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Abstract 

While oil sands production plays a significant role in Canada’s economy, the rise in oil sands 

production leads to increasing water abstraction and pollution. Effective treatment and reuse of 

oilsands process-affected water (OSPW) can be considered a strategical solution to addressing these 

issues. Membrane technology is a promising option for OSPW treatment due to its high removal 

efficiency, small footprint, facile operation, installation and scaleup. Mixed matrix membranes 

(MMMs) prepared by mixing super-hydrophilic zwitterionic materials and inorganic nanoparticles 

into the host membrane are anticipated as a next membrane generation for OSPW treatment by 

achieving multi-functionalities beyond excellent fouling resistance, such as, improved water 

permeability, selectivity and mechanical strength. Reproducibility and feasibility for large-scale 

industrial applications are major challenges in the production of MMMs for OSPW treatment. There 

remain difficulties in adopting lab-scale membranes into industrial practice, along with ensuring 

their efficiency, stability and durability. This study aims to provide new insight on the performance, 

and stability of MMMs, outlooking to the commercialization prospect of MMMs. Molecular 

dynamics simulation (MDS) will be employed to provide in-depth information about complex 

atomic interactions between the membrane and the additives used, thus allow better understanding 

about structural and physical properties of MMMs in relation to their performance, fouling, and 

stability.  

This thesis examined three major classes of zwitterionic material including carboxybetaine (CB), 

phosphatidylcholine (PC) and sulfobetaine (SB) for the modification of poly (vinylidene fluoride) 

PVDF membrane. Based on simulated data, PC is the most preferable zwitterion that leads to a more 

stable and hydrophilic mixed matrix membrane with enhanced oil-antifouling capacity. In addition, 

the chemistry and structural properties of zwitterionic material in relation to the performance of 

resultant modified membrane were investigated. In total 12 different zwitterionic structures with 

different polymer backbone (PB), spacer length (SL) and spacer chemistry (SC) were examined and 

compared. The results suggest that all PB, SL and SC influence the resultant MMM performance 

with SL the most impactful structural parameter on MMM stability and hydrophilicity.  Long SL 
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was demonstrated to reduce the ionic association of charged groups and increase their partial charges, 

thus promote higher inter-molecular interactions, resulting in well-connected polymer network. 

Moreover, the performance of modified membrane was examined at high temperatures (i.e., 25, 50, 

70 and 90oC). Overall, high temperatures seemed to reduce the stability of modified membrane but 

to a smaller extent as compared to pristine PVDF membrane. Although the membrane hydrophilicity 

was greatly altered at high temperatures, no considerable impacts on MMM’s oil-antifouling 

capacity was observed. While the research outcomes can provide valuable knowledge for the design 

and development of high-quality membranes with the required characteristics for OSPW treatment 

applications, experimental studies are needed to validate the simulated data presented. 
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INTRODUCTION AND THESIS OBJECTIVES 

Oil sands production plays a significant role in Canada’s economy, contributing major part to the 

national gross domestic product (GDP) and creating numerous job opportunities. Canada’s oil sands 

extraction had grown from 0.1 to 2.8 million barrels per day between 1982 and 2017 and is projected 

to reach 4.4 million barrels per day by 2035 [2]. However, the rise in oil sands production causes 

multifold challenges to the water management system. Increasing freshwater withdrawal and leakage 

of oil sands produced water (OSPW) as a consequence of expanding oil sands production are 

considerable threats to the sustainability of water sources, biodiversity, ecosystem, and public health. 

Effective treatment and reuse of OSPW can be considered a strategical solution to addressing the 

dual challenges of water abstraction and pollution. Membrane technology has emerged as a 

promising option for OSPW treatment due to various advantages such as high removal efficiency, 

small footprint, facile operation, installation and scaleup as well as strong economic value for 

investment. However, membrane fouling problematizes this technology as it causes a rapid decline 

in the membrane performance. Membrane modification via adding functional materials into the 

membrane matrix to acquire higher hydrophilicity has been proven to be an effective cure to 

membrane fouling. For instance, mixed matrix membranes (MMMs) prepared by mixing super-

hydrophilic zwitterionic materials and inorganic nanoparticles (e.g., TiO2) into the host membrane 

are anticipated as a next membrane generation for OSPW treatment by achieving multi-

functionalities beyond excellent fouling resistance, such as, improved water permeability, selectivity 

and mechanical strength. Reproducibility and feasibility for large-scale industrial applications are 

major challenges in the production of MMMs for OSPW treatment. There remain difficulties in 

adopting lab-scale membranes into industrial practice, along with ensuring their efficiency, stability 

and durability.  

While most studies have focused on the development of new MMMs and their antifouling potentials, 

this study aims to provide new insight on the performance and stability of MMMs, considering the 

commercialization prospect of MMMs. Molecular dynamics simulation (MDS) will be employed to 

provide in-depth information about complex atomic interactions between the membrane and the 

additives used, thus allow better understanding about structural and physical properties of MMMs 

in relation to their performance, fouling, stability, as well as retention of additives. The research 

outcomes therefore can provide valuable knowledge for the design and development of high-quality 
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membranes with the required characteristics for OSPW treatment applications. 

The organization of the MSc thesis is aligned with the guidelines for manuscript-based thesis of 

University of Saskatchewan. In this regard, the thesis is written in the manuscript paper style and 

presented as a series of journal manuscripts. The thesis is organized in three chapters which are 

resulted in three manuscripts. Chapter 1 presents the first manuscript – a review article which 

provides an overview about the wastewater issues associated with oil sands industry, the application 

of membrane technology for treatment and reuse of OSPW, potentialities of mixed matrix 

membranes, knowledge gaps as well as research objectives of the research project. Chapter 2 contains 

the second manuscript which was aimed to determine the suitable synthesis method and the suitable 

type of zwitterionic materials for the preparation of MMMs using molecular dynamics simulation. 

Chapter 3 includes the third manuscript which presents the computational studies of the influences 

of zwitterion’s chemical and structural properties on the resultant MMM’s performance, along with 

an investigation of MMM’s membrane performance at high temperatures. Finally Chapter 4 presents 

a summary of the results, conclusions and future work recommended.
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Development of Novel Mixed Matrix Membranes (MMMs) for Oil Sands Wastewater 

Treatment: A critical Review 
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1.1 Abstract 

While oil sands production plays a significant role in Canada’s economy, the rise in oil sands production 

leads to increasing water withdrawal, consumption, storage, and contamination that threaten the 

sustainability of water sources, biodiversity, ecosystem, and public health. Effective treatment and reuse 

of oilsands process-affected water (OSPW) can be a strategic solution for these issues. Membrane 

technology has emerged as a favourite choice for OSPW treatment with high removal and energy 

efficiency, small footprint, facile operation, installation and scaleup. However, challenges also exist for 

membrane technologies related to fouling that causes a rapid decline in membrane performance. Mixed 

matrix membranes (MMMs) prepared by mixing super-hydrophilic zwitterionic materials and inorganic 

nanoparticles into host membranes are anticipated as next-generation membrane designs with significant 

potential for OSPW treatment by achieving multi-functionalities including fouling resistance, improved 

water permeability, selectivity and mechanical strength. Reproducibility and feasibility for large-scale 

industrial applications remain important research questions for the production of MMMs for OSPW 

treatment. This study provides new insight on the performance and stability of MMMs, outlooking to 

the commercialization prospect of MMMs. The research outcomes therefore can provide valuable 

knowledge for the design and development of high-quality membranes with the required characteristics 

for OSPW treatment applications. 

