrane distillation (FO-MD) system to treat 

synthetic produced water [38]. Thin film composite (TFC) membranes based on cellulose 

triacetate hollow fiber supports and PVDF hollow fiber membranes were employed for 

the FO and MD processes respectively. The hybrid system demonstrated the effective 

recovery of water and organic additives from the produced water for reuse. 

 

2.2.6. Pharmaceutical industry 

There have been comparatively fewer papers published in journals discussing on 

the feasibility of treating pharmaceutical wastewater via the MD process. Pharmaceutical 

wastewater often contains high concentrations of bio-resistant organic contaminants 

[103]. These contaminants typically include ibuprofen (an anti-inflammatory), dibucaine 

(a topical anesthetic), acetaminophen (an analgesic), and diphenhydramine (an anti-

histamine) [63]. Ding et al. investigated on the fouling resistance of PTFE membranes in 
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the concentration of traditional Chinese medicine (TCM) by DCMD [104]. It was 

observed that the deposition of suspended particles in the TCM extract was the 

predominant cause of fouling, which can be controlled by increasing the feed temperature 

and feed velocity. Gethard and Mitra discovered that MD was an effective concentration 

approach [105]. Subsequently, based on their previous experimental work, Gethard et al. 

synthesized a carbon nanotube immobilized membrane (CNIM) for the concentration of 

pharmaceutical waste [63]. They reported that the introduction of carbon nanotubes 

(CNTs) could increase the permeate flux and enhance the concentration of 

pharmaceutical waste. 

 

While promising, uncertainties in its energy consumption and economic costs 

remain major hurdles for large-scale MD applications. In order for MD to be a more 

economically viable technology, the utilization of waste heat is crucial. Fortunately, both 

the petrochemical and pharmaceutical industries offer a significant amount of waste heat 

that can be recovered to improve on the aspects of performance and profitability. 

However, in view of the greater potential shown in the application of the MD process for 

the treatment of petrochemical wastewater and produced water, it is proposed that more 

emphasis be placed on studying about the characteristics of produced water feed as well 

as its interaction with membrane chemistry and surface structures.  

	

2.3. Fouling and wetting control strategies in MD  

There have not been many intensive studies conducted on fouling and wetting in 

MD despite the fact that Lawson and Lloyd highlighted a couple of decades ago the 

importance of conducting more research in this direction [70]. As such, there is still a lack 

of data on the fouling and wetting phenomena as observed in MD and it remains one of 

the tough tackling issues faced in MD processes [106].  
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Fouling is an inherent phenomenon associated with membrane processes. It refers 

to the accumulation of unwanted deposits that are present in the stream being treated, on 

membrane surfaces or in membrane pores. Consequently, the microenvironment near the 

membrane surface reaches a non-steady state, leading to progressive pore wetting and the 

subsequent degradation of membrane performance such as flux decay or poor quality of 

the distillate collected. Gryta reported that it is very likely to witness at least a 50% 

reduction in the efficiency of MD processes after 50-100 h of operation due to fouling 

[107]. This severely impairs the productivity and daily operation of plants that employ 

membrane processes. However, different MD membranes are likely to encounter varying 

degrees of fouling depending on certain factors that include surface structures, feed 

composition used, operating parameters, and etc. 

 

The flow channels of hollow fiber membranes are extremely small. As such, the 

accumulation of foulants will inevitably lead to situations where the increase in pressure 

drop allows the hydrostatic pressure to overcome the LEP [74]. This could potentially 

lead to pore wetting that involves penetration of the feed solution into the membrane 

pores, which in turn compromises the recovery rate and distillate quality. Besides that, 

fouling shortens the lifespan of membranes. There are four main types of fouling: (i) 

inorganic salt scaling caused by high concentration solutions that exceed its solubility 

limit; (ii) particulate and colloidal fouling; (iii) organic fouling caused by natural organic 

matter (NOM); and (iv) biological fouling due to the presence of microorganisms and 

marine macro-organisms.   

 

Through better understanding on the interactions that exist between these foulants 

and the membrane surface, fouling can then be better controlled in MD processes. Many 

researchers have studied on the Derjaguin, Landau, Verwey, and Overbeek (DLVO) 
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theory, which attributed the interaction between foulants and membrane surface to the 

van der Waals attraction force and double-layer electrostatic repulsion force. The 

convention states that like charges repel each other while opposite charges attract. 

Therefore, in order to control fouling and wetting, an efficient method is to keep the 

interaction between the foulants and the membrane surface to a minimum. 

 

2.3.1. Types of fouling in MD 

2.3.1.1 Inorganic fouling 

Inorganic fouling is typically caused by inorganics such as Ca2+, Mg2+, CO3
2-, 

SO4
2-, silica, and iron. Precipitates such as CaCO3, CaSO4 and MgCO3 can form on the 

surface of membranes when the solubility limit of the above-mentioned ions is exceeded. 

The concentration polarization phenomenon may be responsible for bringing too much of 

the solutes to the membrane surface, which in turn precipitate and cause fouling.  Cheng 

and Wiersma observed that salt scaling would diminish the membrane’s hydrophobicity 

and lead to the subsequent wetting of the membrane pores [108]. 

 

2.3.1.2 Organic fouling	

Organic fouling usually refers to the adsorption or deposition of organic waste 

material or decay products of biological activity within the MD system on the surface of 

membranes. It becomes prevalent when dealing with surface water and wastewater. In 

surface water, NOM is present. Humic substances, which are the predominant species of 

NOM, are formed through vegetative decay. These are complex and poorly defined 

anionic macromolecules that tend to be charged. However, Srisurichan et al. reported that 

fouling caused by humic acids is easier to control and manage in the MD process as 

compared to other membrane processes [109]. On the other hand, wastewater such as 
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produced water contains effluent organic matter (EfOM) that includes strong foulants 

such as polysaccharides, aminosugars, polyhydroxyaromatics, and proteins that can attach 

onto membrane surfaces [3]. 

 

2.3.1.3 Biological fouling	

In the tropical region, biological fouling can become a major problem faced in 

MD processes. It occurs when microorganisms such as bacteria, algae, or fungi grow and 

attach themselves onto suitable surfaces such as MD membranes. Macro-organisms such 

as barnacles, mussels, polychaetes, and various species of bryozoans and hydroids play a 

major role in biological fouling too. To put it succinctly, biological fouling is the result of 

the undesirable formation of biofilms on membrane surfaces. Once it is formed, it has the 

potential to cause MD membranes to suffer severe loss of performance and requires the 

use of costly cleaning procedures to maintain output and quality. Interestingly, biological 

fouling usually overlaps or co-occurs with organic fouling [110, 111]. Typically, 

biological fouling involves fouling layers with pores or free volume less than 50 nm 

[112]. 

 

  Gryta studied on the growth of microorganisms in different MD applications 

[113]. He concluded that biological fouling is less serious in MD than in other membrane 

processes due to factors such as feed composition and feed temperature. While the results 

look promising, it is worth noting that only one type of membrane was used in this study. 

Had a larger range of polymeric membranes been used, the observations would have been 

of more value. Gryta categorized fouling layers into porous and homogenous (non-

porous) [107]. In the case of the porous fouling layer, flux decay is mainly attributed to 

the temperature polarization phenomenon while the flux decay in the latter case is 

predominantly caused by the increase in mass transfer resistance.  
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2.3.2. Fouling and wetting control strategies 

2.3.2.1. Pretreatment 

The pretreatment of feed solutions is one of the most common and effective 

methods to minimize fouling and wetting in many membrane processes and this 

consequently greatly enhances the permeate flux as well as its quality [114]. On the other 

hand, it has become common knowledge within the global membrane fraternity that poor 

pretreatment can possibly shorten membrane lifespan, increase operating pressure, and 

increase the cost of membrane cleaning. 

 

Since MD is a type of reduced pressure distillation, El-Bourawi et al. observed 

that there was less likelihood of the compaction of fouling layers and feed pretreatment 

need not be as intensive as other pressure driven membrane processes [74]. Having said 

that, the need for pretreatment cannot be understated since actual feed solutions often 

contain a wide variety of potential foulants. 

 

There have been many different pretreatment methods employed in MD 

operations and some of these include filtration, degasification, coagulation, membrane-

based filtration, thermal softening, and precipitation. However, membrane-based filtration 

methods such as MF [115], UF [35], NF [116], and even FO [38] have been gaining 

increasing attention in the past decade within the MD fraternity. In a recent study 

conducted by El-Abbassi et al., two pretreatment processes namely 

coagulation/flocculation and MF were used for the treatment of olive mill wastewater 

(OMW) [115]. Their effects on MD performance were investigated. The latter was found 

to be a better pretreatment process since it was able to remove 30% of total solids (TS) as 

compared to the 23% of TS removed by coagulation/flocculation. Besides that, MF as a 

pretreatment process can achieve higher permeate flux by up to 25%.  
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  Gryta et al. used UF as a pretreatment process prior to MD for the purification of 

oily wastewater [35]. PVDF UF membranes and PP MD membranes were used in this 

study. It was found that permeate from the UF process contained less than 5 ppm of oil 

while subsequent treatment by the MD process could completely remove any remaining 

oil pollutants.  

 

  Gryta discovered that the precipitation of protein could be limited by boiling of 

feed solutions followed by filtration [107]. This reduced the TOC and turbidity of the 

saline wastewater by 60% and 79%, respectively. In addition, a study conducted by Gryta 

observed that the boiling of the feed solution led to the decomposition of bicarbonates, 

which precipitate to form scales on the surfaces of membranes [117]. By thermally 

pretreating the feed, the amount of bicarbonates in the feed was reduced by 2–3 times. 

The thermal pretreatment method is more beneficial to waters with high hardness. 

 

Coagulation is widely recognized as a low cost pretreatment option in membrane 

processes. Coagulation refers to the addition of certain chemicals that provides positive 

charges to neutralize the negatively charged colloidal particles. This causes the particles 

to come together to form much larger particles that can be more easily removed. Rapid 

mixing is introduced to dissolve the chemicals and distribute them evenly in the water.  

Wang et al. studied the effects of coagulation on MD of recirculating cooling water 

(RCW) [118]. It was discovered that poly-aluminum chloride (PACl) as a coagulant could 

reduce the amount of TOC and total phosphorous (TP) contents. The optimized PACl 

dosage was determined to be 15 mg L-1. The coagulation process enhanced the trans-

membrane flux by as much as 23%. This is caused by the formation of larger crystals on 

the surfaces of the membranes that could not be deposited inside the pores of these 

membranes and this led to reduced pore wetting.  
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2.3.2.2. Membrane flushing 

  Nghiem and Cath flushed PTFE membranes with Milli-Q® water after every 20 h 

of operation to mitigate the effects of scaling in a DCMD setup [119]. The experiments 

were performed on typical foulants such as CaSO4, CaCO3, and silicate. The preliminary 

results showed that CaSO4 was the main contributor to scaling. Subsequent tests observed 

lesser CaSO4 scaling with an increase in feed temperature and this was in good agreement 

with another study done by He et al. [120]. Consistent and regular membrane flushing 

could effectively remove nucleation sites on the surfaces of membranes and control the 

occurrence of scaling. This in turn led to sustainable flux during MD operation. However, 

this study did not properly account for the effects of flow rates and different flow 

regimes. 

 

2.3.2.3. Gas bubbling 

In order to remove the layers of foulants accumulated on the surfaces of 

membranes, there is a need to increase the shear rates at these surfaces and gas bubbling 

can achieve that [121, 122]. The mechanisms involved in gas bubbling have been well 

described in several literature and in particular by Cui et al. [123]. Cui et al. identified the 

following four mechanisms: (i) bubble-induced secondary flow; (ii) physical 

displacement of the concentration polarization layer; (iii) pressure pulsing caused by 

passing bubbles; and (iv) increase in superficial cross-flow velocity. 

 

  Chen et al. investigated on the benefits of incorporating gas bubbling into MD 

operations, which included reduced effects of the temperature polarization phenomenon 

and increased shear rates to delay fouling [122]. Experimental tests were carried out on 

commercial PVDF hollow fiber membranes in a DCMD setup and it was observed that 

the permeate flux enhancement ratio could reach up to 1.72 at an optimized gas flow rate. 
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The following operating conditions when coupled with gas bubbling were found to be 

able to achieve higher ratios: (i) increased feed temperature; (ii) low velocities in the feed 

and permeate streams; (iii) inclined membrane modules; (iv) shorter fiber lengths; and (v) 

low packing density. In their subsequent study, Chen et al. reported that fine bubbles (2–3 

mm) with narrow size distribution are generally preferred because of their tendencies to 

create even flow distribution, intensifying mixing, and improving surface shear rates [21]. 

	

It is worth noting that these studies were performed on synthetic saline solutions. 

In reality, seawater can possibly contain complicated foulants. While the results look 

promising, it is hard to predict if this method will work as well in real applications. 

Besides that, it was observed that the flux enhancement ratio fell beyond the optimized 

gas flow rate due to excessive flow bypassing.  

 

In a separate study, Ding et al. investigated on the fouling resistance through the 

incorporation of intermittent gas bubbling in concentrating the extract of TCM in a 

DCMD setup [124]. Intermittent gas bubbling was suggested instead of continuous gas 

bubbling. This was because the latter method reduced the interaction between the feed 

solution and the membrane surface while some bubbles stayed inside the membrane pores 

and reduced the vapor pressure difference. Both scenarios led to a decline in the flux. On 

the other hand, intermittent gas bubbling for durations of 1–3 min created a two-phase 

flow, which greatly improved the surface shear rate on the PTFE membranes and this in 

turn removed foulants accumulated on the surfaces of these membranes. It is important to 

note that to achieve the best cleaning efficiency, gas bubbling should be performed under 

the following conditions: (i) increased gas flow rates; (ii) increased gas bubbling duration; 

and (iii) decreased MD duration. As observed in the above-discussed literature, gas 

bubbling in the feed stream can be an effective method in removing external fouling 
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layers but its effectiveness in removing internal fouling layers in MD membranes has not 

been studied. 

	

2.3.2.4. Temperature and flow reversal 

Recently, Hickenbottom and Cath reported a novel approach to mitigate the 

effects of fouling and wetting in MD operations, which in turn can lead to sustainable 

fluxes, improved salt rejection properties, and lower chemical costs for membrane 

cleaning [125]. As their names suggest, the flow reversal method refers to exchanging the 

feed side and permeate side before scaling takes place while the temperature reversal 

method refers to reversing the direction of the driving force across the MD membrane. 

The tests results concluded that the latter method was more effective in mitigating 

fouling. While the results look promising, it is worth noting that this study provided no 

explanation on the nucleation kinetics involved as well as scale formation. Had that 

explanation been made available, the observations would have been of more value. 

Furthermore, these approaches have not been proven and tested on other feed 

compositions as well as foulants. Hence, there is a need for further studies to be 

conducted in that direction. 

 

2.3.2.5. Development of novel membranes with fouling- and wetting-resistant properties 

Over the years, researchers have proposed several types of membrane 

configuration for the MD process, such as the single-layer, dual-layer, and triple-layer. 

The dual-layer hydrophobic-hydrophilic composite MD membrane, which consists of a 

thin hydrophobic top layer and thick hydrophilic substrate, was patented by Cheng and 

Wiersma [108]. 
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  Yang et al. proposed two general strategies for surface modification [20]. The first 

strategy involves the introduction of materials with high hydrophobicity through coating 

or grafting and obtaining small maximum pore size on the membrane surface. The other 

alternative strategy is to create a dense hydrophilic layer on top of a hydrophobic 

substrate to protect the mouth of the membrane pores and make it less vulnerable to pore 

wetting when coming in contact with hydrophobic foulant species, which can be rather 

prevalent in industrial effluents such as in the case of produced water. Hydrophobic 

foulants that have the tendency to foul in aqueous solutions include colloids, proteins, 

clays, and oil droplets. To prevent membrane fouling and pore wetting, the membrane 

should have the desirable surface chemistry, which prefers binding to water to other 

materials. In other words, the surface must be superhydrophilic.  

 

2.3.2.5.1 Homogenous hydrophobic membrane 

In the early stages of MD research, the focus was on homogenous hydrophobic 

membranes. Drioli and Wu made a comparison between flat sheet and capillary 

commercial membranes fabricated from different polymeric materials such as PP and 

PTFE [126]. These membranes showed good performance when used to treat NaCl and 

sugar solutions. Similarly, Drioli et al. tested PP capillary membranes on the treatment of 

NaCl and glucose solutions [127]. It validated the potential of the MD process for the 

concentration of solutions and production of ultrapure water as the distillate. Banat and 

Simandl carried out trials on the performance of commercial PVDF and PTFE 

membranes for the treatment of synthetic seawater [77]. The following conclusions were 

drawn: (i) the quality of the distillate was significantly affected by pore wetting; and  (ii) 

an increase in the concentration of the feed solution only led to a marginal decline in the 

flux. 
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In recent years, with the advancement in nanotechnology, researchers have begun 

to turn their attention to CNT-based membranes due to their excellent properties and fast 

fluid flow through their interior as observed by Dumee et al. [128]. CNT Bucky-Papers 

(BP) was developed for desalination. Its high contact angle (113°), high porosity (90%), 

and low thermal conductivity (2.7 kW m-2 h-1) render the CNT BP a potential candidate 

for MD applications. It was reported to exhibit better performance than most polymeric 

membranes, with salt rejection of 99% and flux rate of 12 kg m-2 h-1. The durability and 

hydrophobicity of the CNT BP were further enhanced in a separate work [129]. A two-

step alkoxysilane treatment led to an increase in the contact angle (from 125° to 140°) and 

LEP (from 193 kPa to 441 kPa). Dumee et al. also demonstrated that enhanced 

hydrophobicity led to increased vapor permeation. This was largely attributed to the ‘thin 

insulating air film on the surface of the membrane generated by the hydrophobic forces’ 

[130]. 