Keywords:  

Oilsands wastewater; Mixed matrix membrane; Zwitterion; Hydrophilicity; Antifouling 
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Graphical abstract: 

 
Highlights:  

• Oil sands extraction causes multifold challenges to water management 

• Escalating OSPW threatens water sources sustainability, ecosystem, and public health 

• OSPW treatment and reuse is strategic and sustainable 

• Membrane technology is a promising OSPW treatment option despite fouling 

• Mixed matrix membranes are reliable next-generation membrane for OSPW treatment 

1.2 Introduction: Current issues of oil sands produced water (OSPW) in Canada 

Canada is well recognized for its abundant oil sands resources. In fact, it amounts the world third-largest 

oil reserve with total estimated oil sands reserves of 165 billion barrels situated majorly in two provinces: 

Alberta and Saskatchewan (Figure 1.1) [1]. Oil sands industry contributes significantly to Canada’s 

economy, reflected in over $71 billion to national GDP (gross domestic product) and about 333,000 jobs 

in 2019 (Canadian Oil Sands Supply Costs and Development Projects, 2019 –2029, CERI). Canada’s oil 

sands extraction had grown from 0.1 to 2.8 million barrels daily between 1982 and 2017 and is projected 

to reach 4.4 million barrels per day by 2035 [2]. However, the rise in oil production causes multifold 

challenges to the water management system regarding extreme water withdrawal and pollution. 
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Figure 1.1 Oil sands deposits in Canada (source: Canada Association of P Petroleum Production -CAPP, 

with permission) 

Water plays a major role in oil sands production, such as serving as a process fluid, heating and cooling 

fluids, and chemical feedstock. On average, producing one barrel of synthetic crude oil requires as much 

as 2.5 bbls of freshwater for surface mining operations and as little as 0.5 bbls for in situ recovery 

[3][4][5]. Freshwater consumption and water use intensity from major oil companies are presented in 

Table 1.1.  

Table 1.1 Freshwater consumption and water use intensity from major oil companies 

Oil production companies 2012 2013 2014 2015 2016 2017 2018 

Syncrude Canada Ltd. [6]        

Fresh water withdrawal (million m3) 39.6 37.2 38.8 37.6 34.9 36.4 - 

Fresh water use intensity (volume water 

used per barrel crude oil produced) 
2.35 2.37 2.55 2.57 2.19 2.50 - 

Suncor Energy [7]        

Fresh water withdrawal (million m3) - - 18.3 16.6 20.1 15.2 14.9 

Fresh water use intensity (volume water 

used per volume crude oil produced) 
- - 1.06 0.87 1.31 0.80 0.89 

Shell Canada Ltd. [8]        
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Fresh water withdrawal (million m3) 186 199 198 203 209 202 198 

Fresh water use intensity (volume water 

used per volume bitumen produced) 
0.45 0.42 0.45 0.40 0.43 - - 

Surface water is a principal resource for oil sands mining and production. In fact, the oilsands industry 

accounts for more than 76% of total water withdrawals from the Athabasca River. The industry uses 

about 693 million m3 of fresh water each year, which is twice the water demand of Calgary, AB 

(population > 1.5M) [9]. And, as oil sands production grows so does water demand. Water withdrawal 

from the Athabasca River has nearly doubled in the past 12 years largely due to oil sands activities 

[10]. Additional studies suggest that climate change may result in rapid change to Athabasca River 

flowrates [11][12], as much as an estimated drop by 30% by 2050 [13]. Together, the projections pose 

serious potential damage to the river ecosystem and natural habitats that rely on the river [14], 

including, but not limited to, reproductive patterns of fish and other aquatic species [10]. 

Although oil sands production consumes huge volumes of water, the process water does not return to the 

water source, but rather ends up as wastewater. On average, producing 1 m3 of synthetic crude oil creates 

4 m3 of oil sands produced water (OSPW) [4]. Due to current zero-discharge policy in Alberta, all OSPW 

must be stored on sites in tailing ponds [5][15]. Report showed that more than 95% of the water drawn 

from the Athabasca River for oil sands mining activities remains in tailing ponds under the zero-

discharge guidelines [10]. Currently, there are more than 1 billion m3 of OSPW accumulated in tailings 

ponds in northern Alberta region [15], occupying a total surface area of about 175 km2 [16]. With current 

operation and expected expansion, the amount of OSPW is increasing at an alarming rate if it was not 

treated. The containment and management of large volumes of tailings OSPW have raised considerable 

challenges such as incremental operation costs, large coverage of valuable land surface and associated 

environmental damages [17]. The main overriding concern is the leakage of OSPW which contaminates 

groundwater and surface water sources [5][17]. An estimated 11 to 72.2 thousands m3/day million liters 

of oil sands tailings water may have leaked into Athabasca River and watershed between 2007 and 2012 

[18]. OSPW contains a wide range of contaminants including total suspended and dissolved solids, 

residual bitumen, BTEX (benzene, toluene, ethylbenzene, xylene), polycyclic aromatic hydrocarbons 

(PAHs), naphthenic acids (NAs), as well as trace and heavy metals including Cr, Cu, Pb, Ni, and Zn 

(Table 1.2) [19]. 
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Table 1.2 Water chemistry of oilsands process water from surface mining sites in northern Alberta [19] 

No. Pollutants 
Concentration  

[mg/L] 

Environmental guideline, [mg/L] Removal 

objective 

[%] 
CEQG EPEA USEPA 

 Inorganic      

1 pH 8.2 – 8.4     

2 Conductivity 1113 – 2400     

3 TDS 1887 – 2221     

4 Ammonia 14 1.4 5 0.8 – 1.3 64 -93 

5 Chloride 80 – 540  
250 – 

500 
 55 

6 Bicarbonate 775 – 950     

7 Sulphate 218 – 290     

8 Calcium 17 – 25     

9 Magnesium 8 – 12     

 Organic      

10 DOC 62 – 67     

11 BOD <10 – 70  25  <65 

12 COD 86 – 973  200  <80 

13 Oil and grease 9 – 92 

No 

odour/visible 

seen 

5 – 10 
1% of 96j LC50 for 

selected biota 
<90 

14 
Naphthenic 

acids 
49 – 68     

15 Phenols 0.008 – 1.8 0.004 1 0.001 33 – 99.7 

16 Cyanide 0.01 – 0.5 0.005  0.005 50 - 99 

17 PAHs 0.01     

18 Toluene 1 – 3 0.002  1.3 <99 

19 Benzene <0.6 – 6 0.37   <99 

20 BTEX <0.01 10-5 – 6.10-5   >99 

 Trace metals     

21 Aluminum 0.07 – 0.5 0.1  0.75 <80 

22 Arsenic 0.006 – 0.015 0.005  0.15 <67 

23 Chromium 0.003 – 2  0.074  <63 

24 Copper 0.002 – 0.09 0.002  0.009 95 - 99 

25 Iron 0.8 – 3 0.3 3.5 1 <50 

26 Lead 0.04 – 0.19   0.0025 94 – 99 

27 Nickel 0.006 – 2.8   0.052 93 – 99 

28 Zinc 0.01 – 3.2   0.12 96 
1) 

Canadian Environmental Quality Guidelines; surface water quality guidelines for the protection of aquatic life 
2) Environmental Protection and Enhancement Act 
3) United States Environmental Protection Agency; water quality criteria for the protection of aquatic life 
 

OSPW is characterized alkaline, slightly brackish, toxic to aquatic ecosystems and human health. 

Toxic pollutants of environmental concern include NAs, PAHs, ammonia, chloride, sulphate, and 
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heavy metals, reflected in the current Zero-discharge policy [5][20][21]. Many studies have 

continuously demonstrated negative effects of OSPW exposure on fish, such as deformities in embryos 

[22], reproductive impairment [23][24], histopathological changes in gill and liver tissue [25][26][27] 

severe fin erosion and virus-induced tumors [28], increases in liver diseases and hepatic mixed-

function oxygenase (MFO) activity [25][27]. In another study, Pollet and Bendall-Young [29] 

discovered significantly reduced growth and prolonged developmental time on northern Canadian toad 

and wood frog exposed to OSPW. OSPW was also found to cause slow germination in many plant 

species, leading to reduced weight in seedlings [30]. In addition to damaging the wildlife, OSPW 

toxicity is putting human health at risk, mostly linked to bioaccumulation in the food chain [31]. For 

instance, First Nations communities living in northern Alberta and the Northwest Territories have 

expressed potential health concerns relative to consumption of fish as country food that contains high 

levels of PAHs [32][33]. 

Collective findings in the literature suggests that the combined effect of increasing withdrawal of 

freshwater and escalating discharges and leaks of OPSW could result in major threats to the 

sustainability of water sources, biodiversity, ecosystem, and public health. To reduce reliance on 

freshwater sources and pollution discharge to the environment, water used during oil sands extraction 

must be recovered and reused. This necessitates the development and implementation of advanced 

technologies to treat oil sands wastewater acquired for safe discharge and reuse purposes. As 

demonstrated from lab- and pilot-scale studies as well as commercial operations, six emerging 

technologies including biological treatments, adsorption, advanced oxidation, micro- and 

ultrafiltration, nanofiltration and reverse osmosis, and constructed wetlands have the potential for oily 

wastewater treatment with improved quality for safe discharge and/or reuse (Table 1.3). In general, 

effective treatment will likely require a combination of processes due to a number of challenges such 

as toxicity and complexity of both the constituents and matrix, as well as the large volume of OPSW 

to be treated [16] 
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Table 1.3 Summary of emerging technologies in oily wastewater treatment [34] 
 

 

 

1.3 Membrane technology for oily wastewater treatment 

In general, an effective oil wastewater treatment system requires a combination of processes that target 

different removal mechanisms and physicochemical and biological processes. These combination 

systems are often comprised of three steps: (1) a pre-treatment step to remove suspended solids, particles, 

grease and oils, (2) a secondary treatment step to eliminate the remaining pollutants and (3) an optional 

tertiary treatment step to enhance (i.e., polish) effluent quality to meet or exceed stringent discharge 

regulations and/or reuse purposes [35]. Within this three-step design, membrane filtration is considered 

a favorable option as part of any process within an oily wastewater treatment design [34][36]. Membrane 

processes such as microfiltration (MF), ultrafiltration (UF), nanofiltration (NF) and reverse osmosis 

(RO) provide many benefits including high treatment efficiency, low footprint, and ease of operation, 

installation and scale-up [37][38][39][40]. 

Membrane filtration is a relatively simple technique that uses pressure as a driving force to transport 

water through a thin membrane, while retaining undesired contaminants. It can retain a wide range of 

pollutants ranging in size from a few micrometers (i.e., particles, oil droplets) to a few nanometers (i.e., 

dissolved components and ions). MF and UF have been broadly used for oily wastewater treatment and 

proven to efficiently remove oil droplets and particles from between 0.1 and 0.01 micrometers [16][41]. 

 Treatment process Target pollutants Challenges 

 Biological treatment 
NAs, ammonium, bitumen, 

aromatic hydrocarbons  

Feed water toxicity, incomplete 

treatment, sludge disposal  

 Adsorption 
NAs, bitumen, aromatic 

hydrocarbons, trace metals 

Incomplete treatment, oil fouling, 

operational costs, low adsorption 

capacity 

 Microfiltration (MF) 

and ultrafiltration (UF) 
Bitumen, suspended solids 

Membrane fouling and durability, 

concentrate disposal 

 
Nanofiltration (NF) 

and reverse osmosis 

(RO) 

NAs, hardness, aromatic 

hydrocarbons, total dissolved 

solids (TDS) 

Membrane fouling and replacement 

costs, brine disposal 

 Constructed wetlands 

NAs, ammonium, bitumen, 

sulphate, aromatic 

hydrocarbons 

Flow capacity, feed water toxicity, 

salinity removal, toxicants 

bioaccumulation, cold weather 

operation 
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Lab and pilot studies using these processes reported over 90% oil removal efficiency with less than 20 

ppm permeate oil concentration. NF with smaller membrane pore sizes, typically less than 2 nm [42], 

has the potential to remove divalent ions and natural organic matter (NOM) with rejection rates greater 

than 90%. It has been increasingly used for demineralization, softening, and elimination of soluble 

organics from oily wastewater. In RO systems, feedwater is pressurized through a semi-permeable 

membrane (pore sizes ranging between 0.3 and 0.6 nm [42]) that allows the passage of water molecules, 

while contaminants are filtered out and flushed away. RO displays higher retention of low molecular 

weight soluble organic compounds as compared to NF, rejection of hardness over 98% and monovalent 

ions exceed 90%. RO has been demonstrated in pilot testing to be capable of converting oily wastewater 

into both potable water and freshwater for agriculture use [34]. 