  

2.3.2.5.2. Superhydrophobic surface 

Recently, more researchers have directed their attention towards the creation of 

superhydrophobic and self-cleaning surfaces through increasing the surface roughness 

followed by the modification of these surfaces with low energy and non-polar molecules 

[131]. Superhydrophobic surfaces have high contact angles between 150° and 180° as 

well as low tilting angles of less than 10° [132].  

 

  Liao et al. invented a facile method to create superhydrophobic PVDF nanofiber 

membranes through surface modifications involving the use of polydopamine (PDA) for 

surface activation, the deposition of silver nanoparticles, and hydrophobic treatment with 

1-dodecanethiol [131]. A contact angle of 153° ± 4° and LEP of 146 kPa were achieved.  

Razmjou et al. prepared TiO2 nanocomposite PVDF membranes through the low 
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temperature hydrothermal (LTH) process [133]. The deposition of TiO2 nanoparticles 

increased the surface roughness and this was followed by surface fluorosilanization to 

lower the surface energy. The LEP and water contact angle were 190 kPa and 163° ± 3°, 

respectively. Besides that, higher flux recovery was observed after chemical cleaning, 

which is an indication of enhancement in the anti-fouling property of the membranes. 

 

  Dong et al. fabricated superhydrophobic PVDF-PTFE electrospun nanofibrous 

membranes with contact angle of 152.2° and LEP of 137 kPa by varying the amount of 

PTFE content in the dope solution [134]. A stable flux was achieved. Zhang et al. sprayed 

a mixture of polydimethylsiloxane and SiO2 nanoparticles on PVDF membranes to 

achieve superhydrophobicity [135]. A contact angle of 156° and LEP of 275 kPa were 

achieved. While the post-tested membranes showed excellent anti-fouling property, the 

quality of the distillate collected can be improved. Yang et al. achieved improved 

permeate flux via CF4 plasma surface modification of PVDF membranes, which have a 

contact angle of 162.4° [136]. The larger air, membrane, and water three-phase interface 

contributed by the superhydrophobic surfaces elucidated the enhancement in the permeate 

flux. 

 

 It should be pointed out that the enhancement of hydrophobicity might not be 

suitable for organic fouling mitigation. When the MD process is applied to feed waters 

containing surface-active species, such as surfactants, the underwater oleophobicity of the 

membrane surface should also be taken into consideration.  

 

2.3.2.5.3. Composite dual-layer membrane 

The development of novel dual-layer hydrophobic-hydrophilic composites was 

due to the need for MD membranes with higher flux. This can be achieved since there 
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will be supposedly lesser resistance to the transport of vapor molecules as well as lower 

conductive heat loss. Cheng and Wiersma patented the first composite membrane [108]. 

Khayet et al. developed a facile approach to prepare novel porous hydrophobic-

hydrophilic composite by adhering fluorinated surface-modifying macromolecules 

(SMMs) onto a polyetherimide (PEI) substrate [75]. The as-prepared membranes 

validated the benefits of a dual-layer composite and even outperformed commercial PTFE 

membranes. The membrane pore size was inversely correlated with the concentration of 

PEI in the casting solution. As such, higher flux was observed when the concentration of 

PEI was lower. Khayet et al. continued with their previous work by developing a novel 

method for determining the thickness of the hydrophobic layer of composite membranes. 

The thickness exhibited a directly proportional relationship with the concentration of the 

hydrophilic substrate in the casting solution. However, operational parameters such as the 

stirring rate and temperature had no effect on the thickness of the hydrophobic layer. 

 

 Bonyadi and Chung proposed a novel method for the fabrication of dual-layer 

hydrophobic-hydrophilic hollow fiber membranes via a co-extrusion spinning process 

[137]. While the use of weak coagulants such as water/methanol can achieve desirable 

membrane characteristics, they tend to weaken the mechanical properties of the 

membranes. This can be compensated through the introduction of hydrophilic and 

hydrophobic clay particles into the dope solution. Their method led to a significant 

improvement in the permeate flux of the MD process. 

 

 Qtaishat et al. verified the importance of the hydrophobic skin layer in composite 

membranes [138]. Characteristics such as the LEP, pore size, and porosity had a huge 

influence on the resulting flux. Besides that, hydrophilic layers with sponged-like 

structures exhibited enhanced flux as compared to those with finger-like structures. Poly 
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(urethane propylene glycol)-based SMMs displayed better performance than the poly 

(urea dimethylsiloxane urethane)-based SMMs. In another work, Qtaishat et al. blended 

polysulfone (PS) with SMMs of different fluorine contents and molecular weights [139]. 

Higher flux was observed for the following conditions: (i) increased fluorine content; (ii) 

1-Methyl-2-pyrrolidinone (NMP) as a solvent; (iii) lower hydrophilic polymer 

concentration; (iv) decreased amount of non-solvent; and (v) lower LEP. The novel 

composite membranes had a permeate flux that was 43% higher than commercial PTFE 

membranes and therefore could potentially be used for desalination.  

 

 Peng et al. blended polyvinyl alcohol (PVA) with polyethylene glycol (PEG) and 

cross-linked by aldehydes [140]. The hydrophilic PVA/PEG layer was created on top of a 

hydrophobic PVDF substrate. The composite membrane was observed to be more durable 

and retained the flux of the hydrophobic substrate. Furthermore, it experienced lesser 

effects of the concentration polarization phenomenon. Notably, the composite membrane 

was able to achieve high removal efficiency as well as high purity distillate. It was 

suggested that the introduction of a hydrophilic layer could improve on the pore wetting 

issue faced by hydrophobic MD membranes.  

 

Zuo and Wang carried out novel membrane surface modification on a PVDF 

substrate [37]. Plasma grafting of PEG and deposition of TiO2 nanoparticles were 

performed to create a highly hydrophilic surface layer. The hydrophilic surface was 

observed to show lesser affinity for the oil droplets in the feed than the hydrophobic 

surface of the virgin membranes. Furthermore, no fouling or wetting was observed after a 

day of operation and this could be attributed to the benefits of the reduced hydrophobicity 

of the membrane and smaller pore size. At certain pH levels where the surface charges of 

the membrane and oil droplets were opposite, severe fouling could be observed. This 
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validates the point that there exists an important relationship between membrane surface 

chemistry and the feed. In recent studies, PVDF membranes with underwater 

superoleophobic property were prepared by spray coating of various nanocomposite 

layers with sophisticated micro-/nano-hierarchical structures to repel the adsorption of 

physically emulsified crude oil [55, 141]. 

 

The composite dual-layer membrane is an interesting strategy. However, to 

enhance on the anti-fouling and anti-wetting properties of the membrane, the hydrophilic-

hydrophobic configuration should be adopted for the treatment of low surface tension 

feeds. It is paramount to optimize the thickness of the hydrophilic layer and the size of the 

membrane pores in order to achieve excellent rejection properties and high permeate 

fluxes. 

 

2.3.2.5.4 Triple-layer membrane 

 Prince et al. invented a novel triple-layer nanofiber based membrane via wet 

casting and electrospinning [142]. The selective top hydrophobic layer prevents water 

molecules from entering the membrane. The micro-porous middle layer increases the LEP 

of the membrane by 1.6 times, allowing for long-term protection against pore wetting. 

The bottom hydrophilic layer serves the function of drawing vapor molecules from the 

middle layer by absorption [143]. These layers were bounded together by heat pressing 

and solvent binding. This novel membrane achieved stable high flux. Moreover, the 

permeate quality was consistent even after more than three days of continuous operation. 

While the results look promising, it is worth noting that this novel membrane had only 

been tested using synthetic seawater. Should it be tested in low surface tension 

wastewaters, it is highly likely that the top hydrophobic layer in this novel membrane will 

attract hydrophobic and/or amphiphilic foulants onto the membrane surface. The 
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adsorption of low surface tension contaminants onto the membrane surface can 

potentially reduced the LEP of the membrane. This is highly undesirable as membrane 

fouling and pore wetting may become prevalent. 

 

2.3.2.5.5 Omniphobic membrane 

In 2008, scientists from the Massachusetts Institute of Technology invented 

omniphobic surfaces, which can possibly repel everything. Recently, Lin et al. used this 

concept to fabricate omniphobic membranes for MD [144]. They coated silica 

nanoparticles (re-entrant structure) onto hydrophilic glass fiber membranes followed by 

surface fluorination (low surface tension) and polymer coating (metastable Cassie-Baxter 

state). No wetting was observed for 9 h in the presence of sodium dodecyl sulfate (SDS). 

These omniphobic membranes have the potential to be used for the treatment of produced 

water, which typically contains high concentrations of surfactants or low surface tension 

pollutants. This was made possible through the creation of re-entrant structures. This 

coupled with the low surface tension surfaces allowed for the existence of a metastable 

Cassie-Baxter state for liquid-solid-vapor interfaces. Based on this principle, the 

development of omniphobic membrane for MD applications has picked up the pace in 

recent years [51, 53, 54]. While the results look promising, it is worth noting that many of 

these studies focused on only one type of surfactant. Since real produced water samples 

often contain a wide range of constituents, the observations would have been of more 

value had they tested these membranes in more complex feed solutions such as 

surfactant-stabilized O/W emulsions. Fig. 2-2 shows the fouling- and wetting-resistant 

properties of novel membranes in surfactant-containing feed water as proposed by Wang 

and Lin [145]. 
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Fig. 2-2. Fouling- and wetting-resistant properties of different novel membranes in low 
surface tension feed solutions [145]. 

 

Overall, fouling and wetting in MD remain its main challenge towards practical 

implementation. While many researchers have made a great effort to address and try to 

overcome these issues, their studies mainly focused on the mechanisms of different types 

of fouling in MD. Common mitigation methods have been established or borrowed from 

other related membrane processes, especially membrane filtration and heat exchange 

processes. Hence, more specific fouling and wetting control techniques need to be 

developed for MD, based on its unique properties and characteristics, to narrow down on 

the remaining research gaps. 
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Chapter 3 Materials and Methods 
	
 

	
 

3.1. Materials and chemicals 
 

Sodium chloride (NaCl, 99.5%), sorbitan monolaurate (Span® 20), 

polyoxyethylenesorbitan monolaurate (Tween® 20), anhydrous sodium acetate, and 2-

propanol (IPA) were purchased from Merck Millipore (Singapore). Dopamine 

hydrochloride (DA), Polyethylenimine (PEI, Mw=800), 

tris(hydroxymethyl)aminomethane (Tris), sodium dodecyl sulfate (SDS), 

dodecyltrimethylammonium bromide (DTAB), petroleum (~18% aromatics), vacuum 

pump oil (VPO), sodium hydroxide (NaOH), hydrochloric acid (HCl), and sodium 

periodate (SP) were purchased from Sigma-Aldrich (Singapore). The properties of oils 

and surfactants used in this study are presented in Table 3-1 and Table 3-2, respectively. 

Milli-Q® water with a resistivity value of 18.2 MΩ cm was used in all experiments 

(produced by the Milli-Q® integral water purification system, Merck Millipore). 

Hydrophobic PVDF hollow fiber membranes with a nominal pore size of 0.027 µm were 

obtained from a commercial supplier. The received hollow fiber membranes were 

immersed in Milli-Q® water at 313 K for at least 3 h to get rid of chemical residues from 

the fabrication process. Subsequently, the membranes were dried overnight in a vacuum 

oven at 323 K (Heraeus Vacutherm® Oven, Thermo Fisher Scientific, Singapore). The 

dried membranes were then used as substrates for surface modification, and as references 

for the fouling and wetting experiments. The relevant membrane properties were 

characterized and summarized in Table 3-3. Lab-scale modules were prepared by sealing 

4 pieces of 18 cm long hollow fiber in Teflon tubing. A new membrane module was used 

for each experiment. The effective membrane area for each module was 35 cm2.  
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Table 3-1. Properties of oils used in this study. 

Oil type Relative density 
(g ml-1) 

Boiling point 
(K) 

Flash point 
(K) 

Components 

Petroleum 0.79 453–493  334 ~18% aromatics 

VPO 0.88 662 523 Solvent-refined heavy 
paraffinic 

	

Table 3-2. Properties of surfactants used in this study. 

  Surfactant   Molecular 
weight 
(g mol-1) 

HLBa CMCb 

(mg L-1) 
Surface 
tensionc  
(mN m-1) 

Chemical structure 

Span® 20 346.5 8.6  
[146] 

1.6  ~25 ± 
0.12 

  

Tween® 20 1227.5 16.7  
[146]  

3.5  ~36 ± 
0.25 

  

SDS 288.4 40.0  
[147] 

129  ~30 ± 
0.17 

  

 
DTAB 

 
308.3 

 
24.3 
[148] 

 
N.A.d 

 
~40 ± 
0.22 

 
 

a Hydrophilic-lipophilic balance. 
b Critical micelle concentration (in 3.5 wt% NaCl at 333 K). 
c Surface tension was measured at 0.15 mM in 3.5 wt% NaCl using tensiometer 
(DCAT11, DataPhysics, Germany). 
d Not applicable. 
 

	
Table 3-3. PVDF membrane properties. 

Dimension 
(mm) 

Pore 
size 
(µm) 

Contact 
angle, 
θ (°) 

Porosity, 
ε (%) 

LEPw
a 

(bar) 
Tensile  
modulus,  
Et (MPa) 

Strain,  
δb (%) 

Zeta 
potentialb 

(mV) 

d0: 1.531 
di: 0.872 

rmax: 
0.183 
rmean: 
0.022 

116 83 3.14 26.4 126.6 -52.5 

 

a Water liquid entry pressure. 
b Surface zeta potential was measured in NaCl solution at pH 7. 
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3.2. Membrane characterization tests 
 

An in-house-made LEP experimental setup was used for the measurement of 

LEPw of the pristine PVDF membrane as described in our previous research [22]. The 

mechanical properties of the membrane were measured by a Zwick Roell BT1-

FR0.5TN.D14 Material Testing Machine at a constant elongation velocity of 50 mm min-1 

under room temperature. The mean pore size and pore size distribution of the pristine 

PVDF and modified membranes were determined by a capillary flow porometer (CFP 

1500A, Porous Material, Inc., USA). The hollow fiber membranes were glued to the 

sample holders using epoxy and wetted thoroughly overnight by GalwickTM, a low 

surface tension wetting fluid. The detailed underlying working principles and 

experimental procedures had been described in our previous research works [20, 121]. 

The membrane porosity was calculated by dividing the volume of pores by the total 

volume of the membrane as described in our previous research [22]. 

 

The surface functional groups of the pristine PVDF and modified membranes 

were qualitatively analyzed at room temperature by a Fourier transform infrared 

spectroscope via attenuated total reflectance mode (ATR-FTIR) (IR-Prestige-21, 

Shimadzu, Japan) over a scan range of 400–4000 cm-1 with a resolution of 4 cm-1. The 

Happ-Genzel function was selected as the apodization function. The presence of 

surfactants on the inner surface of the pristine PVDF membrane was also detected using 

the ATR-FTIR. The differences in the surface and cross-section morphologies of the 

pristine PVDF, fouled PVDF, and modified membranes were observed using a field 

emission scanning electron microscope (FESEM) (JSM-7200F, JEOL, Japan). The dried 

hollow fibers were fractured in liquid nitrogen and then sputter-coated with a layer of 
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platinum by a sputter coater (JEC-3000FC, JEOL, Japan) prior to the respective tests. The 

outer surface topographies and roughness of the pristine PVDF and modified membranes 

were observed through an atomic force microscope (AFM) (XE-100, Park Systems, 

Republic of Korea) with a scan area of 5 µm x 5 µm under the non-contact mode at 

ambient conditions.  

 

The elemental compositions of the outer and inner surfaces of the pristine PVDF 

and modified membranes were measured using an X-ray photoelectron spectroscope 

(XPS) (AXIS SupraTM, Kratos Analytical, UK) with a 500 mm Rowland circle 

monochromic Al Kα excitation source at 1486.7 eV. An emission current of 5 mA and 

operating voltage of 15 kV were employed. High-resolution spectra were collected using 

pass energies of 20 eV and 160 eV for narrow and broad scans, respectively. The 

sampling depth was approximately 10 nm with a takeoff angle of 0° with respect to the 

membrane surface. All binding energies for the elements of interest were corrected 

against an adventitious C 1s core level at 285.0 eV. All XPS peaks were fitted using the 

Shirley background together with the Gaussian-Lorentzian function by the CASA XPS 

software. 

 

The dynamic contact angles of the virgin PVDF, fouled PVDF, and modified 

membranes were determined by a tensiometer (DCAT11, Data Physics, Germany). A 

hollow fiber sample glued to a holder was hung from the arm of an electro-balance and 

underwent through three cycles of immersion (surface detection threshold at 0.5 mg) into 

Milli-Q® water at an immersion depth of 5 mm. The dynamic contact angles were 

calculated from the wetting force according to the Wilhelmy method. Each membrane 

sample was measured ten times and an average value was calculated. To obtain accurate 

measurements for the modified membranes, their lumen sides were filled with epoxy 
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resin and allowed to dry overnight. This was to ensure that only the outer surfaces of the 

modified membranes were in contact with the Milli-Q® water during the test procedure.  

The critical micelle concentration (CMC) values of the respective surfactants were also 

determined by the tensiometer. Predetermined concentrations of surfactant solutions were 

prepared and injected into a dish that contained 3.5 wt% NaCl solution, which was 

maintained at 333 K by a recirculating water bath. The changes in the surface tension of 

the NaCl solution were measured. CMC was reached when the surface tension remained 

relatively constant. Each CMC value was measured three times and an average value was 

obtained.  

 

The surface zeta potentials of the pristine PVDF and modified membranes were 

determined using an electrokinetic analyzer (SurPASSTM 3, Anton Paar, Austria) based 

on streaming potential measurements. 1 mM NaCl was prepared as the background 

electrolyte solution. 0.05 M HCl and NaOH were used for pH titration. Hollow fiber 

membranes were flattened and taped onto two sample holders mounted in an adjustable 

gap cell (20 mm x 10 mm). The gap height was adjusted to ~100 µm. The pH of the 

electrolyte solution was first adjusted to pH 10 by dosing it with NaOH. Subsequently, 

the electrolyte solution was dosed with HCl in a stepwise fashion to pH 3. During each 

measurement, the NaCl electrolyte solution flowed across the cell through 

depressurization of the liquid reservoir from 600 mbar to 200 mbar, causing electric 

charge separation. The resulting potential difference was detected and calculated using 

the Helmholtz-Smoluchowski equation [149].  

 

The underwater oleophilicity and oleophobicity of the pristine PVDF and 

modified membranes were evaluated using the captive bubble method via a goniometer 

(OCA 25, DataPhysics, Germany). In this method, a drop of petroleum was injected 
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beneath the membrane taped onto a cell underwater. The interactions between the oil 

droplet and the respective membrane surfaces were observed. To evaluate the structural 

stability of the grafted layer on the modified membranes, each membrane sample was 

ultrasonic treated for 10 min at ambient temperature in an ultrasonic bath (FB 15068, 

Fisher Scientific, USA) with a frequency of 37 kHz. 

 

3.3. Preparation and characterization of surfactant solutions and 
surfactant-stabilized O/W emulsions 
 

Different low surface tension saline feeds were prepared for the DCMD 

experiments, including four surfactant solutions that were prepared by mixing 50 mg L-1 

of Span® 20, Tween® 20, SDS, and DTAB in 3.5 wt% NaCl solution, respectively. The 

properties of these surfactants are listed in Table 3-2. Separately, surfactant-stabilized 

O/W emulsion was prepared by mixing 450 mg L-1 of petroleum/VPO, 50 mg L-1 of 

surfactant, and 8 L of 3.5 wt% NaCl solution in a high speed heavy-duty blender (CB15, 

Waring® Commercial, USA) for at least 3 min. NaCl was used to represent the dissolved 

solids present in produced water. The conductivities of the emulsions were measured to 

be around 50 mS cm-1. The composition of the emulsion was modeled as closely to real 

produced water samples as possible. The oil droplet size distribution of the emulsion was 

measured by a mastersizer (Hydro2000SM, Malvern Instruments, UK) while its zeta 

potential was measured by a zetasizer (NanoZS, Malvern Instruments, UK). Fresh 

emulsions were prepared after every 24 h of operation to ensure that the feed remained 

kinetically stable because unstable emulsions might not accurately demonstrate the 

fouling and wetting behaviors of both the pristine PVDF and modified membranes. 
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3.4. DCMD performance tests 

	

The DCMD experimental rig used for the experiments has been illustrated in our 

previous work [20]. The feed solutions were heated and maintained at 333 K and 

circulated on the shell side of the hollow fiber membranes. The permeate water was 

cooled and maintained at 293 K and circulated in the lumen side of the hollow fiber 

membranes in a countercurrent flow to the feed. The feed and permeate volumetric flow 

rates were maintained at 0.7 L min-1 and 0.25 L min-1 respectively, corresponding to 

Reynolds numbers of 1631 and 609 respectively. A higher flow rate was employed on the 

feed side to mitigate concentration and temperature polarizations [20]. The overflow from 

the permeate reservoir was collected into a tank placed on a weighing balance to 

determine the temporal changes in mass with an accuracy of ± 0.1 g. The temporal 

changes in permeate conductivity were recorded to an accuracy of ± 0.1 µS cm-1. Most 

importantly, all tubes and membrane modules used in the experimental rig were insulated 

with insulation foam to minimize heat loss during the process.  
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Chapter 4 Surfactant Effects on Water Recovery 
from Produced Water via Direct-contact Membrane 

Distillation1 
 

	

4.1. Introduction 
	
 Over the years, there have been very few reports available in the literature on the 

application of MD for low surface tension feeds. While the influences of pretreatment, 

operating conditions, and novel membrane surface modifications have been intensively 

studied, there exists a gap in the knowledge base with regard to the three key constituents 

in real produced water streams (namely oils, surfactants, and salts) that have the greatest 

impact on MD performance. This in turn has discouraged the use of MD for extended 

applications. 

 

 This study aims at developing a fundamental understanding of the relationship 

between surfactant-stabilized O/W emulsions and PVDF membrane surface in the DCMD 

process. A PVDF membrane was selected because it is hydrophobic in nature, which is a 

fundamental requirement for MD operations. Specifically, a series of bench-scale 

experiments were conducted to investigate on the roles of different types and 

concentrations of oil and surfactant on the fouling and wetting behaviors of the PVDF 

membrane. Membrane autopsy was also conducted using Fourier transform infrared 

spectroscopy (FTIR) and field emission scanning electron microscopy (FESEM) to 

confirm the wetting and fouling phenomena in the DCMD process. It is expected that this 

study can provide guidance for developing new strategies to facilitate DCMD as an 

energy-efficient and effective technology for treating produced water.  

																																																								
1	This chapter is reproduced with permission from Chew, N.G.P., S. Zhao, C.H. Loh, N. Permogorov, R. 
Wang, Surfactant effects on water recovery from produced water via direct-contact membrane distillation, 
J. Membr. Sci. 528 (2017) 126–134. Copyright © 2017 Elsevier. 
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4.2. Results and discussion 

4.2.1. Oil droplet sizes and zeta potentials of surfactant-stabilized O/W emulsions 

 
Three types of surfactant commonly used in the petroleum industry (Span® 20, 

Tween® 20, and SDS) and two types of oil (petroleum and VPO) were used to prepare the 

surfactant-stabilized O/W emulsions [150]. These O/W emulsions were modeled as 

similar to real oilfield-produced water samples as possible, which generally contain 2–

565 mg L-1 of oil [3]. The mean droplet sizes and zeta potentials of these emulsions are 

listed in Table 4-1. The oil droplet size distributions of the emulsions are presented in Fig. 

4-1. Oilfield-produced water typically has oil droplet sizes ranging from 2 to 30 µm [2]. 

However, the oil droplet sizes of all the emulsions were kept below 10 µm to form 

kinetically stable O/W emulsions [151]. It can be seen that the mean droplet size was 

dependent on the types of oil and surfactant. With the same oil/surfactant mass ratio and 

stirring time, the petroleum emulsion stabilized by Span® 20 had a larger mean oil droplet 

size as compared to other surfactants because oil droplets have a greater tendency to 

coalesce in this case. When comparing different types of oil stabilized by the same 

surfactant (Tween® 20 in this case), the oil droplet size of the VPO emulsion was larger 

than that of the petroleum emulsion due to the higher proportion of heavy hydrocarbons 

present in VPO [152]. According to the measured zeta potentials, the Span® 20 and 

Tween® 20-stabilized emulsions were nearly neutral while the SDS-stabilized emulsion 

was negatively charged. 
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Table 4-1. Number average mean droplet size, span of distribution, and zeta potential of 
the surfactant-stabilized O/W emulsions. 

Composition Mean 
droplet sizea 

(µm) 

Span of 
distributionb 

Zeta potential 
(mV) 

500 mg L-1 Span® 20/Petroleum 
Emulsion 

7.74 2.05 -3.36 ± 0.44 

500 mg L-1 Tween® 20/Petroleum 
Emulsion 

2.16 2.82 -3.11 ± 0.32 

500 mg L-1 SDS/Petroleum 
Emulsion 

3.48 1.74 -37.2 ± 1.1 

500 mg L-1 Tween® 20/VPO 
Emulsion 

7.27 2.24 -3.38 ± 0.12 

600 mg L-1 Tween® 20/Petroleum 
Emulsion 

2.39 2.84 N.Ac 

1000 mg L-1 Tween® 20/Petroleum 
Emulsion 

2.64 2.85 N.Ac 

 

a Mean droplet size was measured when the feed solution was heated up to 333 K. 
b The larger the span of distribution is, the more polydisperse the emulsion. 
c Not applicable. The zeta potentials of these emulsions were not measured. 
 

 
Fig. 4-1. Oil droplet size distributions of different O/W emulsions. 
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4.2.2. Effects of surfactant types  

 
A baseline test was first conducted using 3.5 wt% NaCl as the feed solution, 

which represented the TDS present in produced water. The purpose of running a baseline 

test was to ascertain that the addition of NaCl did not contribute to changes in the 

permeate flux and conductivity, if any. As shown in Fig. 4-2, the permeate flux was 

steady and observed to be approximately 11 kg m-2 h-1 while the permeate conductivity 

was fairly constant throughout, ranging between 2–3 µS cm-1. This suggests that scaling 

and wetting did not take place during the experiment.  

 

 
Fig. 4-2.	 Effects of 3.5 wt% NaCl solution on permeate flux (filled symbols) and 
conductivity (hollow symbols). Feed volumetric flow rate (Qf) = 0.7 L min-1; Permeate 
volumetric flow rate (Qp) = 0.25 L min-1; Feed temperature (Tf) = 333 K; Permeate 
temperature (Tp) = 293 K.	

 

Fig. 4-3 shows the effects of different surfactants on the permeate flux and 

conductivity during the MD process. To ensure a fair comparison, the same molar 

concentration of surfactant was used. From Fig. 4-3, a significant rise in the permeate 

conductivities was observed, demonstrating the wetting of membrane during the MD 

process. The time for the onset of wetting was defined as the time when the permeate 

conductivity increased by 1 µS cm-1 due to the diffusion of NaCl into the permeate side. 



	 51	

The wetting times and the final permeate conductivities in different surfactant 

experiments are listed in Table 4-2. The results show that Tween® 20 exhibited the 

earliest wetting with an onset of wetting occurring at ~70 min, followed by Span® 20 

(~105 min), and SDS (~520 min). The severity of membrane wetting was in the sequence 

of Tween® 20 > Span® 20 > SDS as well, and the final conductivities in the permeate tank 

were measured at 8.51, 3.56, and 0.153 mS cm-1, respectively (as listed in Table 4-2).  

 

The wetting behaviors could be controlled by surfactant adsorption on the 

membrane surface, which is related to the physical properties of the surfactants. As listed 

in Table 3-2, the surfactants used in this study exhibit different molecular weights, 

surface tensions, hydrophilic-lipophilic balance (HLB) values, and CMCs. The presence 

of surfactants lowers the surface tension of the medium rapidly [153-155]. Based on the 

Laplace-Young equation, LEP decreases with decreasing surface tension of liquid, 

resulting in higher tendency of membrane wetting [156]. However, Span® 20 caused a 

slower membrane wetting rate than Tween® 20 despite its lower surface tension. Hence, it 

seems that surface tension was not the determining factor for the time for onset of wetting 

and the extent of wetting. On the other hand, all these three surfactants have the same 

length of hydrophobic tails (12 alkyl units). Thus, the effect of different molecular 

weights of the surfactants is mainly attributed to the difference in their hydrophilic heads. 

Moreover, the dominant driving force for the surfactant adsorption is the hydrophobic 

effect (the tendency of the surfactant to escape from the aqueous environment), which is 

related to the hydrophobic/hydrophilic properties and CMC of the surfactants [151]. 

Therefore, the different wetting rates of these surfactants may be attributed to the 

difference in HLB and CMC among surfactants. As listed in Table 3-2, Span® 20, 

Tween® 20, and SDS have HLB values of 8.6, 16.7, and 40, respectively. The higher the 

surfactant’s HLB value, the more hydrophilic it is [157]. In other words, a surfactant with 
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a lower HLB value will be more lipophilic and thus be easily adsorbed on a hydrophobic 

surface due to the hydrophobic effect [158]. Therefore, Span® 20 and Tween® 20 with 

relatively lower HLB values caused earlier wetting than the more hydrophilic SDS.  

 

 
Fig. 4-3.	Effects of surfactant types (same molar concentration) on permeate flux (filled 
symbols) and conductivity (hollow symbols). Qf = 0.7 L min-1; Qp = 0.25 L min-1; Tf = 
333 K; Tp = 293 K.	

	
	
Table 4-2. Wetting time, final permeate conductivity, and contact angle of surfactant-
fouled membranes in DCMD using feed with different surfactants. 

Membrane Time for onset 
of wetting 
(min) 

Final permeate 
conductivity 
(mS cm-1) 

Contact angle 
(°) 

No surfactant - - 116 ± 2 

0.15 mM Span® 20 ~105 3.56 72 ± 3 

0.15 mM Tween® 20 ~70 8.51 64 ± 2 

0.15 mM SDS ~520 0.15 91 ± 1 

50 mg L-1 Span® 20 ~100 3.69 72 ± 1 

50 mg L-1 Tween® 20 ~130 12.55 63 ± 1 

50 mg L-1 SDS ~140 0.95 85 ± 1 

 

According to literature, surfactant adsorption on hydrophobic surfaces is non-

cooperative, as they do not form micelles on the surfaces. Instead, the surfactant unimers 
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form a monolayer [151]. For non-ionic surfactants such as Span® 20 and Tween® 20, the 

adsorption on the hydrophobic PVDF membrane surface was dominated by hydrophobic 

interactions [151]. Considering the fact that 0.15 mM Span® 20 and Tween® 20 exceeded 

their respective CMC values, it was likely that the adsorbed unimers of Span® 20 and 

Tween® 20 tended to distribute more densely and thus stood erected on the PVDF 

membrane surface as illustrated in Fig. 4-4 [159]. Even though the alkyl chain length of a 

Span® 20 unimer is the same as that of a Tween® 20 unimer, the former has a much 

smaller hydrophilic head group as compared to the latter as stipulated by their respective 

HLB values [157]. The larger hydrophilic heads of Tween® 20 unimers were able to draw 

more water towards the membrane pores once these unimers got adsorbed onto the 

membrane surface. This may explain why earlier wetting and higher conductivity rising 

rate were observed for the Tween® 20 experiment. 

 

 
Fig. 4-4. Hypothetical illustration of the adsorption of surfactant unimers on the PVDF 
membrane surface. 

 

Span® 20 

Tween® 20 

SDS 

Oleic acid 

12-carbon tail 

Ethylene oxide 

12-carbon tail 

Sulfate 

12-carbon tail 

- 

PVDF membrane 

- - - 

PVDF membrane 

PVDF membrane 



	54	

In contrast to non-ionic surfactants, both hydrophobic interactions (nonpolar tails) 

and electrostatic interactions (polar heads) typically play crucial roles in the adsorption of 

ionic surfactants like SDS. The PVDF membrane surface was negatively charged, thus 

SDS would have experienced electrostatic repulsion resulting in fewer unimers getting 

adsorbed onto the membrane surface. On the other hand, being hydrophilic in nature, the 

SDS unimers would have the tendency to stay in water instead of attaching onto the 

PVDF membrane surface. As a result, very few SDS unimers would have adsorbed onto 

the membrane surface due to the hydrophobic nature of the PVDF membrane surface. In 

addition, the concentration of SDS in the feed solution was much lower than its CMC, 

suggesting that the unimers tended to be loosely packed even when a certain amount of 

SDS were adsorbed on the PVDF surface. Due to the low concentration of SDS on the 

PVDF membrane surface, it was very likely that the adsorbed unimers laid flat on the 

membrane surface as illustrated in Fig. 4-4.  