Generally, MF and UF are used in pre-treatment to remove dissolved oil droplets, particulates, 

macromolecular and partially micromolecular compounds, followed by NF and/or RO to remove 

remaining contaminants such as micromolecular compounds, aqueous salts and ions and after that 

purified wastewater can be directly discharged or beneficially reused. MF/UF/NF or RO integrated 

treatment systems are broadly reported to successfully remove oil content up to 99% [40]. These 

integrated systems are usually used when high quality effluent is required. In addition to commonly used 

membrane processes (MF, UF, NF, and RO), membrane bioreactors (MBR) – a combined 

membrane/biological process [43][44][45], membrane distillation (MD) [46][47][48], forward osmosis 

(FO) [47][48][49], electrodialysis (ED) [50], electrodialysis reversal (EDR) [51] are other promising 

membrane-based alternatives for oily wastewater treatment. Recent review articles on these technologies 

and the application of membrane technology for oily wastewater treatment are available in the literature 

[34][36][42][52][53][54][55][56]. 

Many refineries and petrochemical wastewater treatment and reuse projects have successful integrated 

membrane technology (Table 1.4). Currently, the world's largest industrial membrane-based treatment 

system has a total capacity of 84,000 m3/d and is operated by Bashneft, one of the biggest oil companies 

in Russia. The refinery wastewater treatment plant combines MBR with high-efficiency EDR and RO 

units to improve the water effluent quality to meet strict environmental legislation and standards 

requirements for reuse [57]. In Canada, the Co-op Refinery Complex (CRC) in Regina, Saskatchewan 
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became the first refinery in North America to treat and recycle 100% of its wastewater by implementing 

a hybrid MBR/RO membrane process. The wastewater treatment system achieved its reuse target of 

more than 7500 m3/d, thus reducing CRC water consumption by 28% [58].   

Table 1.4 Major refinery and petrochemical wastewater treatment projects using membrane 

technology 
 

Oil refinery companies Membrane applications used Year Ref. 

Co-op Refinery Complex, Canada MBR + RO 2016 [58] 

Bashneft, Russia MBR + EDR + RO 2015 [57] 

Petrotrin, Trinidad & Tobago MBR + RO 2012  

Jinzhou, China UF + RO 2007  

Dushanzi, China MMF + UF + RO 2007  

Jingmen, China MMF + UF 2006  

Dagang, China UF + RO 2006  

Haerbin, China MF + RO 2006  

Qilu, China UF + RO 2006  

Daqing, China UF + RO 2005  

Yanshan, China UF + RO 2004  

Despite numerous advantages, membrane fouling remains the major drawback affecting both the 

economical and technological viability of membrane processes relating to gradual decline in membrane 

productivity and selectivity [42][56][59]. Operating costs also increase due to higher pressure 

requirements to sustain the constant flux and requirements for membrane cleaning or replacement in 

cases of irreversible fouling. Membrane fouling is caused by solutes deposition on the membrane surface 

and/or inside the membrane structure. In OSPW, fine clays and residual bitumen oils are considered to 

be major foulants for membrane operations [19][34][37]. Essentially, there are five mechanisms that 

result in membrane fouling, including: 1) adsorption to membrane walls and pores, 2) blocking of pores, 

3) concentration polarization formation, 4) cake layer formation on the membrane surface, and 5) 

compression of the cake layer [60]. Membrane fouling is a complex manifestation of three key factors, 

including operating conditions, feed water characteristics, and membrane properties [60]. 

Controlling membrane fouling and minimizing accumulation of foulants fall within four main strategies 

involving membrane modification, membrane cleaning, optimization of operating parameters, and feed 

water pre-treatment (Figure 1.2) [61]. Several studies related to oily wastewater have been reported and 
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reviewed different fouling prevention strategies, for example, physical and chemical pre-treatment 

options [34][62][63][64], properties of oily wastewater related to membrane fouling [36][52], effects of 

operating parameters on the membrane performance [65][66][67], membrane cleaning techniques 

[68][69][70], membrane materials and modification [61][65][71][72][73][74]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.2. Membrane fouling control strategy [61] 

In a recent review article pertaining to oily wastewater treatment, Zoubeik et al. [61] concluded that 

membrane materials modification is the key approach to minimizing and managing membrane fouling. 

In general, bespoke functional materials are added to the membrane to alter its physical and chemical 

properties, prompting improved anti-fouling capacity against oil and other foulants. The addition of these 

functional materials facilitate acquisition of higher membrane hydrophilicity that enhances water 

permeation and reduces fouling by attracting water to form a hydration shell on the membrane’s surface, 

thus preventing foulant adsorption [34][61][75]. Introduction of suitable functional materials can offer 

multi-functionality beyond fouling resistance, such as increasing water permeability, separation 

performance, and mechanical strength [75]. Functional additives that have been explored include: 1) 

inorganic nanoparticles such as metal oxides (e.g., Al2O3, TiO2, SiO2, ZnO, Fe2O3), metals (e.g., Cu, Ag) 

and carbon-based materials (e.g., graphene and carbon nanotubes), 2) hydrophilic polymers including 

polyvinylpyrrolidone (PVP), polyethylene glycol (PEG), and polyethyleneimine (PEI), 3) super-

hydrophilic zwitterions (ZWs) including poly (2-methacryloyloxyethyl phosphorylcholine) (PMPC), 

poly (sulfobetaine methacrylate) (PSBMA) and poly(carboxybetaine methacrylate) (PCBMA), and 4) 

combinations of the above.  

 

Membrane modification 

Membrane cleaning 

Optimization of operating conditions 

Feed pretreatment 
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A list of recent studies on the application of membranes modified with various materials for oily 

wastewater treatment is summarized in Table 1.5. Several recent review articles have highlighted latest 

advances in membrane modification techniques and strategies for oily wastewater treatment applications 

[41][59][65][76][77]. 

Mixed matrix membranes (MMMs) prepared from mixing inorganic and organic nanofillers to form a 

polymeric membrane matrix have gained increasing attention due to the combined advantages and 

benefits of the functional nanomaterials used. Owing to its hierarchical structure, MMMs are expected 

to display multiple antifouling capabilities against oil and other foulants [59][78][79]. MMMs modified 

with zwitterion and SiO2 nanoparticles (NPs) have demonstrated significant enhancement of water flux 

and oil-antifouling capacity [80]. PVDF membrane modified with chitosan and SiO2 NPs was found to 

exhibit superhydrophilicity, ultra-low oil-adhesion, and oil retention rates exceed 99.0% [81]. And when 

modified with zwitterion and TiO2 NPs, PVDF membranes was shown to be more hydrophilic and more 

fouling resistant [79].
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No

. 
Modified membrane 

Water contact angle 

[o] 

Pure water permeate 

[L/m2/h] 

Performance with oily 

WW 

(Modified mem.) 

Flux recovery rate (FRR) 

 [%] 
Ref. 

Pristine mem. 
Modified 

mem. 

Pristine 

mem. 

Modified 

mem. 

Flux 

  [L/m2/h] 

Rejection 

 [%] 

Pristine 

mem. 

Modified 

mem. 