 

As shown in Fig. 4-3, the permeate flux of the Span® 20 experiment remained 

fairly constant (13 kg m-2 h-1) for 7 h even after the occurrence of wetting and then it 

gradually declined until no flux was observed after 15 h of operation. In the case of 

Tween® 20, a relatively constant flux was observed for 2 h. After which, there was a 

gradual increase in flux until 5 h of operation indicating membrane wetting and then there 

was a subsequent decline in flux. The flux reached zero at approximately 10 h. As 

discussed above, with the adsorption of Tween® 20 unimers on the membrane surface, 

their hydrophilic heads were able to draw more water towards the membrane pores. This 

resulted in the increase of permeate flux after the observed onset of wetting. Similar 

findings were presented in a recent publication [48]. The flux decline in the case of both 

Span® 20 and Tween® 20 suggests that membrane fouling indeed took place during the 

MD process. Since the concentrations of these two surfactants exceeded their respective 
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CMC values, micelles would have formed in the solutions. This might in turn lead to the 

blockage and closure of the membrane pores after membrane wetting. Moreover, micelles 

are able to grow from spherical aggregates to elongated ones with an increase of 

concentration [151]. In comparison to Span® 20, more severe fouling was observed in the 

case of Tween® 20 due to pore blockage by the larger micelles of Tween® 20. On the 

other hand, for SDS, a relatively constant flux (approx. 10 kg m-2 h-1) was observed for 20 

h of operation. This is because the concentration of SDS was well below its CMC value 

and almost no micelle would have formed in the solution. In addition, very few SDS 

unimers would have adsorbed onto the membrane surface due to the hydrophilic nature of 

SDS. Thus, the membrane experienced less fouling and the permeate flux remained fairly 

constant throughout the operation. 

 

The water contact angles of the different surfactant-fouled membranes are listed in 

Table 4-2. It can be seen that the hydrophobicity of PVDF membrane decreased after the 

adsorption of surfactants and the contact angles of 0.15 mM Span® 20, Tween® 20, and 

SDS-fouled membranes were 72°, 64°, and 91° respectively. The decrease of PVDF 

membrane hydrophobicity can be explained by the hydrophobic interactions between the 

hydrophobic tails of surfactants and the membrane surface. The interactions orientated the 

hydrophilic head of surfactants facing outwards, causing the membrane surface to be 

covered by a hydrophilic layer. The contact angle values were in good agreement with the 

wetting behaviors of the respective surfactants. Since the membrane surface became the 

most hydrophilic after the adsorption of Tween® 20, more of the feed solution was able to 

flow through the wetted pores and this resulted in the highest permeate conductivity at the 

end of the operation. The results suggest that surfactants with higher HLB values could 

delay fouling and wetting of MD membranes. 
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In the industry, it is more common to use a fixed mass ratio of oil/surfactant in 

emulsions instead of a fixed molar ratio. As such, the effects of surfactant types with 

fixed mass concentration (50 mg L-1) in the feed were also examined here, as shown in 

Fig. 4-5. The time for onset of wetting for the cases of 50 mg L-1 of Span® 20, Tween® 

20, and SDS were ~100 min, ~130 min, and ~140 min, respectively (as listed in Table 

4-2). By changing the experiment condition from fixed molar concentration to fixed mass 

concentration of surfactants, the amount of surfactant unimers changed. At a 

concentration of 50 mg L-1, the molar concentration of Span® 20 remained similar (0.144 

mM), while molar concentrations of Tween® 20 and SDS decreased (to 0.041 mM) and 

increased (to 0.173 mM), respectively, as compared with the case of 0.15 mM. Therefore, 

the amount of unimers also affected the wetting and fouling behaviors in addition to the 

HLB and CMC effects as discussed above. In both 50 mg L-1 and 0.15 mM cases, the 

concentrations of Span® 20 were similar. Hence, the fouling and wetting behaviors were 

similar. In the case of 50 mg L-1 Tween® 20, relatively fewer unimers in the feed solution 

resulted in less fouling and delayed onset of wetting in comparison to the 0.15 mM case. 

Since there was less fouling, the diffusion of NaCl was not as restricted as in the case of 

0.15 mM Tween® 20. This resulted in a higher final conductivity in the permeate. In the 

case of 50 mg L-1 SDS, more SDS unimers were available to be adsorbed onto the 

membrane surface, making the membrane surface more hydrophilic. The contact angle 

values (as listed in Table 4-2) provided confirmation on this. Their hydrophilic heads 

were able to draw more water from the feed into the permeate. Therefore, the onset of 

wetting was brought forward and the final conductivity in the permeate was higher than 

that of the 0.15 mM SDS case.  
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Fig. 4-5.	Effects of surfactant types (same mass concentration) on permeate flux (filled 
symbols) and conductivity (hollow symbols). Qf = 0.7 L min-1; Qp = 0.25 L min-1; Tf = 
333 K; Tp = 293 K.	

 

4.2.3. Effects of the presence of oil 
 

The effects of the presence of oil droplets on the permeate flux and conductivity 

are shown in Fig. 4-6. It was observed that the extents of membrane fouling and wetting 

were different when using Tween® 20 and Tween® 20-stabilized petroleum emulsion as 

feed. When only 50 mg L-1 Tween® 20 was present, wetting started to occur at ~130 min 

while the onset of wetting was delayed by 30 min in the case of the 1000 mg L-1 Tween® 

20-stabilized petroleum emulsion. As proposed above, in the case of Tween® 20, the 

hydrophobic tails might be attached onto the PVDF membrane surface due to 

hydrophobic interaction while the hydrophilic ethylene oxide heads might be arranged 

towards the aqueous solution. These hydrophilic heads had good affinity to water, 

resulting in faster wetting of the membrane.  
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Fig. 4-6. Effects of the presence of oils on permeate flux (filled symbols) and 
conductivity (hollow symbols). Tween® 20 concentration was 50 mg L-1. Tween® 20-
stabilized petroleum emulsion was prepared using 50 mg L-1 of Tween® 20 and 950 mg L-

1 of petroleum. Qf = 0.7 L min-1; Qp = 0.25 L min-1; Tf = 333 K; Tp = 293 K. 

 

As for the Tween® 20-stabilized petroleum emulsion, more alkyl tails of the 

surfactant were bounded with the oil droplets, thus fewer free surfactant unimers were 

adsorbed on the membrane surface. Therefore, the onset of wetting was delayed in 

comparison to the Tween® 20 case. At the same time, with the prolonged operation time, 

more and more oil droplets were adsorbed onto the membrane surface due to its 

hydrophobicity. This caused some pores to be blocked and resulted in a gradual decline of 

the permeate flux. The accumulation of oil droplets formed a fouling layer that restrained 

the NaCl diffusion through the wetted pores of the membrane and a slower permeate 

conductivity rising rate was observed throughout the experiment. The results suggest that 

even though surfactants have a higher affinity for hydrophobic surfaces than 

hydrocarbons in general, oil does contribute to membrane fouling.  
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4.2.4. Effects of different surfactant-stabilized petroleum emulsions 
 

Three 500 mg L-1 surfactant-stabilized petroleum emulsions were prepared at 

oil/surfactant mass ratio of 9/1 using Span® 20, Tween® 20 and SDS. The effects of these 

surfactant-stabilized petroleum emulsions on membrane fouling and wetting were 

investigated and the results are presented in Fig. 4-7. It can be observed that the extent of 

permeate flux decline was in the sequence of Tween® 20 < Span® 20 < SDS, suggesting 

that the SDS-stabilized petroleum emulsion caused the most severe membrane fouling 

followed by Span® 20 and Tween® 20. The membrane fouling in these cases might be 

ascribed to the adsorption of surfactants and oil droplets on the membrane surface and/or 

pores as well as pore blockage by the foulants. A hypothesis on the interactions between 

the surfactant-stabilized petroleum emulsions and the hydrophobic PVDF membrane 

surface is proposed and illustrated in Fig. 4-8. 

 

 
Fig. 4-7.	Effects of different surfactant-stabilized petroleum emulsions on permeate flux 
(filled symbols) and conductivity (hollow symbols). Qf = 0.7 L min-1; Qp = 0.25 L min-1; 
Tf = 333 K; Tp = 293 K.	
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Fig. 4-8. Proposed interactions of (a) Span® 20-stabilized, (b) Tween® 20-stabilized, and 
(c) SDS-stabilized emulsions with the PVDF membrane surface.	

 

The added concentration of Tween® 20, 50 mg L-1, was above its CMC at 333 K 

(3.5 mg L-1) and thus, micelles were formed in the feed solution. The Tween® 20 unimers 

would have stood erected on the PVDF membrane surface to form a monolayer due to 

hydrophobic interactions. After the adsorption of Tween® 20 unimers on the membrane 

surface, the hydrophilic heads orientated towards the feed solution. Hence, the PVDF 

membrane surface became more hydrophilic, which in turn promoted more severe pore 

wetting but restrained the adsorption of oil droplets on the membrane surface [152]. 

 

Similar to the Tween® 20 case, the Span® 20 unimers also formed a monolayer on 

the PVDF membrane surface due to hydrophobic interactions. As evidenced by the 

contact angles of the surfactant-fouled membranes presented in Table 4-2, the Span® 20-

adsorbed surface is less hydrophilic than that of the Tween® 20, and thus relatively more 

oil droplets might be adsorbed on the membrane surface, aggravating the membrane 

fouling. In addition, micelles existed in the feed solution and resulted in partial pore 

Oil Span® 20 Tween® 20 SDS O/W emulsion 

Feed 

Permeate 
Pores 

Micelle 

(a) (b) (c) 
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blockage since the Span® 20 concentration (50 mg L-1) was higher than its CMC (1.6 mg 

L-1). It was hypothesized that both the oil droplet adsorption and membrane pore blockage 

by Span® 20 micelles led to the more significant flux decline compared with the case of 

Tween® 20-stabilized emulsion. On the other hand, the membrane fouling restrained the 

diffusion of NaCl to the permeate side.  

 

Due to the hydrophilic nature of SDS, relatively less SDS unimers were adsorbed 

onto the PVDF membrane as discussed previously in section 4.2.2.  Therefore, the 

membrane surface was the least hydrophilic as evidenced by the contact angle of the 

SDS-fouled membrane shown in Table 4-2. Hence, the oil droplets had a higher tendency 

to be attached onto membrane surface, resulting in a more severe fouling. Due to the 

adsorption of more surfactant-stabilized oil droplets on membrane, the hydrophilic head 

of SDS might attract more feed to pass through the membrane, which resulted in a 

relatively more severe increase of the permeate conductivity. Despite the more severe 

fouling caused by the SDS-stabilized emulsion, the NaCl diffusion was surprisingly faster 

than the case of the Span® 20-stabilized emulsion. The reason for this phenomenon is 

unclear and further investigation is needed in the future study. 

 

4.2.5. Effects of oil concentration 
 

500, 600 and 1000 mg L-1 Tween® 20-stabilized petroleum emulsions were 

prepared to study the effects of oil concentration on the permeate flux and conductivity. 

The mass concentration of Tween® 20 was fixed at 50 mg L-1 and the mean oil droplet 

sizes of the different emulsions were kept similar as listed in Table 4-1. The results are 

shown in Fig. 4-9. It is evident that the increase in oil concentration led to more serious 

fouling, as represented by the more severe decline in permeate flux. With the increase of 

oil concentration, more oil droplets were adsorbed onto the membrane surface and caused 
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membrane pore blockage. Thus, a more significant decrease of the permeate flux was 

observed. Similarly, the trend observed in the permeate conductivity was as expected. 

Wetting became slower when more oil droplets blocked the membrane pores. The results 

suggest that MD could be an effective option for recovering water from produced water at 

low oil concentration. 

 

 

Fig. 4-9. Effects of oil concentration on permeate flux (filled symbols) and conductivity 
(hollow symbols). Qf = 0.7 L min-1; Qp = 0.25 L min-1; Tf = 333 K; Tp = 293 K.	

 

4.2.6. Effects of oil types 
 

The effects of Tween® 20-stabilized VPO emulsion on the permeate flux and 

conductivity are shown in Fig. 4-10. Generally, petroleum oil includes paraffins (15-

60%), napthenes (30-60%), aromatics (3-30%), and asphaltics while VPO contains heavy 

distillates that are longer-chained hydrocarbon compounds with relatively higher boiling 

points and are hardly volatile. In comparison with the Tween® 20-stabilized petroleum 

emulsion, more severe fouling was observed for the VPO emulsion. This is believed to be 

ascribed to the higher proportions of heavy hydrocarbons present in VPO [152]. This 
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suggests that MD could be considered for water recovery from produced water containing 

higher proportions of lighter hydrocarbons. 

 

 
Fig. 4-10. Effects of oil types on permeate flux (filled symbols) and conductivity (hollow 
symbols). Qf = 0.7 L min-1; Qp = 0.25 L min-1; Tf = 333 K; Tp = 293 K.	

 

4.2.7. Confirmation of surfactant penetration into membrane pores and membrane 
fouling 
 

It was hypothesized that pore wetting leads to an increase in permeate 

conductivity as presented in Table 4-2. In order to validate this, penetration of surfactants 

into the membrane pores were verified using the ATR-FTIR characterization test on the 

inner surfaces of the wetted PVDF membranes. The FTIR spectra of the pristine and 

wetted PVDF membranes were plotted against that of pure Span® 20, Tween® 20, and 

SDS, as presented in Fig. 4-11. 
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Fig. 4-11. FTIR spectra of the pristine and wetted PVDF membranes. Transmittance 
normalized against CF peak. (a) Span® 20 experiments, (b) Tween® 20 experiments, (c) 
SDS experiments.	

 

As shown in Fig. 4-11(a), Span® 20 has three characteristic peaks: the 2853 cm-1 

and 2920 cm-1 peaks were attributed to CH2 symmetric and asymmetric stretching 

respectively, while the broad peak around 3389 cm-1 was assigned to O-H stretching. 

These peaks were only observable on the wetted PVDF membranes but were undetected 

on the pristine PVDF membrane, demonstrating the presence of Span® 20 on the inner 

surfaces of the wetted PVDF membranes. Similar results were also observed for 

membranes wetted in the case of both Tween® 20 and SDS. The FTIR spectra coupled 

with the rise in permeate conductivity in all experiments were indicative of the 

occurrence of membrane wetting. 

  

The outer surface morphologies of the pristine and fouled PVDF membranes were 

characterized using FESEM and the images are shown in Fig. 4-12. Abundant pores could 

be clearly observed on the pristine PVDF membrane. However, the membrane surfaces 

were covered by foulants after the MD experiments no matter which type of feed solution 

was used. As shown in Fig. 4-12(e and h), the oil foulant layer formed by the Tween® 20-

stabilized VPO emulsion seemed denser than the layer formed by the Tween® 20-
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stabilized petroleum emulsion, demonstrating the more severe membrane fouling caused 

by VPO emulsion as discussed in section 4.2.6. 

 

 
Fig. 4-12. FESEM images of (a) pristine PVDF membrane and membranes fouled by (b) 
50 mg L-1 Span® 20, (c) 50 mg L-1 Tween® 20, (d) 50 mg L-1 SDS, (e) 500 mg L-1 
Tween® 20/Petroleum Emulsion, (f) 500 mg L-1 Span® 20/Petroleum Emulsion, (g) 500 
mg L-1 SDS/Petroleum Emulsion, and (h) 500 mg L-1 Tween® 20/VPO Emulsion.	

 

4.3. Conclusions 
 

This study attempts to provide an in-depth understanding of the relationship 

between different surfactant-stabilized O/W emulsions and the hydrophobic PVDF 

membrane surface in DCMD. The results reveal that the time for onset of wetting for 
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different surfactants was dependent on their HLB values. A surfactant with lower HLB 

value tended to be adsorbed more on the membrane surface and caused an earlier onset of 

wetting. 

 

The presence of oils in the emulsion delayed the onset of wetting of the membrane. 

Fouling was observed to be less severe for emulsions stabilized by surfactants with a 

lower HLB value. The severity of membrane fouling increased with increasing oil 

concentration. Moreover, membrane fouling caused by the VPO emulsion was also more 

severe due to the higher proportions of heavy hydrocarbons in VPO. These results suggest 

that MD should be considered as an option for recovering water from produced water 

with lower oil concentration and higher proportions of lighter hydrocarbons. 

 

This study revealed that robust membranes with better anti-fouling and anti-

wetting properties are required to eliminate or minimize the issues of fouling and wetting. 

These findings suggest that novel membrane surface modification, which will be 

discussed in Chapters 5 and 6, is required to achieve anti-fouling and anti-wetting 

properties. This, coupled with process optimization, is expected to advance DCMD as an 

economically viable technology for treating produced water.  
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Chapter 5 Superoleophobic Surface Modification for 
Robust Membrane Distillation Performance2 

	

 

5.1. Introduction 
 

In Chapter 4, we developed a fundamental understanding of the relationship 

between surfactant-containing feed water and a commercial hydrophobic PVDF hollow 

fiber membrane. While conventional MD membranes fabricated from hydrophobic 

polymeric materials, such as PVDF, have shown stable performances in relatively clean 

wastewaters, they are vulnerable to membrane fouling and pore wetting when used to 

treat challenging feeds that contain hydrophobic and amphiphilic pollutants such as oils 

and surfactants. This compromises on the recovery rate and distillate quality. Based on 

the foundation built in Chapter 4, we will apply targeted surface modification techniques 

in Chapters 5 and 6 to engineer robust membrane surfaces with fouling- and wetting- 

resistant properties for surfactant-containing feed water. As discussed in Chapter 2, a 

superoleophobic layer can be deposited onto hydrophobic polymeric substrates to 

fabricate composite membranes with fouling- and wetting-resistant properties. Yet, 

existing surface modification techniques are often too complex for real applications. 