 Polymeric fillers 

1 PVDF-PVP 40 30 120 150 150 > 99% 70 81 [72] 

2 PES-PVP-PAN 73 61 150 200 150 > 99% - - [73] 

3 PES-PVP - - - 185 84 - - - [74] 

4 PVDF-PANI 120 ≈ 0 ≈ 0 (a) 7533 ± 934 - - - ≈ 100 [82] 

5 PSf-PBC 115 93 3.5 7  95.5–99.5% 35 95 [83] 

6 PTFE-PDA 126  23  - - 1727 ± 51 - - ≈ 100 [84] 

7 PP-PDA-PEI - ≈ 0  - 7000 100 > 98% - - [85] 

8 PVDF-TBC 80 74 258 336 61 99% 57 67–78 [86] 

9 

PSf-PVP 

75 

54 

18 

60 24  99.8%  6 70  

[71] 
PSf-PEI 72 50 - - - - 

PSf-PEG 66 63 - - - - 

PSf-PES 74 40 - - - - 

 Inorganic filler 

10 PVDF-FePc 83 73 63 159  >96.7% 39 97 [87] 

11 
PES-SiO2 

75 
66  - 94  8  

16–18% (c) 
- - 

[88] 
PES-ZnO 63 - 74 9 - - 

12 PVDF-TiO2 75 68 33 76 71 >99% - - [89] 

 Zwitterions 

13 
SBMA-PVDF - 29 

3.6(b) 
8.2 

4.1(b) 
7.1 

<29(b) 
>90 

[90] 
MPC-PVDF - 20 6.6 6.9 ≈100 

14 SBMA-PVDF 

82 reduced to 

65 

(after 120s) 

61 reduced to 

0  

(after 10s) 

- - 3850 1.2ppm(d) - 98 [91] 

15 LysAA-PVDF 121.6 29 1580   2650 840  31 82 [92] 

Table 1.5 Summary of surface-modified membranes by previous studies (2014 –2019) for oily wastewater treatment 
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Note: (c) Low applied pressure (0.6bar), (b) PES membrane MWCO 1kDa as benchmark, (c) TDS rejection, (d) permeate oil concentration. PVDF: polyvinylidene 

difluoride, PVP: polyvinylpyrrolidone, PES: polyethersulfone, PAN: polyacrylonitrile, PANI: polyaniline, PSf: polysulfone, PTFE: polytetrafluoroethylene, PP: 

polypropylene, PDA: polydiacetylene, SBMA: sulfobetaine methacrylate, ZNG: zwitterionic nanosized hydrogels, PEI: polyethylenimine  

 

 

 

16 ZNG-g-PVDF 130 

16 reduced to 

0 

(after 3s) 

- - 150 99.8 - ≈100 [93] 

 Organic-inorganic hybrid fillers 

17 
SiO2-zwitterion-

PVDF 
84.5 70 64 172 80 ≈100 46 84 [80] 

18 
TiO2-Zwitterion-

PVDF 
- 70.5 - >200 >130  40.5 75 [79] 

19 
Chitosan–SiO2-

PVDF 
120 0 - - - >99% - - [81] 

20 TA/PEI-TiO2-PVDF 95 72 248.8 273.3 - ≈100 73 92 [78] 
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The fabrication of MMMs can be challenging due to the complexity and compatibility issues between 

the materials used. The major difficulty is agglomeration of additives in the membrane structure 

caused by failing to achieve a homogenous doping solution. Agglomeration reduces the effective 

contact area and water flux [89]. Furthermore, agglomeration can produce leakage of additives during 

high pressure filtration, where the additives are permitted to permeate through the membrane, thus 

contaminating the effluent and reducing the efficacy and longevity of the MMM [59].  

From an economic perspective, membrane modification derived from expensive materials such as 

PAN and nanomaterials, in addition to the complex and costly synthesis approaches required to create 

MMMs, are noteworthy obstacles that may hinder MMM commercialization efforts. At the industrial 

scale, reproducibility and feasibility may also pose challenges for economical mass production of 

MMMs. Such large-scale implementations have not yet been fully actualized, and so there must be 

recognition that unforeseen technical and operational optimization have not yet been addressed in 

design or production of MMMs for scaled up volume and flowrates of oily wastewater [59]. 

Most current studies employ smaller-scale, simplified experimental conditions and evaluation 

methods for testing MMM performance, fouling resistance and stability (Table 1.6). Although there 

are multiple foulants present in authentic feedwater, most fouling studies used synthetic sources that 

contain either single model foulants or simple mixtures. In addition, MMMs are often examined under 

restricted and highly controlled laboratory conditions and scale over limited time periods, in which 

the solutes adsorption process is kinetically suppressed. Therefore, temporary effectiveness of a 

membrane is not always reliable and representative of long-term efficiency and efficacy [36]. 
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Table 1.6 Summary of surface-modified membranes by previous studies (2014 – 2019) for oily wastewater treatment – experimental setups 

No 

 

Membrane 

module 

Filtration 

mode 

Feed characteristics Stability test 

Ref. 
Modified  

Membrane Source Oil types 
Concentration 

[mg/L] 

Applied 

P 

[bar] 

Method Outcome 

1 
PVDF-

PVP 
Flat sheet 

Cross-

flow 
Artificial 260# solvent oil 300-100 3.0 - - [72] 

2 
PES-PVP-

PAN 

Hollow 

fiber 

Cross-

flow 

Industria

l 
Oil and Grease 78 3.0 - - [73] 

3 PES-PVP 
Hollow 

fiber 

Cross-

flow 

Industria

l 
Oil and Grease 78 3.0 - - [74] 

4 
PVDF-

PANI 
Flat sheet 

Cross-

flow 
Artificial Tween 80/ SDS 0.02/0.1 6.0 

a) Ultrasonic treatment, 

30min 

b) Immersion in oils, 12h 

c) Immersion in strong 

acidic and alkaline 

solutions, 12h 

Stable [82] 

5 PSf-PBC Flat sheet 
Cross-

flow 
Artificial Engine oil 500-1000 3.5   [83] 

6 
PTFE-

PDA 
Flat sheet 

Cross-

flow 
Artificial 

Soybean, diesel, 

gasoline 
20mL oil/1980mL water 0.5 

Immersion in strong 

acidic and alkaline 

solutions, 72h 

Slightly 

bleache

d 

[84] 

7 
PP-PDA-

PEI 
Flat sheet 

Cross-

flow 
Artificial 

1,2-

dichloroethane 
10mL oil/990mL water 10.0 

Immersion in strong 

acidic and alkaline 

solutions 

Fairly 

stable 
[85] 

8 
PVDF-

TBC 
Flat sheet Dead-end Artificial Castrol oil 1000 2.0 - - [86] 

9 
 

Flat sheet Dead-end Artificial 
Vegetable 

oil/SDS 
2000 4.1 - - [71] 