Therefore, it is paramount to develop facile surface modification techniques to engineer 

robust MD membranes. 

 

Over the last decade, the mussel-inspired chemistry of dopamine has been widely 

used for a variety of surface modifications due to its unique advantages of material-

independent attachment and surface post-functionalization [160]. Compared with physical 

																																																								
2 	This chapter is reproduced with permission from Chew, N.G.P., S. Zhao, C. Malde, R. Wang, 
Superoleophobic surface modification for robust membrane distillation performance, J. Membr. Sci. 541 
(2017) 162–173. Copyright © 2017 Elsevier. 
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coating, the resulting polydopamine (PDA) coating has stronger binding affinity to the 

membrane surface [161]. Moreover, co-deposition of dopamine with other molecules 

such as polyethylenimine (PEI) can greatly increase the stability of the grafted layer 

under harsh conditions [162]. As a result, this versatile and robust technique has been 

adopted in a broad range of membrane processes such as MF [163-166], UF [167, 168], 

NF [169], and FO [170, 171] for various purposes such as improving anti-fouling 

performance and enhancing structural stability. 

 

This study aims at developing robust membrane surfaces with anti-fouling and 

anti-wetting properties to be used in DCMD operations for water recovery from produced 

water. Specifically, a composite membrane with Janus wetting properties was fabricated 

by single-step co-deposition of the hydrophilic PDA/PEI layer on the outer surface of a 

hydrophobic PVDF hollow fiber substrate. Janus membranes have asymmetric properties 

on either side of the membrane [172]. The surface chemistry, wetting properties, and 

structure of the modified PVDF membrane were studied comprehensively. Subsequently, 

bench-scale DCMD experiments were carried out using a series of low surface tension 

feeds including various types of surfactant solutions and surfactant-stabilized (O/W) 

emulsions. The performances of the modified PVDF membrane were analyzed and 

compared against those of the pristine PVDF membrane to ascertain its suitability and 

robustness for long-term produced water treatment. To the best of our knowledge, this is 

the first report about the co-deposition of PDA/PEI on a hydrophobic PVDF hollow fiber 

substrate that can be used for DCMD applications against low surface tension feeds. 

 

5.2. Experimental 

5.2.1. Fabrication of composite PVDF hollow fiber membrane 
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The in-air hydrophilic/underwater superoleophobic composite membrane was 

fabricated by co-deposition of PDA/PEI on a hydrophobic PVDF substrate, which is 

illustrated in Fig. 5-1. Firstly, 2 g L-1 of DA and 50 mM of Tris were weighed and 

dissolved into 2 g L-1 of PEI solution. Similar procedures have been reported elsewhere 

[163, 173, 174]. After that, the pristine PVDF membranes were immersed in the PDA/PEI 

solution with shaking at 40 rpm for a certain time (Orbital Maxi MD Humidity, OVAN, 

Spain). Precautions were taken to ensure that only the outer surfaces of the hydrophobic 

PVDF hollow fibers were modified, so that the membrane pores beneath the surface 

remained hydrophobic for vapor transport. Finally, the composite membranes were rinsed 

thoroughly with Milli-Q® water and freeze-dried overnight (Alpha 2-4, Martin Christ, 

Germany). Hereon, the PDA/PEI coated PVDF membrane will be referred to as PVDF-P 

membrane.  

 

	
 
Fig. 5-1. Schematic of co-deposition of PDA/PEI on the outer surface of a PVDF 
membrane and its application in water recovery from oil-in-water emulsions via DCMD. 
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5.3. Results and discussion 

5.3.1. Membrane surface characterizations 
 

 Fig. 5-2 shows the outer surface and cross-section morphologies of the pristine 

PVDF and PVDF-P membranes. It was evident from these images that the changes in 

surface morphology of the pristine PVDF membrane after modification were rather 

radical. As shown in Fig. 5-2(a1) and (a2), the pristine PVDF membrane surface had 

abundant pores. The co-deposition of PDA/PEI formed agglomerates on the membrane 

surface that thoroughly covered the surface and blocked membrane pores (shown in Fig. 

5-2(b1) and (b2)). These deposited agglomerates created a hierarchical structure with a 

higher roughness, which was attested by the surface roughness parameters presented in 

Table 5-1. According to the Wenzel model, roughness plays a critical role in enhancing 

surface intrinsic wetting ability [175], which will be further discussed in section 5.3.3. 

Fig. 5-2(b3) suggests that the thickness of the grafted layer was around 1 µm and did not 

penetrate into the bulk of the pristine PVDF substrate. The stability of the grafted layer on 

the membrane surface was assessed by subjecting the PVDF-P membrane to bath 

sonication. The FESEM images of the outer surface and cross-section morphologies of 

the PVDF-P membrane after ultrasonication are shown in Fig. 5-2(c1) to (c3). The result 

shows that the grafted layer remained intact and minimal changes to the surface 

morphology were observed. The FESEM images were indicative of the robust structural 

stability of the PVDF-P membrane under harsh conditions.  
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Fig. 5-2. FESEM images of the outer surface morphologies of the pristine PVDF (a1 and 
a2), PVDF-P (b1 and b2), and ultrasonicated PVDF-P (c1 and c2) membranes; FESEM 
images of the cross-section morphologies of the pristine PVDF (a3), PVDF-P (b3), and 
ultrasonicated PVDF-P (c3) membranes. 

	

Table 5-1. Surface roughness parameters and water contact angles of the pristine PVDF 
and PVDF-P membranes. 

Membranes Roughness Water contact angle  
(º) Ra

a
 (nm) Rq

b
 (nm) Rz

c
 (nm) 

PVDF 25.6 ± 1.2 31.9 ± 0.8 258.3 ± 2.2 109.5 ± 1.2 
PVDF-P 197.0 ± 1.8 243.1 ± 3.1 1689.2 ± 1.4 25.7 ± 4.0 

 

a Average roughness. 
b Root-mean-squared roughness. 
c Ten point average roughness. 
 

The distinct difference in pore size distribution between the pristine PVDF and 

PVDF-P membranes suggests that the co-deposition of PDA/PEI altered the structural 

property of the pristine PVDF membrane. As shown in Fig. 5-3, it can be observed that 

the pristine PVDF membrane had a well-defined bimodal distribution with a mean pore 
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size of 0.027 µm. On the other hand, the PVDF-P membrane had a much narrower pore 

size distribution with a smaller mean pore size of 0.017 µm, which is in agreement with 

the FESEM images. The co-deposition of PDA/PEI would have effectively covered most 

of the pores on the outer surface of the PVDF-P membrane and caused a reduction in its 

pore size. As such, it is expected that the PVDF-P membrane would be less vulnerable to 

pore wetting due to the additional protection provided by the grafted layer [20]. 

 

 

Fig. 5-3. Pore size distributions of the (a) pristine PVDF and (b) PVDF-P membranes. 

	

5.3.2. Deposition of PDA/PEI on the PVDF-P membrane surface 
 

 In Fig. 5-4, the ATR-FTIR spectra provided an evidence on the co-deposition of 

PDA/PEI on the PVDF-P membrane surface as shown by the presence of two noticeable 

absorption peaks at 1541 cm-1 and 1660 cm-1, which were attributed to the N-H bending 

in PDA and C = N stretching within the PDA/PEI cross-links, respectively [162]. Besides 

that, the broad peak observed between 3000 and 3600 cm-1 on the PVDF-P membrane 

surface could be attributed to the N-H stretching and O-H stretching in the amine- and 

hydroxyl-functional groups found on its surface [174, 176].  
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Fig. 5-4.	ATR-FTIR spectra of the outer surfaces of the pristine PVDF and PVDF-P 
membranes. Transmittance was normalized against the CF peak.	

	

In order to further understand the elemental composition and chemical state of the 

PDA/PEI grafting layer, XPS analyses were carried out. The survey scan spectra of the 

pristine PVDF and PVDF-P membranes along with the deconvolution spectra of the 

PVDF-P membrane outer surface are presented in Fig. 5-5 while the surface elemental 

compositions of both the pristine PVDF and PVDF-P membranes are summarized in 

Table 5-2. The inner surface elemental compositions of both the pristine PVDF and 

PVDF-P membranes were similar, which proves that there was no penetration of the 

hydrophilic grafting solution through the hydrophobic pores of the PVDF substrate. As 

shown in Fig. 5-5(a), the disappearance of the F 1s and Cl 2p peaks along with the 

appearance of N 1s peak on the outer surface of the PVDF-P membrane suggested the 

successful co-deposition of PDA/PEI and its complete coverage on the membrane 

surface. As listed in Table 5-2, the C 1s and O 1s concentrations of the PVDF-P 

membrane outer surface were increased after modification and the N/O ratio reached 0.9, 

which was close to the value reported by Yang et al. [162]. As shown in the deconvoluted 

spectra of the PVDF-P membrane in Fig. 5-5(b)–(d), the C 1s core-level spectrum could 

be curve-fitted with three peak components at binding energies (BE) of 284.8 eV, 285.9 
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eV, and 287.5 eV, which corresponded to the C-C/C-H, C-O/C-N, and C = O bonds, 

respectively. The N 1s core-level spectrum was curve-fitted with two peak components, 

one at a BE of 399.8 eV for the C-N bond and the other at a BE of 402.0 eV for the 

protonated amine-functional group. The O 1s core-level spectrum was also curve-fitted 

with two peak components at BE of 531.2 eV and 532.6 eV, which were assigned to the C 

= O and C-O bonds groups, respectively. The XPS analysis results were supportive of the 

following proposed PDA reaction mechanisms with PEI.  

 

	
Fig. 5-5.	 (a) XPS survey scan spectra of the inner (IS) and outer (OS) surfaces of the 
pristine PVDF and PVDF-P membranes. Deconvolution of (b) C 1s, (c) N 1s, and (d) O 
1s spectra of the outer surface of the PVDF-P membrane. 
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Table 5-2. The elemental compositions (in atomic percentage) of the inner (IS) and outer 
(OS) surfaces of the pristine PVDF and PVDF-P membranes. 

Membrane O 1s 
(At%) 

C 1s 
(At%) 

F 1s 
(At%) 

Cl 2p 
(At%) 

N 1s 
(At%) 

PVDF-IS 1.21 56.85 28.81 13.31 - 

PVDF-P-IS 0.96 54.43 31.23 13.37 - 

PVDF-OS 6.55 71.63 15.60 6.22 - 

PVDF-P-OS 12.63 75.80 0.35 0.20 11.02 
 

The oxidative self-polymerization of dopamine involves its catechol group 

autooxidizing to form dopamine quinone [177], which in turn follows several reaction 

pathways to form PDA [178-183]. The primary amine-functional groups on PEI may 

react with dopamine quinones to form Michael-type adducts or Schiff bases through 

Michael addition or Schiff base reaction, respectively, as illustrated in Fig. 5-6. Thus, the 

incorporation of PEI can form covalent cross-linking with PDA due to the reaction among 

catechol and amino groups [162].  
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Fig. 5-6. Proposed polydopamine reaction mechanisms with polyethylenimine. 

	

The surface charge properties of the pristine PVDF and PVDF-P membranes were 

studied using the streaming potential measurement at a pH range of 3–10 and the results 

are shown in Fig. 5-7. Throughout the entire tested pH range, the pristine PVDF 

membrane was mostly negatively charged. The co-deposition of PDA/PEI slightly 

neutralized the negative charge on the PVDF membrane surface, resulting in a right shift 

of the zeta potential curve. The isoelectric point of the PVDF-P membrane was 3.8.  
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Fig. 5-7.	 Surface zeta potentials of the pristine PVDF and PVDF-P membranes as a 
function of pH. 1 mM NaCl was used as the electrolyte solution. 	

 

5.3.3. Wetting properties of the pristine and modified membranes 
 

As listed in Table 5-1, the pristine PVDF and PVDF-P membranes had water 

contact angles of 109.5 ± 1.2° and 25.7 ± 4.0°, respectively. This suggests that the pristine 

PVDF membrane underwent transition from being hydrophobic to hydrophilic after 

surface modification. The presence of polar amine- and hydroxyl-functional groups of 

PDA/PEI imparted hydrophilicity to the PVDF-P membrane surface. In addition, the 

hierarchical surface structure further enhanced the hydrophilic effects [175]. In order to 

investigate on the intrinsic wetting properties of the membranes in the presence of oil 

droplets, the underwater captive bubble method was employed. The relevant captured 

images of the interactions are depicted in Fig. 5-8. It was evident that the pristine PVDF 

membrane surface was underwater oleophilic, which was instantaneously wetted by the 

oil droplet upon contact. The oil contact angle approached 0° within 15 s. On the other 

hand, the PVDF-P membrane surface exhibited underwater superoleophobicity. The oil 

droplet would not leave the needle and stick onto the membrane surface even after several 
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attempts. The oil droplet remained spherical in shape and no apparent deformation was 

observed. The underwater superoleophobicity of the PVDF-P membrane could be 

explained from the thermodynamically favorable interaction between its surface 

hydrophilic groups and surrounding water molecules. The hydrophilic moieties on the 

grafted layer could interact strongly with surrounding water molecules and other polar 

molecules to form hydrogen bonds, which resulted in an interfacial hydration layer. This 

hydrogen-bonded hydration layer provided a significant energetic barrier for the oil 

droplets to overcome in order to be attached onto the PVDF-P membrane surface. This 

suggests that the PVDF-P membrane had an oil adhesion-resistant surface and could 

possibly be anti-fouling when used for treating O/W emulsions.  

 

 
 
Fig. 5-8. Captured images of the underwater interactions between oil droplets tethered via 
a needle and the pristine PVDF (a1-a3) and PVDF-P (b1-b3) membrane surfaces. 	

 

5.3.4. Membrane performance in DCMD tests 

5.3.4.1. Saline feeds with four types of surfactant 
 

To ascertain that the PDA/PEI grafted layer did not affect the intrinsic MD 

performance of the PVDF-P membrane, a baseline test was first conducted by using 3.5 
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wt% NaCl feed solution and the results are shown in Fig. 5-9. It can be observed that the 

permeate flux of the PVDF-P membrane was comparable to that of the pristine PVDF 

membrane throughout the operation, which suggests that the grafted layer did not provide 

additional resistance to vapor transport through the hydrophobic pores. As observed in the 

outer surface morphology of the PVDF-P membrane (Fig. 5-2(b1) and (b2)), there were 

micro-channels within the hierarchical structure formed by the PDA/PEI asperities. These 

micro-channels allowed water molecules to flow through the hydrophilic grafted layer. 

Even though the pore size of the PVDF-P membrane outer surface became smaller after 

functional group modification, the compromise between smaller membrane pores and a 

hydrophilic surface ensured a comparable flux for the PVDF-P membrane. Similar to the 

pristine PDVF membrane, no wetting was observed for the PVDF-P membrane after 24 h 

of operation. This vindicates that only the shell side of the PVDF-P membrane was coated 

with a hydrophilic layer and as such, the substrate pores remained hydrophobic for the 

vapor transport while rejecting the non-volatile NaCl solute. 

 

	

Fig. 5-9. DCMD performances of the pristine PVDF and PVDF-P membranes by feeding 
3.5 wt% NaCl. Feed volumetric flow rate (Qf) = 0.7 L min-1; Permeate volumetric flow 
rate (Qp) = 0.25 L min-1; Feed temperature (Tf) = 333 K; Permeate temperature (Tp) = 293 
K.	
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 After the baseline test, DCMD experiments were performed on both the pristine 

PVDF and PVDF-P membranes by feeding 50 mg L-1 of non-ionic (Span® 20 and Tween® 

20), anionic (SDS), and cationic (DTAB) surfactants. High salinity wastewater, such as 

oilfield or shale gas produced water, often contains surfactants that reduce its surface 

tension significantly and in turn poses a challenge to MD membranes. To ensure a fair 

comparison, surfactants with a 12-carbon hydrophobic tail were selected. The HLB 

values of these surfactants and surface tensions of the respective solutions are provided in 

Table 3-2. HLB is an empirical value that defines the relationship of the polar and non-

polar groups of a surfactant. The lower the HLB value, the more hydrophobic (oil-

soluble) the surfactant is. The significantly different wetting and fouling behaviors of 

these two membranes are illustrated in Fig. 5-10. In the case of Span® 20 (Fig. 5-10(a)), 

the pristine PVDF membrane experienced severe wetting and fouling, as indicated by the 

rapidly increased permeate conductivity and declined water flux. In comparison, the 

PVDF-P membrane showed more stable MD performance, where neither fouling nor 

wetting was observed after 80 h of operation. The permeate of the PVDF-P membrane 

was of excellent quality, with its conductivity remaining stable at 3.5 µS cm-1 throughout 

the operation. The stark contrast in the performances of the pristine PVDF and PVDF-P 

membranes was believed to be due to their different surface hierarchical structures and 

opposing wetting properties. As discussed in Chapter 4 [33], Span® 20 is a relatively 

hydrophobic surfactant with a low HLB value of 8.6. As such, the Span® 20 unimers have 

the tendency to adsorb onto hydrophobic surfaces to form a monolayer via hydrophobic 

interactions [151]. For the pristine PVDF membrane, the drastic water flux decline and 

permeate conductivity increase were due to the adsorption of Span® 20 unimers onto its 

hydrophobic membrane surface and pores, which resulted in complete pore blockage and 

severe pore wetting [33]. In comparison, the hydrophilic coating on the PVDF-P 

membrane surface avoided such hydrophobic interactions. The hydrophilic moieties on 
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the PVDF-P membrane surface strongly interacted with water to form a hydration layer 

on its surface, which in turn prevented the hydrophobic tails of surfactants from attaching. 

Such an anti-fouling mechanism is supported by its underwater superoleophobicity as 

suggested by the captive bubble measurement. Similar phenomenon was also observed in 

the case of Tween® 20 as feed, in which a very stable permeate flux was achieved for the 

PVDF-P membrane after 115 h of operation while the permeate conductivity remained 

relatively low at 20 µS cm-1 (Fig. 5-10(b)). The greatly improved anti-fouling and anti-

wetting properties of the PVDF-P membrane make it robust for water recovery from low 

surface tension feeds containing non-ionic surfactant unimers such as Span® 20 and 

Tween® 20 by MD. 

 

 As shown in Fig. 5-10(c), the PVDF-P membrane experienced no wetting after 90 

h of operation when 50 mg L-1 of SDS was used as feed. Its final permeate conductivity 

was only 3.5 µS cm-1 as compared to 5,660 µS cm-1 in the case of the pristine PVDF 

membrane. However, membrane fouling was observed on both the pristine PVDF and 

PVDF-P membranes as indicated by the flux decline. The fouling mechanisms for these 

two membranes were different, which will be discussed below. Different from non-ionic 

surfactants, both the hydrophobic and electrostatic interactions play crucial roles in the 

adsorption of ionic surfactants. In the case of the pristine PVDF membrane, its negatively 

charged surface could repel the similarly charged SDS unimers. However, this was offset 

by the dominant hydrophobic interactions between the hydrophobic tails of the SDS 

unimers and the hydrophobic PVDF membrane surface. Such hydrophobic interactions 

resulted in the adsorption of some SDS unimers, as represented by the flux decline after 

approximately 12 h of operation. The fouling extent caused by SDS was not as severe as 

that from Span® 20 and this was due to its relatively hydrophilic nature, which 

commensurate with its higher HLB value [48]. Like the other surfactants, the adsorption 
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of surface active agent SDS also resulted in pore wetting as represented by the increase in 

permeate flux and permeate conductivity towards the end of the operation. On the other 

hand, the hydrophilic PDA/PEI grafting layer on the PVDF-P membrane surface could 

alleviate the hydrophobic interactions while the electrostatic interactions were the 

dominant factor for membrane fouling. In theory, the negatively charged PVDF-P 

membrane surface should have repelled the negatively charged SDS unimers in the 

solution at around pH 7. However, the electrostatic attraction between the protonated 

amine-functional groups on the PVDF-P membrane surface and the sulfate groups present 

in the hydrophilic heads of the SDS unimers resulted in membrane fouling [184, 185]. 

Fortunately, this fouling was reversible. The permeate flux of the PVDF-P membrane was 

able to return to its initial level by cleaning it repeatedly with Milli-Q® water, as shown in 

Fig. 5-10(c). The PVDF-P membrane remained anti-wetting despite the electrostatic 

adsorption of the SDS unimers because the grafted PDA/PEI layer protected the mouth of 

the membrane pores, which in turn could maintain the LEP of these pores. 

 

 In contrast to anionic surfactant SDS, the PVDF-P membrane did not experience 

any fouling or wetting after 137 h of operation when feeding 50 mg L-1 of cationic 

surfactant DTAB (Fig. 5-10(d)). Its permeate flux was stable while the permeate quality 

was excellent throughout the operation, achieving a final electrical conductivity of 4.3 µS 

cm-1. Its anti-fouling performance could be explained by the presence of the hydration 

layer and electrostatic repulsive forces between the positively charged quaternary 

ammonium heads of the DTAB unimers and the protonated amine-functional groups 

present in the grafted layer. In contrast, the lack of positive functional groups on the 

negatively charged surface of the pristine PVDF membrane would attract some DTAB 

unimers due to both hydrophobic and electrostatic interactions, leading to wetting of the 

membrane pores. It recorded a final permeate conductivity of 1,026 µS cm-1 after 24 h of 
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operation. From the above discussions, it could be inferred that the presence of protonated 

amine-functional groups on the outer surface of the PVDF-P membrane was effective in 

preventing the adsorption of cationic surfactants.  

 

	

Fig. 5-10.	 DCMD performances of the pristine PVDF and PVDF-P membranes by 
feeding 50 mg L-1 of (a) Span® 20, (b) Tween® 20, (c) SDS, and (d) DTAB in 3.5 wt% 
NaCl. For the SDS experiment, PVDF-P membrane was flushed with Milli-Q® water 
when flux reached the lowest point. For each experiment, the feed tank was periodically 
refilled with overflow from the permeate reservoir to maintain the feed concentration. Qf 
= 0.7 L min-1; Qp = 0.25 L min-1; Tf = 333 K; Tp = 293 K.	

	

5.3.4.2. Surfactant-stabilized petroleum-in-water emulsions 
	

After the DCMD experiments with various surfactants, the fouling and wetting 

behaviors of the pristine PVDF and PVDF-P membranes were further evaluated by 

feeding 500 mg L-1 of surfactant-stabilized petroleum-in-water emulsion. The O/W 

emulsion was made kinetically stable by adding the surfactant DTAB in order to keep its 

oil droplet size below 10 µm [151]. The mean oil droplet size was 2.43 µm, which was 

much bigger than the nominal pore sizes of the pristine PVDF and PVDF-P membranes 

and was likely to cause pore blockage on the respective membrane surfaces. The pH and 

(a) (b)

(c) (d)
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corresponding zeta potential of the DTAB-stabilized petroleum-in-water emulsion were 

measured to be 5.7 and 22.9 ± 1.4 mV, respectively. 

 

As presented in Fig. 5-11, the PVDF-P membrane showed robust long-term MD 

performance, maintaining a stable flux for up to a week of operation with a final permeate 

conductivity of 5.5 µS cm-1. It was hypothesized that its anti-fouling and anti-wetting 

properties were ascribed to the tightly bounded hydration layer on its hydrophilic outer 

surface as illustrated in Fig. 5-12 [186]. When the O/W emulsion came into contact with 

the PVDF-P membrane surface, the hydrophilic moieties could interact strongly with 

water molecules to form a hydrogen-bonded network within the hierarchical structure of 

the grafted layer. This strong surface hydration layer provided a significant energetic 

barrier for the oil droplets to overcome in order to be adsorbed onto the PVDF-P 

membrane interface. Oil-adhesion on the membrane surface is only possible when the 

water molecules are expelled from the hierarchical structure, which is usually caused by 

dehydration. Dehydration leads to the unfavorable decrease in entropy, which in turn 

reduces the energetic barrier and facilitates membrane fouling [187]. Also, the 

electrostatic repulsive forces that existed between the positively charged O/W emulsion 

and protonated amine-functional groups on the PVDF-P membrane surface made it 

difficult for the attachment of oil droplets. In other words, the strongly hydrogen-bonded 

hydration layer coupled with the electrostatic repulsion interactions rendered the PVDF-P 

membrane surface to be oil adhesion-resistant. In contrast, the lack of such a protection 

layer on the pristine PVDF membrane surface made it susceptible to oil-adhesion and 

pore wetting. Both the hydrophobic interactions (between the hydrophobic membrane 

surface and oil droplets) and electrostatic attractive forces (between the negatively 

charged membrane surface and positively charged O/W emulsion) made it easier for the 

attachment and accumulation of oil droplets on the pristine PVDF membrane surface. To 
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put it succinctly, the anti-fouling and anti-wetting abilities of MD membranes could be 

achieved through the efficacious combinative effects of surface hydration and 

electrostatic repulsion. 

 

 
 
Fig. 5-11. DCMD performances of the pristine PVDF and PVDF-P membranes by 
feeding 500 mg L-1 of DTAB-stabilized petroleum-in-water emulsion. Fresh emulsions 
were prepared every 24h for the PVDF-P experiment. Qf = 0.7 L min-1; Qp = 0.25 L min-

1; Tf = 333 K; Tp = 293 K. 

	

	
	

Fig. 5-12. Schematic of interaction of DTAB-stabilized O/W emulsion with the pristine 
PVDF and PVDF-P membranes. 
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5.3.5. Comparisons to other MD membranes 
 

Table 5-3 summarizes the DCMD performance of the PVDF-P membrane for 

various feed solutions along with other MD membranes from literature. It can be seen that 

the PVDF-P membrane exhibits robust long-term performance with stable flux and 

excellent permeate quality (permeate conductivities were less than 5.5 µS cm-1 and salt 

rejection rates were above 99.9%) by feeding high concentration surfactant solutions and 

O/W emulsions for up to one week of operation. This is superior to all other previously 

reported MD membranes. For example, compared with the SiO2-incorporated PVDF 

membrane [188], the PVDF-P membrane reported in this work delivered better anti-

fouling and anti-wetting performances by feeding surfactants of 5 times the concentration. 

The study conducted by Wang et al. reported salt rejections instead of final permeate 

conductivity values [55, 141]. However, the final permeate conductivity values are better 

representations of the permeate quality in MD operations. The robustness of the PVDF-P 

membrane suggests its potential for water recovery from low surface tension feeds such 

as produced water via the DCMD process. 

 

 

 

 

 

 

 

 

 



	 87	

Table 5-3. Comparison of performances among various MD membranes. 

Membrane Feed Test 
duration 
(h) 

Cp,final 

(µS cm-1) 
Salt 
rejection  
(%) 

Reference 

PVDF-P 50 mg L-1 
Span® 20 

80 3.5 99.99 Current work 

PVDF-P 50 mg L-1 
Tween® 20 

115 20 99.96 Current work 

PVDF-P 50 mg L-1 
SDS 

90 3.5 99.99 Current work 

PVDF-P 50 mg L-1 
DTAB 

137 4.3 99.99 Current work 

PVDF-P 500 mg L-1 

DTAB/Oil 
168 5.5 99.99 Current work 

SiO2/PVDF 10 mg L-1 
SDBSa 

104 ~80 99.9 [188] 

SiO2/PVDF 10 mg L-1 

kerosene 
200 ~100 99.8 [188] 

SiNPs/PVDF 1000 mg L-1 

crude oil 
36 N.Ab ~100 [55] 

PDA/SiNPs/
PVDF 

1000 mg L-1 

crude oil 
12 N.Ab 99.9 [141] 

 

a Sodium dodecyl benzene sulfonate. 
b Not applicable. The final permeate conductivity values of these experiments 
were not provided. 
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5.4. Conclusions 
	

 A composite PVDF membrane with in-air hydrophilic/underwater 

superoleophobic properties was fabricated via a facile method through single-step co-

deposition of PDA/PEI onto a hydrophobic PVDF substrate. The fouling and wetting 

behaviors of the pristine PVDF and modified PVDF membranes were systematically 

studied via DCMD experiments by feeding amphiphilic surfactants and O/W emulsion. 

The results reveal that the modified PVDF membrane exhibited excellent anti-wetting 

properties regardless of the type of surfactant. In addition, it exhibited excellent anti-

fouling properties against both non-ionic and cationic surfactants. More importantly, the 

modified membrane showed very promising stability (one week of operation) in the 

recovery of water from DTAB-stabilized petroleum-in-water emulsion without 

experiencing fouling and wetting. The robust MD performance was possible because of 

the following two reasons. Firstly, an interfacial hydration layer was formed within the 

hierarchical structure of the hydrophilic grafting layer, which prevented the attachment of 

oil droplets. Secondly, the protonated amine-functional groups on the membrane outer 

surface were able to repel the positively charged O/W emulsion. Interestingly, the thin 

grafting layer did not impede on the permeate flux of the modified membrane and instead 

protected the membrane pores from oil adsorption. This study suggests that the 

underwater superoleophobic mussel-inspired modified PVDF membrane could potentially 

be used for highly effective and environmentally friendly water recovery from low 

surface tension solutions such as produced water via DCMD. 
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Chapter 6 Polyvinylidene Fluoride Membrane 
Modification via Oxidant-induced Dopamine 

Polymerization for Sustainable Direct-contact 
Membrane Distillation3 

	

 

6.1. Introduction 
	

Most of the surface modification techniques involving dopamine investigated thus 

far have proven to be laborious and time-consuming. Often, the deposition of 

polydopamine (PDA) through these conventional techniques is non-homogenous, of low 

thickness, and of limited hydrophilicity. In the previous study as discussed in Chapter 5, 

the coating process took more than a day to achieve the desired thickness [56]. Even so, 

the deposited layer presented limited hydrophilicity. Furthermore, the modified 

membrane was especially vulnerable to wetting in some non-ionic surfactant solutions 

and fouling in anionic surfactant solutions. It has been suggested that the use of oxidants, 

in replacement of dissolved oxygen, can overcome these limitations [189-191]. 

 

This study focuses on developing a robust MD membrane with enhanced flux for 

water recovery from wastewaters containing low surface tension solutes via direct-contact 

membrane distillation (DCMD). Specifically, a superoleophobic composite membrane 

with sandwich structure was fabricated through facile single-step deposition of 

hydrophilic PDA layer in the presence of an oxidant, namely sodium periodate (SP), on 

both the outer and inner surfaces of a commercial hydrophobic PVDF hollow fiber 

substrate. The surface chemistry and hierarchical structure of the modified PVDF 

membrane were studied comprehensively through a range of characterization techniques. 

																																																								
3 	This chapter is reproduced with permission from Chew, N.G.P., S. Zhao, C. Malde, R. Wang, 
Polyvinylidene fluoride membrane modification via oxidant-induced dopamine polymerization for 
sustainable direct-contact membrane distillation. Copyright © 2018 Elsevier. 
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The fouling and wetting propensities of the modified PVDF membrane were investigated 

via a bench-scale DCMD experimental rig by feeding a series of low surface tension 

saline wastewater. Its performances were analyzed and then compared against those of 

the pristine PVDF and previously reported composite membranes (Chapter 5) to ascertain 

its applicability and robustness for long-term treatment of low surface tension feeds. To 

the best of our knowledge, this is the first report on oxidant-induced dopamine 

modification on a hydrophobic PVDF hollow fiber substrate for extended applications of 

DCMD. 

 

6.2. Experimental 

6.2.1. Fabrication of composite PVDF membrane 
	

The composite membrane was fabricated by facile deposition of PDA on both the 

outer and inner surfaces of a hydrophobic PVDF substrate to create a sandwich structure 

as illustrated in Fig. 6-1. The coating solution was first prepared by dissolving 2 g L-1 DA 

into 50 mM sodium acetate buffer with 20 mM SP as the oxidant [191]. The solution was 

adjusted with 2 M HCl to pH 5. Hereon, the coating solution will be referred to as the 

PDASP solution. For outer surface modification, both ends of each hollow fiber 

membrane were sealed to ensure that only its outer surface was modified while the 

membrane pores beneath the surface remained hydrophobic for vapor transport. The 

pristine PVDF hollow fiber membranes were partially pre-wetted with predetermined 

concentrations of IPA for a designated time prior to being immersed in the PDASP 

solution with shaking at 30 rpm (Orbital Maxi MD Humidity, OVAN, Spain) for 

designated times (2 h or 6 h) under ambient conditions. Hereon, the modified membranes 

with different deposition times will be referred to as the 2h-mPVDF and 6h-mPVDF 

membranes, respectively. Finally, the modified membranes were washed thoroughly with 

Milli-Q® water and dried overnight in the vacuum oven at 323 K.  
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 To perform inner surface modification on the 2h-mPVDF and 6h-mPVDF 

membranes, freshly prepared PDASP solution was circulated in the membrane lumen by 

a peristaltic pump at 0.01 L min-1 for 1 h on a bench-scale cross-flow setup as illustrated 

in Fig. 6-1. Throughout the reaction, the PDASP solution was covered with aluminum foil 

and stirred at 300 rpm under ambient conditions. The membrane lumen was washed 

thoroughly with Milli-Q® water after modification.  

 

 
Fig. 6-1. Schematic of oxidant-induced deposition of PDA on the outer and inner surfaces 
of a PVDF hollow fiber membrane. 