10 
PVDF-

FePc 
Flat sheet 

Cross-

flow 
Artificial 

Soybean 

oil/SDS 
1200 10.0 - - [87] 
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PVDF: polyvinylidene difluoride, PVP: polyvinylpyrrolidone, PES: polyethersulfone, PAN: polyacrylonitrile, PANI: polyaniline, PSf: polysulfone, PTFE: polytetrafluoroethylene, 

PP: polypropylene, PDA: polydiacetylene, SBMA: sulfobetaine methacrylate, ZNG: zwitterionic nanosized hydrogels, PEI: polyethylenimine  

11 PES-ZnO Flat sheet 
Dead-end 

 

Industria

l 

 

Oil and Grease 0.15 8.0 Long-term filtration, 8h Stable [88] 

12 
PVDF-

TiO2 

Hollow 

fiber 

Cross-

flow 
Artificial Synthesized oily 250 0.5 - - [89] 

13 
SBMA-

PVDF 
Flat sheet Dead-end Artificial 

Soybean 

oil/DC193 
1500 1.4 

Immersion in NaCl, pH 

3-11, NaHClO, NaOH, 

citric acid 

 

Highly 

stable 
[90] 

14 
SBMA-

PVDF 
Flat sheet 

Cross-

flow 
Artificial Isooctane oil 20mL oil/2000mL water 0.6 - - [91] 

15 
LysAA-

PVDF 
Flat sheet Dead-end Artificial 

Soybean 

oil/BSA 
10000/200 10.0 - - [92] 

16 
ZNG-g-

PVDF 
Flat sheet 

Cross-

flow 
Artificial 

Isooctane 

oil/BSA/Twee

n-80/humic 

acid 

15mL/1.5g/0.3g/0.3g/15

00mL water 
0.1 

Immersion in NaCl, pH 

3-11 

Highly 

stable 
[93] 

17 

SiO2-

zwitterion

-PVDF 

Flat sheet Dead-end Artificial Engine oil/SDS 900/100 10 - - [80] 

18 

TiO2-

Zwitterio

n-PVDF 

Flat sheet Dead-end Artificial Oil/SDS 900/100 10 - - [79] 

19 

Chitosan–

SiO2-

PVDF 

Flat sheet - Artificial Gasoline/SDS 1mL oil/1000mL water 3 - - [81] 

20 

TA/PEI-

TiO2-

PVDF 

Flat sheet Dead-end Artificial 
Hexadecane 

/SDS 
1mL oil/99mL water 5 

3-cycle filtration with 

500mg/L oil-water 

solution 

FRR 

86% 
[78] 
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1.4 Zwitterions and zwitterion-based membranes for oily wastewater treatment 

Among various membrane coating materials, zwitterions have proven to be the best antifouling 

enhancer by inducing superior hydrophilicity and self-cleaning properties [36]. Zwitterions (ZW) 

are organic compounds consisting of a polymer backbone and at least one pair of cationic and anionic 

moieties, which are covalently bound through hydrocarbon bridges, e.g., alkyl, and accordingly have 

an overall zero net charge [94][95][96]. In general, ZWs are classified into five groups according to 

the nature of ionic moieties: carboxybetaine (CB), sulfobetaine (SB), imidazolium, phosphonium 

and amino acid derivatives (Table 1.7). 

Table 1.7 Classification of zwitterions 

 

Zwitterionic groups Examples 

Carboxybetaine  

 

 

 

Sulfobetaine  

 

 

 

Phosphonium  

 

 

 

Imidazolium  

 

  

 

Amino acid  

 

 

 

Unlike other hydrophilic polymers (e.g., PEG, PVP, PEI) that interact with water molecules via 

hydrogen bonding, ZWs carrying charged groups can interact with water molecules in higher 

quantity and quality via strong electrostatic interactions [59][76] and repel charged foulants via 

electrostatic repulsion [97]. Molecular dynamic simulations revealed that for poly-(sulfobetaine 

methacrylate) (PSBMA), the negatively charged sulfonate group can associate with more than 7 

water molecules, while the positive quaternary ammonium group can associate with up to 19 water 
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molecules [98]. Wu et al. [99] compared the hydration of ZW–PSBMA and hydrophilic polymer – 

PEG using Low-Field Nuclear Magnetic Resonance (NMR) and demonstrated that PSBMA can 

interact with up to eight times more water molecules than PEG does, and that the hydration cell 

formed on PSBMA surface is denser and thicker than that on PEG surface (Figure 1.3). Wu et al. 

further observed that water is bound more tightly to the sulfobetaine (SB) segment than the ethylene 

glycol (EG) segment before saturation, and that water molecules surrounding the hydration shell in 

PSBMA solutions mobilize more freely than those in PEG solutions. The antifouling mechanisms 

of ZW materials are comprehensively discussed in other review articles [100][101]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.3 Schematic illustration for the formation of hydration shell. (a) Each unit of the 

representative PEG materials is integrated with one water molecule. (b) Each unit of the zwitterionic 

materials is integrated with eight water molecules (reproduced with permission from [97]). 

The properties of ZWs are determined by the chemistries and properties of its components, namely 

polymer backbones, ionic moieties, spacers, and its molecular configuration. Due to the diversity 

of these components, a large number of design possibilities of ZWs exist with desired structures 

and properties. The pronounced antifouling property of ZWs owes to the presence of the charged 

moieties, which can associate with multiple water molecules to form hydration layer. However, 
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these charged moieties are generally pH-sensitive and undergo protonation and deprotonation 

according to solution pH and accordingly altering the ZW net charge. Ionic moieties derived from 

strong acids or bases are desirable in design due to retention of charged forms over a wide pH 

range [95].  

Since ZWs carry both anionic and cationic groups, they can electrostatically associate with each 

other. These self-associations among ZW moieties are important characteristics as they determine 

properties such as anti-polyelectrolyte effects, stability, and hydrophilicity [102][103]. In general, 

the stronger the self-associations the more stable and less hydrophilic the ZW possesses. Using 

molecular dynamics simulations, Shao et al. [102] studied the effect of charge densities on 

associations of ZW moieties. They noted that charge density difference between cationic and 

anionic units defines the degree of self-association between them and that the greater the difference 

the lower the degree of self-association [102][104]. Accordingly, these authors observed that CBs 

display fewer self-associations and stronger hydration as compared to SBs. They also anticipated 

that PCs having ionic moieties of equal absolute charge densities can induce improved self-

associations, leading to weaker hydration layer compared to SB and CB. Fennell et al. [103] 

confirmed these findings of self-associations between charged groups being dictated by charge 

density similarity and that CBs initiate very strong hydration and low degree of self-associations, 

while SBs display strong hydration and moderate degree of self-associations. 

In addition to the structure and chemistry of the spacer, connecting ionic moieties also affect ZW 

properties. As documented in previous studies, increasing spacer length can lower the acidity of 

carboxylic groups of CBs [103][104]. Using molecular simulations, Shao and Jiang [105] further 

documented the impacts of spacer length on the structure of the hydration layer and dynamics of the 

carboxylic units in CBs. Here, water molecules associated with the carboxylic moieties of CB with 

shorter spacer length were observed to have shorter residence time and wider dipole-orientation 

distribution than those associated with the carboxylic moieties of CB with longer spacer length. 