 

6.2.2. Raw seawater 
 

 In order to compare the DCMD performances of the pristine and modified PVDF 

(2h-mPVDF and 6h-mPVDF) membranes in real applications, a systematic study was 

carried out against seawater samples collected from a local desalination plant. The 

seawater samples were stored at ambient conditions and used as received. No pre-
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treatment was carried out prior to the respective experiments. The water quality of the 

seawater is listed in Table 6-1. The detailed analytical measurement methods were 

described in our previous study [192]. 

 

Table 6-1. Main compositions of the seawater used in this study. 

Parameter Value 
pH 7.8 ± 0.2 
Conductivity (mS cm-1) 48.4 ± 1.1 
Dissolved oxygen (mg L-1) 5.5 ± 1.2 
Ca (mg L-1) 362 
Mg (mg L-1) 1252 
Na (mg L-1) 10600 
Cl (mg L-1) 18890 

 

6.3. Results and discussion 

6.3.1. Observations of membrane surface morphology  
 

 The outer surface and cross-section morphologies of the pristine PVDF, 2h-

mPVDF, and 6h-mPVDF membranes were observed using FESEM and the images are 

shown in Fig. 6-2. The changes in surface morphology were apparent after PDA 

deposition. As shown in Fig. 6-2(a1) and (a2), the pristine PVDF membrane surface was 

smooth with abundant pores. The oxidant-induced polymerization of dopamine deposited 

a thin layer of agglomerates, as large as 1 µm, on the pristine PVDF membrane surface 

after 2 h (as observed in Fig. 6-2(b1–b3)), which thoroughly covered the highly porous 

surface. When the coating duration was extended to six hours, minute PDA particles were 

deposited on the PVDF membrane surface to create a hierarchical structure with high 

surface roughness as corroborated by the roughness parameters listed in Table 6-2. High 

surface roughness contributes greatly to membrane superhydrophilicity as evidenced by 

the low water contact angle, 13.2 ± 2.4°, of the 6h-mPVDF membrane [193-195]. The 

surface hierarchical structure, coupled with superhydrophilicity, can potentially impart 



	 93	

underwater superoleophobic properties to the modified membrane, which will be 

discussed in section 6.3.3. Fig. 6-2(b3) and (c3) reveal that the deposited layer did not 

permeate into the bulk of the PVDF substrate, hence ensuring that the membrane pores 

beneath the surface remained hydrophobic for vapor transport. Moreover, the deposited 

layer was structurally stable. It remained intact and minimal changes to its surface 

morphology were observed even after ultrasonication as evidenced by Fig. 6-2(d1)-(d3). 

 

 

Fig. 6-2. FESEM images of the outer surface morphologies of the pristine PVDF (a1 and 
a2), 2h-mPVDF (b1 and b2), 6h-mPVDF (c1 and c2), and ultrasonicated 6h-mPVDF (d1 
and d2) membranes. FESEM images of the cross-section morphologies of the pristine 
PVDF (a3), 2h-mPVDF (b3), 6h-mPVDF (c3), and ultrasonicated 6h-mPVDF (d3) 
membranes. 
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Table 6-2. Surface roughness parameters and water contact angles of the pristine PVDF 
and 6h-mPVDF membranes. 

Membranes Roughness Water contact angle  
(º) Ra

a
 (nm) Rq

b
 (nm) Rz

c
 (nm) 

PVDF 25.6 ± 1.2 31.9 ± 0.8 258.3 ± 2.2 109.5 ± 1.2 
6h-mPVDF 113.0 ± 2.1 145.0 ± 2.8 895.9 ± 1.9 13.2 ± 2.4 

 

a Average roughness. 
b Root-mean-squared roughness. 
c Ten point average roughness. 

 

The pore size distributions of the pristine PVDF and 6h-mPVDF membranes are 

illustrated in Fig. 6-3. While both membranes have distinct bimodal distributions, they 

have contrasting mean pore sizes. The pristine PVDF membrane has a larger mean pore 

size (0.027 µm) as compared to the 6h-mPVDF membrane (0.018 µm), which is 

consistent with the FESEM images. This is indicative of the alteration in intrinsic pore 

structure of the pristine PVDF membrane after oxidation-induced polymerization of 

dopamine on its surface. Introduction of PDA onto the membrane surface would have 

restricted some of the bigger pores and covered the smaller pores found in the pristine 

PVDF membrane. Consequently, the 6h-mPVDF membrane is expected to be less 

susceptible to fouling and pore wetting owing to the additional protection offered by the 

deposited layer. 

 

	
Fig. 6-3. Pore size distributions of the (i) pristine PVDF and (ii) 6h-mPVDF membranes. 
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6.3.2. Characterizations of membrane surface chemistry  
 

 The changes in surface functional groups of the membrane after PDA deposition 

was characterized by ATR-FTIR and the spectra are presented in Fig. 6-4. Two distinct 

absorption peaks at 1508 cm-1 and 1606 cm-1 were detected on the mPVDF membranes, 

which are assigned to the primary amine N-H bending and C = C aromatic stretch within 

the PDA structure, respectively [196]. The absorption peak observed at 1701 cm-1 on the 

mPVDF membranes is indicative of carbonyl/carboxyl groups, suggesting the successful 

deposition of carboxyl-functional groups during the accelerated oxidative process induced 

by SP under slightly acidic conditions [191, 196]. This in turn rendered the mPVDF 

membrane surface more hydrophilic than the previously reported PDA/PEI coated 

membrane [56]. 

 

 
Fig. 6-4. ATR-FTIR spectra of the outer surfaces of the pristine PVDF, 2h-mPVDF, and 
6h-mPVDF membranes. Transmittance was normalized against the CF peak. 

	

 The surface chemical compositions of the pristine PVDF and oxidant-induced 

PDA coated membranes were compared via XPS analysis as shown in Table 6-3 and Fig. 

6-5. It can be seen that the outer and inner surface elemental compositions of both 

membranes were dissimilar. The F 1s and Cl 2p peaks that were initially present on both 

the outer and inner surfaces of the pristine PVDF membrane could not be observed on 
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either surface of the 6h-mPVDF membrane after modification. The synchronous 

appearance of the O 1s, N 1s, and I 3d peaks on both the outer and inner surfaces of the 

6h-mPVDF membrane mirrored the successful deposition of PDA. The significant 

increase in atomic concentration of O 1s after surface modification was consistent with 

the ATR-FTIR results, suggesting the formation of carboxyl-functional groups and 

oxidative o-quinone cleavage during oxidant-induced polymerization of dopamine [191, 

196, 197]. The O/C ratios of the outer and inner surfaces of the 6h-mPVDF membrane 

were 0.39 and 0.35, respectively. These ratios were noticeably higher than dopamine’s 

stoichiometric ratio of 0.25 as reported by Lee et al. [198], which was a further proof of 

the oxidative effect initiated through the addition of SP. Previous studies reported that 

prolonged oxidation time could lead to the loss of amine groups and decarboxylation of 

pyrrole moieties, resulting in a smaller N/C ratio [191, 196]. However, the N/C ratios of 

both the outer and inner surfaces of the 6h-mPVDF membrane were similar despite their 

contrasting deposition times. This was possible through the suppression of the oxidative 

breakdown process by preparing fresh coating solution every 2 h for outer surface 

modification. As shown in the deconvolution spectra of the 6h-mPVDF membrane in Fig. 

6-5(b)-(d), the C 1s core-level spectrum revealed three peak components at BE of 284.8 

eV, 285.8 eV, and 288.5 eV, which were assigned to the chemical states of C-C/C-H, C-

O/C-N, and C = O, respectively. The N 1s core-level spectrum was curve-fitted with two 

components, one at a BE of 400.1 eV for the chemical state of C-N and the other at a BE 

of 402.3 eV for the chemical state of protonated amine-functional group. The O 1s 

spectrum presented two peak components at BE of 531.6 eV and 533.9 eV, which were 

assigned to the C-O and C = O of the carboxylic acid moieties, respectively. The XPS 

analysis results were consistent with the structural components of the SP-oxidized PDA 

as proposed by previous studies [191, 196]. 
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Table 6-3. Elemental compositions (in atomic percentage) of the outer (OS) and inner 
(IS) surfaces of the pristine PVDF and 6h-mPVDF membranes. 

Membrane C 1s  F 1s  O 1s  Cl 2p  N 1s I 3d N/C O/C 
PVDF-OS 54.9 37.2 1.9 6.0 - - - 0.03 
6h-mPVDF-OS 65.5 - 25.5 - 7.8 1.2 0.12 0.39 
PVDF-IS 49.1 42.5 0.4 8.0 - - - 0.01 
6h-mPVDF-IS 68.6 - 23.9 - 7.2 0.4 0.10 0.35 
	
	

	
Fig. 6-5. (a) XPS survey scan spectra of the outer (OS) and inner (IS) surfaces of the 
pristine PVDF and 6h-mPVDF membranes. Deconvolution spectra of (b) C 1s, (c) N 1s, 
and (d) O 1s on the outer surface of the 6h-mPVDF membrane (the inner surface coating 
time is 1 h). 

	

	 The surface charge property of a membrane is very important for MD applications 

because the electrostatic interaction between foulants and the membrane surface 

influences membrane fouling and wetting behaviors [141]. Therefore, the pH dependence 

of surface zeta potential of the 6h-mPVDF membrane was studied and compared with the 

pristine PVDF membrane via streaming potential measurements. As shown in Fig. 6-6, 

the pristine PVDF was mostly negatively charged throughout the tested pH range, which 

was consistent with data found in literature [199]. In comparison with the pristine PDVF 
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membrane, the 6h-mPVDF membrane was less negatively charged. Amine- and phenolic 

hydroxyl-functional groups endowed PDA with amphoteric properties. The former 

protonated from –NH to –NH2
+ at low pH while the latter dissociated from –OH to –O- at 

high pH [200, 201]. Apart from that, its negative charge at high pH could also be ascribed 

to dissociation of the carboxyl-functional groups. 

 

	
Fig. 6-6. Surface zeta potentials of the pristine PVDF and 6h-mPVDF membranes as a 
function of pH. 1 mM NaCl was used as the background electrolyte solution. 

	

6.3.3. Underwater oil-membrane interactions 
  

 With reference to Table 6-2, the pristine PVDF membrane was in-air hydrophobic 

and the 6h-mPVDF membrane was in-air superhydrophilic with water contact angle 

values of 109.5 ± 1.2° and 13.2 ± 2.4°, respectively. The 6h-mPVDF membrane’s 

superhydrophilicity could be attributed to the deposition of polar amine-, hydroxyl-, and 
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augmenting its intrinsic wetting properties [175]. The addition of a liquid droplet (i.e. 

petroleum droplet) to textured surfaces can lead to a Cassie-Baxter state that supports a 

composite interface, which facilitates non-wetting and easy droplet roll-off [50, 202]. The 

underwater captive bubble method was applied to probe further into the mechanics of the 

Cassie-Baxter state at the oil-water-solid interface in the hierarchical structure on the 6h-

mPVDF membrane surface. A petroleum droplet, Milli-Q® water, and a piece of 6h-

mPVDF membrane represented the oil, water, and solid phase, respectively. The relevant 

captured images of the underwater interactions are illustrated in Fig. 6-7. Upon contact, 

the petroleum droplet immediately adhered onto the pristine PVDF membrane surface 

and spread across the entire surface within 15 s. In contrast, there was neither deformation 

of the petroleum droplet nor petroleum residue on the 6h-mPVDF membrane surface 

upon contact. Similar observations were recorded even when there was forced contact 

between the petroleum droplet and the 6h-mPVDF membrane surface, attesting its 

underwater superoleophobic property. The hierarchical structure, coupled with surface 

superhydrophilicity, imparted the underwater superoleophobic property of the modified 

membrane. In such a scenario, an interfacial hydration layer was formed on the 

membrane surface and trapped water within the hierarchical structure, prohibiting oil 

attachment on the surface. The oil adhesion-resistant property of the 6h-mPVDF 

membrane renders it a suitable candidate for effective oil-water separation via DCMD. 
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Fig. 6-7. Captured images of the underwater interactions between petroleum droplets 
tethered via a needle and the pristine PVDF (a1-a3) and 6h-mPVDF (b1-b3) membrane 
surfaces. 

	

6.3.4. Membrane performance in DCMD tests 

6.3.4.1. Saline feeds with anionic, cationic, and non-ionic surfactants 
 

 To investigate the intrinsic MD performances of the modified PVDF membranes, 

baseline tests were first conducted using 3.5 wt% NaCl solution as feed. The permeate 

flux and conductivity over a period of 24 h of the 2h-mPVDF-O (only outer surface 

modification was performed) and 2h-mPVDF (outer and inner surface modifications were 

performed) membranes were recorded and compared with the pristine PVDF and 

previously reported PDA/PEI coated membranes, which are presented in Fig. 6-8. It was 

evident that all of four membranes exhibited stable fluxes and conductivities throughout 

the operation. The deposited PDA layer did not provide additional mass transfer 

resistance to vapor transport across the membrane pores and there was no salt 

breakthrough.  The permeate flux of the 2h-mPVDF membrane was the highest, 

presenting approximately 70% flux enhancement over the pristine PVDF membrane. The 

average permeate fluxes of the pristine PVDF, PDA/PEI, 2h-mPVDF-O, and 2h-mPVDF 

membranes were 11.16 kg m-2 h-1, 11.76 kg m-2 h-1, 16.77 kg m-2 h-1, and 18.96 kg m-2 h-1, 
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respectively. Similarly, the 6h-mPVDF membrane demonstrated stable flux and permeate 

conductivity during the test.  

 

 
Fig. 6-8. DCMD performances of the pristine PVDF, PDA/PEI, 2h-mPVDF-O and 2h-
mPVDF membranes by feeding 3.5 wt% NaCl. Feed volumetric flow rate (Qf) = 0.7 L 
min-1; Permeate volumetric flow rate (Qp) = 0.25 L min-1; Feed temperature (Tf) = 333 K; 
Permeate temperature (Tp) = 293 K.  

	

It was hypothesized that the membrane’s improved flux could be ascribed to the 

deposition of carboxyl groups on its outer surface, which led to favorable polar-polar 

interactions with the vapor molecules as illustrated in Fig. 6-9. This in turn enhanced their 

absorption. Subsequently, the hydrophobic PVDF substrate was able to repel both water 

and non-volatile NaCl solute while insuring that distillate of excellent quality was 

collected. Finally, the carboxyl groups present on the inner surface of the 2h-mPVDF 

membrane served as sites for vapor-liquid interactions, thus leading to faster vapor 

removal from the substrate pores into the distillate stream [59, 60, 63-67].  
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 Fig. 6-9. Schematic diagram of proposed mechanisms for flux enhancement through 
oxidant-induced surface modification. 

 

 Following the baseline experiments, the fouling and wetting behaviors of the 

modified PVDF membrane in the presence of 50 mg L-1 of anionic (SDS), cationic 

(DTAB), and non-ionic (Tween® 20) surfactant solutions were analyzed and compared 

with those of the pristine PVDF and previously reported PDA/PEI coated membranes. As 

depicted in Fig. 6-10, these three types of membrane exhibited significantly different 

fouling and wetting behaviors in the presence of 50 mg L-1 of SDS solution. The pristine 

PVDF membrane experienced severe wetting, as demonstrated by the rapid increase in 

the permeate conductivity. The PDA/PEI membrane presented reversible fouling but no 

wetting during the operation. On the other hand, the 6h-mPVDF membrane demonstrated 

excellent anti-fouling and anti-wetting properties, maintaining a stable flux and excellent 

distillate quality throughout the experiment. The stark difference in the performances of 

these membranes was believed to be ascribed to their different surface chemistries and 

wetting properties as well as hierarchical structures, which will be further discussed 

below. The pristine PVDF membrane is inherently hydrophobic with a smoother surface. 

The hydrophobic interaction between the hydrophobic tails of SDS unimers and the 

PVDF membrane surface brought about the adsorption of SDS unimers on the membrane 
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surface, which resulted in pore blockage and severe pore wetting [33]. On the other hand, 

the PDA/PEI coated membrane had an underwater superoleophobic surface with 

hierarchical structure. It showed excellent anti-wetting property but poor anti-fouling 

property in the SDS solution. This could be explained by its surface charge property. The 

PDA/PEI membrane was tailored in such a way that protonated amine-functional groups 

were deposited on its surface. The negatively charged SDS unimers would have a natural 

tendency to adhere on certain regions of the PDA/PEI membrane with the positively 

charged amine-functional groups, resulting in blockage of the micro-channels within the 

hierarchical structure. This fouling was reversible and the permeate flux could be 

recovered by simply washing with Milli-Q® water. Besides that, the deposited PDA/PEI 

layer offered additional protection to the membrane pores and maintained the liquid entry 

pressure, rendering them less vulnerable to wetting [56]. Last but not least, the excellent 

fouling- and wetting-resistant properties of the 6h-mPVDF membrane were ascribed to its 

underwater superoleophobic surface with hierarchical structures and negative charges, 

which was able to eliminate both the hydrophobic and electrostatic interactions. Even 

though protonated amine-functional groups were also detected on the 6h-mPVDF 

membrane surface, there were fewer of these groups as compared with the PDA/PEI 

membrane surface. This was corroborated with the chemical structures of the respective 

deposited layers [56, 191, 196]. As such, the electrostatic repulsion between the 

negatively charged SDS unimers and the negatively charged 6h-mPVDF membrane 

surface was more dominant than the electrostatic attraction between these unimers and the 

protonated amine-functional groups. With fewer SDS unimers adsorbed on its surface, the 

6h-mPVDF membrane remained robust throughout the operation. 
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Fig. 6-10. DCMD performances of the pristine PVDF, PDA/PEI, and 6h-mPVDF 
membranes by feeding 50 mg L-1 of SDS in 3.5 wt% NaCl. For each experiment, the feed 
tank was periodically refilled with overflow from the permeate reservoir to maintain the 
feed concentration. Qf = 0.7 L min-1; Qp = 0.25 L min-1; Tf = 333 K; Tp = 293 K.  