Conversely, the hydration shell around quaternary ammonium cation does not vary considerably 

with the spacer length. Spacer length also dictates interactions between ions in solution with ZW 
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moieties. Shao et al. [98] noted the influence of space distance on the associations between ions and 

ZW moieties as in the same, but more significant, way as it influences the hydration shell of ZW 

moieties. In another study, Mi et al. [106] found that CBs having one methyl group spacer exhibit 

no interactions with magnesium ions and hence resist fouling better than those having a two methyl 

groups spacer. 

 
Figure 1.4 (a) Formation scheme of silanized sulfobetaine zwitterion on oxidized glass substrate; 

(b) comparative self-cleaning properties of coated and bare substrates with time-sequenced optical 

images; (c) measured contact-angle optical micrographs for coated and bare substrates before and 

after aging treatments using water and some organic solvents; (d) Oil-water separation apparatus and 

the separation process between water and gasoline, diesel, soyabean oil mixtures. Reproduced with 

permission from Ref [108]. 

 
In addition to spacer length, spacer chemistries can alter some properties of the ZWs. Using 

molecular simulations, He et el. [108] observed that hydroxyl-contained spacers can alter both 

mechanical stability and hydrophilicity of ZW CB hydrogels. They showed that the hydroxyl 

groups can either interact with water molecules, leading to an enhanced hydrophilicity and 

possible reduced mechanical properties, or associate with zwitterionic charged moieties, inducing 
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inter- and intra-chain interactions in polymers, hence improving mechanical properties. Huang et 

al. [107] investigated the capacity for oil-water separation of a silanized sulfobetaine zwitterion 

with the formation scheme presented in Figure 1.4(a) on oxidized substrates. The 

superhydrophilic surface was mainly achieved after oxidization, providing a unique contact angle 

of less than 5o for both water and organic fluids. While surface stability of this MMM was 

established following exposure to heat and UV radiation, the effects of wettability and fog 

formation on transparency were also investigated by the authors.  

Figure 1.4(b) depicts optical images that illustrate the removal of oil consistent with self-cleaning 

between 0 and 3 s. In both cases, the oil was removed in less than 1.5 s due the presence of the 

ZW substrate coating as compared to the bare surface membrane. Similar results were observed 

for spilled substates after intermittent water rinsing. This silanized sulfobetaine ZW demonstrated 

enhanced repellence to oil under water due to low adhesion to organic fluids. To confirm this 

surface property, the authors also measured the contact angles of both bare and coated glass 

substrates (Figure 1.4(c)) using water and a number of organic solvents.  

Zhu et al., [109] investigated the capacity for oil-water separation of a ZW polyelectrolyte grafted 

poly(vinylidene fluoride) membrane by implementing the formation scheme presented in Figure 

1.5(a). Here, the ZW polyelectrolyte consisted of a poly(3-(N-2-methacryloxyethyl-N, N-dimethyl) 

ammonatopropanesultone brush moiety (PMAPS) grafted onto PVDF membrane via surface-

initiated atom transfer radical polymerization at process durations. The performance of this coating 

demonstrated superhydrophilic and underwater superoleophobic properties with unique water and 

oil wettability. Figure 1.5(b) depicts optical images of coated PVDF and bare membranes with oil 

droplets. Both schematic illustration and optical in Figure 1.5 (b) (III) illustrates the enhanced 

surface behaviour of underwater oil (1,2-dichloroethane) droplet on coated PVDF membrane with 

contact angle of 158o. This unique superoleophobicity was attributed to the ZW polyelectrolyte and 

affiliated surface energy and hydrated behaviors in water.  

In water, the PMAPS chain is hydrated and subsequently forms an extended conformation with 

reduced wettability. The changes in membrane surface morphology after ZW PMAPS grafting of 
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PVDF is depicted in Figures 1.5(c-h) for 3-24 h polymerization durations. In this study, the authors 

found no observable changes in surface morphologies after 12 h. PMAPS grafted membrane also 

demonstrated ultralow oil-adhesion for coated membrane polymerized at the 12 h mark.  

Dynamic underwater oil-adhesion measurement on coated PVDF membrane surface were conducted 

using 1,2-dichloroethane droplets (Figure 1.5(i)). Further analyses of oil–water mixture separation 

using soya-bean oil were also performed. The oil was poured into the filtration cell set-up in Figure 

1.5(j) before applying a 10-kPa suction filtered pressure. The results show that the coated membrane 

demonstrated efficient separation effectiveness for oil (with ultrahigh separation efficiency 

>99.999% rejection coefficient.). The feed solution developed more oil droplets (1–50 mm) 

compared to a total absence of droplets in the collected filtrate. 
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Figure 1.5 (a) Schematics (a) and photographs (b) showing the fabricated PMAPS-graft PVDF 

membranes; (c-h) SEM micrographs showing the surface morphologies bare and PMAPS graft 

PVDF membranes with polymerized at different durations: (c,d) 3 h, (e) 6 h, (f) 9 h, (g) 12 h, and 
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(h) 24 h; (i) optical micrographs showing dynamic underwater oil-adhesion maps on PMAPS-g-

PVDF membrane; (j) photographic images showing soybean oil–water mixture, before and after 

filtration. Reproduced with permission from Ref [109]. 

1.5 Concluding remarks 

The continuing development of the oil sands industry in Canada requires active and effective 

environmental solutions to ensure that water supplies are safe, sustainable and properly treated 

and managed. Intensive freshwater withdrawal alongside calculated OSPW leakage constitute 

significant issues to address through innovative water management solutions. Membrane 

technology provides a promising option for effective treatment and reuse of OPSW, although 

there are design and operational optimization efforts yet remaining for industrial scale 

implementation. Membrane fouling remains the major challenge as it deteriorates membrane 

performance and efficiency.  

Membrane hydrophilization facilitated by development of mixed matrix membranes (MMMs) 

prepared with super-hydrophilic zwitterionic materials and inorganic nanoparticles (e.g., TiO2) as 

nanofillers are considered to be part of the innovation to next-generation membrane use for OSPW 

treatment. Beyond offering fouling resistance, MMMs can achieve multi-functionalities that are 

instrumental for industrial applications including enhanced water permeability, selectivity and 

stability. 