 

In the case of cationic surfactant DTAB (Fig. 6-11), both of the composite 

membranes (PDA/PEI and 6h-mPVDF membranes) experience neither fouling nor 

wetting throughout the entire test duration, which was attested by their respective stable 

fluxes and high salt rejection rates (> 99.99%). The 6h-mPVDF membrane presented a 

relatively higher flux and better distillate quality (final permeate conductivity of 2.2 µS 

cm-1) as compared to the PDA/PEI membrane (4.3 µS cm-1). Both of these membranes 

were intrinsically negatively charged but the presence of protonated amine-functional 

groups could prevent the adsorption of positively charged DTAB unimers. This, coupled 

with the interfacial hydration layer, could circumvent the issues of fouling and wetting. 

When the deposited layer comes into contact with the bulk water, water molecules 

penetrate into its hydrophilic structure to form a hydrogen-bonded network within the 

deposited layer. Surface hydration leads to an increased resistance against surfactant 

adsorption, leading to fouling-resistant property. This in turn ensured that the composite 

membranes remained anti-wetting throughout the test duration. In contrast, the lack of 

protonated amine-functional groups on the negatively charged and hydrophobic pristine 

PVDF membrane surface could promote electrostatic attraction as well as hydrophobic 
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interaction between the membrane surface and the DTAB unimers. This in turn led to 

pore wetting as substantiated by the increase in permeate conductivity.  

 

 

Fig. 6-11. DCMD performances of the pristine PVDF, PDA/PEI, and 6h-mPVDF 
membranes by feeding 50 mg L-1 of DTAB in 3.5 wt% NaCl. For each experiment, the 
feed tank was periodically refilled with overflow from the permeate reservoir to maintain 
the feed concentration. Qf = 0.7 L min-1; Qp = 0.25 L min-1; Tf = 333 K; Tp = 293 K.  

 

 Tween® 20 is one of the most challenging surfactants, with reference to the onset 

and severity of wetting, as attested by our previous studies shown in Chapters 4 and 5 [33, 

56]. In the case of 50 mg L-1 Tween® 20, the pristine PVDF membrane was severely 

wetted, as indicated by the rapid increase in permeate flux and conductivity during 20 h 

of operation as shown in Fig. 6-12. By contrast, both of the composite membranes 

(PDA/PEI and 6h-mPVDF membranes) showed robust stable performances. Moreover, 

the 6h-mPVDF membrane outperformed the PDA/PEI membrane, presenting higher 

permeate flux and better distillate quality. As discussed in previous chapters [33, 56], 

Tween® 20, with a lower HLB value, shows a greater affinity for hydrophobic surfaces as 

compared to surfactants with higher HLB values (SDS and DTAB). Thus, a monolayer of 

Tween® 20 unimers formed on the hydrophobic PVDF membrane surface via 

hydrophobic interaction. However, the negative charge on the pristine PVDF membrane 

would not have contributed to the attachment of this non-ionic surfactant. The adsorbed 

Tween® 20 unimers on the membrane surface would draw more water molecules towards 



	106	

the membrane pores via their hydrophilic heads, resulting in severe wetting. On the other 

hand, the formation of hydration layer on the composite membrane surfaces significantly 

prevented the adhesion of surfactant unimers, maintaining the stable performances of 

these membranes. The 6h-mPVDF membrane, with a lower water contact angle of 13.2 ± 

2.4°, is more hydrophilic than the PDA/PEI membrane (water contact angle of 25.7 ± 

4.0°). The more hydrophilic polar functional groups on the 6h-mPVDF membrane surface 

endowed it with a more robust performance as compared to the PDA/PEI membrane.  

 

 These three cases involving different types of surfactant solution have 

demonstrated that composite membranes, such as the 6h-mPVDF membrane, when 

endowed with superoleophobic property could effectively overcome fouling and wetting 

issues in DCMD applications for low surface tension feeds. 

 

	
Fig. 6-12. DCMD performances of the pristine PVDF, PDA/PEI, and 6h-mPVDF 
membranes by feeding 50 mg L-1 of Tween® 20 in 3.5 wt% NaCl. For each experiment, 
the feed tank was periodically refilled with overflow from the permeate reservoir to 
maintain the feed concentration. Qf = 0.7 L min-1; Qp = 0.25 L min-1; Tf = 333 K; Tp = 
293 K. 
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6.3.4.2. Surfactant-stabilized petroleum-in-water emulsion 
 

 After investigating the challenges of different types of surfactant on the MD 

performance of the modified PVDF membrane, its feasibility for water recovery from 

O/W emulsions was studied and the results are shown in Fig. 6-13. The 500 mg L-1 of 

petroleum-in-water emulsion was prepared by adding Tween® 20 to form a kinetically 

stable emulsion with mean oil droplet size of less than 10 µm. This serves as an indicator 

of the applicability of the modified membranes for produced water treatment since 

removal of fine oil droplets (< 10 µm) is often challenging. As shown in Fig. 6-13, severe 

pore wetting was observed for the pristine PVDF membrane, as revealed by the 

substantial increase in both the permeate flux and conductivity. In contrast, the 6h-

mPVDF showed robust performance throughout the entire operation, presenting a stable 

flux and excellent distillate quality. The Tween® 20-stabilized petroleum-in-water 

emulsion had a mean droplet size of 2.16 µm and a near neutral zeta potential of -3.11 ± 

0.32 mV. Thus, the electrostatic interaction between the petroleum droplets and 

membrane surface would only have a minor effect on the membrane performance, while 

the surface wetting property and hierarchical structures play a critical role in governing 

the fouling and wetting behaviors. The severe wetting behavior of the pristine PVDF 

membrane was ascribed to its hydrophobic nature, which led to the adsorption of Tween® 

20 unimers and petroleum droplets on its surface and/or pores via hydrophobic interaction 

[33]. The anti-fouling and anti-wetting properties of composite membranes, such as the 

6h-mPVDF membrane, are attributed to the combined effects of the surface 

superhydrophilicity and hierarchical structures. The hydrophilic moieties (amine-, 

hydroxyl-, and carboxyl-functional groups) on the deposited PDA layer had the tendency 

to interact strongly with surrounding water molecules through polar interaction. This 

strong affinity to water in turn kept the outer surface of the 6h-mPVDF membrane 

hydrated and a hydrogen bonded network was formed within the hierarchical structure. 
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Subsequently, the hydration layer provided a significant energetic barrier for the 

petroleum droplets and Tween® 20 unimers to overcome to be attached onto the surface 

[203, 204]. This was evidenced by the captive bubble experiments as shown in Fig. 6-7. 

Water molecules within the interfacial hydration layer possessed low rotational and 

translational dynamics [205], which could only be displaced from the membrane interface 

during an unfavorable enthalpy gain episode. Therefore, Tiraferri et al. suggested that 

maximizing the interfacial energy between the membrane surface and its surrounding 

water molecules could be an effective anti-fouling strategy [206]. By improving surface 

hydrophilicity, foulant adhesion tendency is likely to be reduced. As proven in Fig. 6-13, 

the more hydrophilic 6h-mPVDF membrane showed better fouling- and wetting-resistant 

properties than the PDA/PEI membrane. 

	

 
Fig. 6-13. DCMD performances of the pristine PVDF, PDA/PEI, and 6h-mPVDF 
membranes by feeding 500 mg L-1 of Tween® 20-stabilized petroleum-in-water emulsion. 
Fresh emulsions were prepared daily for the respective experiments. Qf = 0.7 L min-1; Qp 
= 0.25 L min-1; Tf = 333 K; Tp = 293 K.  

 

6.3.4.3. Raw seawater 
 

 To ascertain that the newly engineered membranes (2h-mPVDF and 6h-mPVDF) 

could be used for real applications, their performances in seawater desalination were 

analyzed and compared with that of the pristine PVDF membrane as shown in Fig. 6-14. 
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In the case of the pristine PVDF membrane, no significant fouling was observed and the 

permeate flux remained fairly constant throughout the test duration. However, pore 

wetting was first observed after 30 h of operation. The permeate conductivity rose from 

1.5 µS cm-1 to 196.4 µS cm-1 after 48 h of operation, which translated to a salt rejection 

rate of 99.6%. In contrast, both the 2h-mPVDF and 6h-mPVDF membranes produced 

high quality distillates with final permeate conductivity values at 2.7 and 3.3 µS cm-1 after 

140 h of operation, respectively (the salt rejection rates were higher than 99.99%). The 

2h-mPVDF membrane presented a higher initial flux than the 6h-mPVDF membrane. The 

difference in initial flux could be attributed to the thickness of the deposited layer as 

observed in Fig. 6-2(b3) and (c3). The 2h-mPVDF membrane had a more ‘open’ structure 

across its thinner deposited layer. On the other hand, the 6h-mPVDF membrane had a 

denser structure across the whole thickness that inevitably provided some mass transfer 

resistance to vapor flow, albeit small. However, when the deposited layer was thinner and 

less dense, the membrane became more susceptible to fouling in the long run as exhibited 

by the 2h-mPVDF membrane’s gradual decline in flux towards the end of the experiment. 

Hence, there exists a tradeoff between a membrane’s robustness and the water recovery 

rate. A thinner deposited layer may lead to higher initial flux but may not be as robust as 

a thicker layer in terms of anti-fouling and anti-wetting properties. 
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Fig. 6-14. DCMD performances of the pristine PVDF and mPVDF membranes by 
feeding seawater. For each experiment, the feed tank was periodically refilled with 
overflow from the permeate reservoir to maintain the feed concentration. Qf = 0.7 L min-

1; Qp = 0.25 L min-1; Tf = 333 K; Tp = 293 K. 

 

6.4. Conclusions 
 

 In this work, we fabricated a composite PVDF hollow fiber membrane with 

sandwich structure via single-step oxidant-induced dopamine polymerization. In 

comparison with conventional PDA deposition techniques using dissolved oxygen, this 

facile and expeditious approach achieved a deposited layer with improved hydrophilicity. 

The fouling and wetting behaviors of this newly developed membrane in low surface 

tension saline feeds via bench-scale DCMD experiments were investigated thoroughly. Its 

performances were compared to those of commercial hydrophobic PVDF and previously 

reported composite membranes. The novel membrane presented excellent fouling- and 

wetting-resistant properties against different types of surfactant solution. It also remained 

robust in O/W emulsion and seawater, during which a stable flux and highly purified 

distillate were achieved. This could be ascribed to the sustenance of the metastable 

Cassie-Baxter state within the hierarchical structures formed on the superhydrophilic 

membrane surface. The deposited layer did not provide additional resistance to vapor 

transport and instead brought about a flux increment of up to 70% at a feed temperature 
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of 333 K. These results suggest that the newly engineered membrane endowed with 

underwater superoleophobicity could be used for extended applications of DCMD.  
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Chapter 7 Conclusions and Recommendations 
	

	

7.1. Overall conclusions 

This thesis presents the performance enhancement of the MD process for extended 

applications by first understanding the relationship between low surface tension pollutants 

and a commercial hydrophobic PVDF hollow fiber membrane surface followed by 

applying novel surface modification techniques on the outer and inner surfaces of the 

PVDF membrane. Currently, there is a lack of understanding in the roles of oils, 

surfactants, and salts on membrane fouling and pore wetting in DCMD operations. As 

such, there is no pinpointing to the exact cause of deteriorated membrane performance in 

terms of permeate flux and distillate quality, which in turn has limited the use of MD 

membranes to treating relatively ‘clean’ waters. In view of that, a detailed study was 

conducted via a bench-scale DCMD experimental rig on the effects of surfactant types, 

oil concentration, and oil types to elucidate the fouling and wetting mechanisms involved.  

 

With this foundation, robust dual-layer and sandwich-structured composite PVDF 

hollow fiber membranes were engineered via novel surface modification techniques. 

These modified membranes exhibited fouling- and wetting-resistant properties in the 

presence of low surface tension contaminants. This suggests that the composite 

membranes could potentially be used for water recovery from low surface tension feeds. 

Both novel membranes were characterized via standard protocols in terms of structure 

and morphology, surface functional groups, surface zeta potential, pore size, pore size 

distribution, water contact angle, mechanical properties, DCMD performance, and etc. 

The major findings are summarized as follows: 
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• The time for the onset of wetting for different surfactants is highly 

dependent on their respective HLB values. Surfactants with a lower HLB 

value (more hydrophobic) have a higher tendency of attaching onto the 

hydrophobic PVDF membrane surface as compared to surfactants with a 

higher HLB value (less hydrophobic). Wetting occurs more readily when 

more surfactant unimers get adsorbed onto the membrane surface 

(Chapter 4); 

 

• In O/W emulsions, the presence of oil delays the onset of wetting of a 

membrane due to increased interaction between oil droplets and surfactant 

unimers resulting in fewer surfactant unimers adhering onto the membrane 

surface (Chapter 4); 

 

• Higher oil concentration and higher proportion of heavy hydrocarbons 

increase the severity of membrane fouling. This suggests that conventional 

MD membranes are only suitable to be used for water recovery from 

relatively clean waters that only contain non-volatile solutes (Chapter 4); 

 

• Inspired by mussels’ byssus, a strategy to engineer composite PVDF 

hollow fiber membrane with a thin superhydrophilic layer on top of a 

hydrophobic substrate has been developed. While effective, this remains a 

time-consuming technique (Chapter 5). 

 

• The use of oxidant can accelerate dopamine polymerization and reduce the 

time required for surface modification significantly. This novel technique 

has been applied to develop composite PVDF hollow fiber with sandwich 
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structure (Chapter 6). 

 

• By tailoring rough hierarchical structures on the porous PVDF substrate, it 

creates a protective layer on existing membrane pores and prevents the 

adhesion of organics. The formation of an interfacial hydration layer on 

the superhydrophilic surface, coupled with the presence of protonated 

amine-functional groups, endows the composite PVDF membrane with 

underwater superoleophobic properties (Chapters 5 and 6). 

 

• Bench-scale DCMD experiments demonstrate that the newly developed 

membranes are able to present stable long-term performance for up to one 

week of operation. More importantly, the modified layers exhibit excellent 

durability under ultrasonic treatment (Chapters 5 and 6). 

 

• The newly fabricated membranes prepared via surface modification are 

robust against different low surface tension contaminants. The underwater 

superoleophobic nature of these membranes renders them suitable for not 

only seawater desalination but also water recovery from low surface 

tension feeds acquired from different industries (Chapters 5 and 6). 

	

7.2. Recommendations for future research 

In order to extent application of the MD process beyond small-scale and off-grid 

installations, more research is required with respect to foulant-membrane interactions as 

well as the development of robust membranes. 
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While this thesis has attempted to better understand the influence of key 

components (surfactants, oils, and NaCl) and mixtures of these components on membrane 

performance in the DCMD process, more studies are required since the results achieved 

may be unique to the types of surfactant and oil investigated here. Moreover, it is 

paramount to establish the interaction between different components via molecular 

dynamics simulations. This would be useful in providing an insight on the interaction 

strength as well as means to avert undesirable interactions between the components. 

Besides that, real-time non-invasive fouling monitoring methods such as electrical 

impedance spectroscopy and ultrasonic time domain reflectometry could be applied to 

provide more reliable information on fouling events. 

 

In terms of engineering robust MD membrane surfaces through novel surface 

modification techniques, composite omniphobic membranes could be another solution to 

membrane fouling and pore wetting. Tailoring an in-air superhydrophilic/underwater 

superoleophobic skin layer on top of an omniphobic substrate could impart fouling- and 

wetting-resistant properties to the composite membrane. An interfacial hydration layer 

would form on the skin layer and prevent fouling caused by oil droplets. On the other 

hand, the omniphobic substrate would prevent low surface tension feeds from wicking 

through its network of re-entrant structures. It has been proven that omniphobic 

membranes are resistant to wetting by oils and surfactants ascribing to re-entrant 

structures [145]. This could potentially circumvent on the issues of membrane fouling and 

pore wetting faced in long-term MD operations.  

 

The past several years have witnessed significant progress in research activities 

regarding novel surface modification techniques targeting low surface tensions and 

crucial challenges. The continuous effort on exploration of composite membranes with 
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highly controlled hierarchical structures will address most, if not all, of the challenges and 

extend application of MD process to challenging industrial wastewaters containing low 

surface tension contaminants. 
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