Further development of the fabrication processes and industrial scale design of MMMs is required, 

owning to the complexity and compatibility of materials used. Further studies to investigate the 

stability of MMMs in addition to their performance and antifouling properties at larger scale are 

required. Reproducibility and feasibility are currently the main challenges in the production of 

MMMs for OSPW treatment in large-scale industrial applications. There remain difficulties in 

adopting lab-scale membranes into industrial practice, along with ensuring MMM efficiency, 

stability and durability. Agglomeration of additives in the membrane structure is a common issue 

that leads to decreases in effective contact area, water flux, and breakthrough of additive materials 

in the treated effluent.  
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There is a need to better understand the multiple interactions between the host membrane and 

additive materials as those interactions often define the structural and physical properties of MMMs 

that govern performance, anti-fouling capability, stability, and retention of additives. In this regard, 

molecular dynamics simulation (MDS) can be a useful and constructive approach to provide precise 

and reliable information about complex chemical interactions at both the atomic and molecular level. 

MDS offers advantages that cannot be achieved or measured through experimental studies and must 

be considered as a key element in the design and optimization of MMMs for industrial-scale 

treatment of oily wastewater. 

1.6 Summary 

1.6.1 Research gaps 

The followings are research gaps this thesis will focus on: 

• The fabrication of MMMs can be challenging due to the complexity and compatibility issues 

between the materials used.  

• The major problem is agglomeration of additives in the membrane structure. Agglomeration 

would reduce the effective contact area and water flux, cause additives leakage during high 

pressure filtration, contaminating the water effluent.  

• Reproducibility and feasibility for large-scale industrial applications are major challenges in 

the production of MMMs for OSPW treatment. There remain difficulties in adopting lab-

scale membranes into industrial practice, along with ensuring their efficiency, stability and 

durability.  

• Most studies have focused on the development of new MMMs and their antifouling 

potentialities, with little examination of the stability and durability of MMMs and retention 

of nanofillers, especially at high temperature applications 
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1.6.2 Thesis objectives 

The main thesis objective is to provide valuable knowledge for the design and development of high-

quality MMMs with the required characteristics for high temperature OSPW treatment applications 

• This study aims to provide new insight on the performance and stability of MMMs, 

outlooking to the commercialization prospect of MMMs. The goal is to develop MMMs with 

high thermal and mechanical stability, oil-antifouling capacity and retention of additive 

nanomaterials. 

• Deploying advances in molecular dynamics simulation (MDS) to provide in-depth 

information about complex atomic interactions between the membrane and the additives 

used, thus allow better understanding about structural and physical properties of MMMs in 

relation to their performance, fouling, stability, as well as retention of additives. 
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Previously, Chapter 1 provided an overview about issues associated with oilsands production 

industry, alarming environmental problems caused by OSPW as well as the use of membrane 

technology as a core treatment technique for treatment and reuse of OSPW. The advantages of 

MMMs as a new membrane generation for OSPW applications was also addressed. In spite of its 

high potentiality and multi-functionality, the production of MMMs for industrial application 

demands further investigations and optimization specifically on the membrane stability and 

durability in addition to its performance. In the following chapter – Chapter 2, the influence of 

membrane synthesis approach and type of functional coating materials (i.e., zwitterion) on the 

resultant MMMs will be investigated and assessed. The main objectives are to determine the most 

suitable synthesis approach and compatible combination of coating materials that result in stable and 

durable MMMs with high oil-antifouling capacity compared to pristine PVDF membrane. 
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CHAPTER 2 

Investigation on the Stability and Antifouling Properties of Polyvinylidene Fluoride- 

Zwitterion Mixed Matrix Membranes (MMMs) using Molecular Dynamics Simulation (MDS) 
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2.1 Abstract 

Molecular dynamics simulation (MDS) is a powerful tool in material science, biophysics and 

biochemistry that can generate precise and reliable information at atomic and molecular levels, and 

thus provide better understanding about the mechanisms at the root of most membrane problems. In 

this study, MDS was employed to investigate the stability, hydrophilicity and oil-antifouling capacity 

of Mixed Matrix Membrane (MMM) prepared from polyvinylidene fluoride (PVDF) membrane 

matrix, zwitterion (ZW) (i.e., carboxybetaine (CB) phosphorylcholine (PC) and sulfobetaine (SB)) 

and titanium dioxide nanoparticles (TiO2 NPs) as nanofillers. Large-scale Atomic/Molecular 

Massively Parallel Software (LAMMPS) with Dreiding force field was used to compute atomic and 

molecular interactions of MMM, water-MMM and oil-MMM models. Two membrane preparation 

approaches were studied and compared: 1) zwitterions are initially grafted on TiO2 nanoparticles, 

then immobilized into PVDF membrane matrix, 2) zwitterion and bare TiO2 nanoparticles are 

blended into PVDF membrane matrix. The MDS results showed that both zwitterionic type and 

membrane preparation method had influences on MMM’s stability, hydrophilicity and oil-

antifouling capacity. Positive computed potential energy and binding energy suggested that 

nanofillers-PVDF interactions were thermodynamically unstable so that nanofillers would aggregate 

during membrane preparation process. Overall, ZW-uncoated-NP MMMs were more stable and 

exposed lower degree of nanofillers aggregation, thereby anticipated higher nanofillers retention. In 

addition, ZW-uncoated-NP MMMs displayed higher hydrophilicity caused by high number of 

hydrogen bonds and hydrogen bonding energy with water. ZW-uncoated-NP MMMs also exhibited 

higher oil-antifouling capacity as compared to ZW-coated-NP MMMs. Among three zwitterions 

studied, PC was the most preferable candidate which could induce stable harmonized MMMs, high 

nanofillers retention, strong hydrophilicity and oil-antifouling capacity.  

Keywords: Mixed Matrix Membrane, Molecular Dynamics Simulation, Oily Wastewater, 

Zwitterion, Titanium Dioxide Nanoparticles, Membrane Fouling 

Graphical Abstract: 
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Highlights: 

• MDS provided reliable information for studying MMM’s stability and performance. 

• ZW type and membrane synthesis method influenced MMM’s stability and performance. 

• Repulsive nanofillers-PVDF interactions suggested agglomeration of nanofillers. 

• ZW-uncoated-NPs enhanced MMM’s stability, hydrophilicity & oil-fouling resistance. 

• PC was preferable ZW for highly stable, hydrophilic and oil-fouling-resistant MMM. 

2.2 Introduction  

Oil sands are a type of unconventional petroleum deposit that is naturally occurring bitumen-

impregnated sands and is recovered through two major approaches: surface mining and in-situ 

underground heating technologies [1][2]. Oil sands are found in extremely large quantities in Canada 

(the third-largest oil reserves in the world with estimated 165 billion barrels [3]) and have provided 

significant economic benefits to the country. In 2019, for instance, oil sands industry contributed 

more than $71.2 billion to Canada’s gross domestic product (GDP) and supported nearly 333,000 

jobs (Canadian Oil Sands Supply Costs and Development Projects, 2019 – 2029, CERI). However, 

since oil sands production consumes extensive amounts of freshwater and produces vast quantities 

of wastewater, the oil sands produced water (OSPW) created via these activities requires ongoing 

research to support the environmental integrity of extraction and refinery processes, as well as the 

surrounding natural environment. On average, 2 to 5 barrels of freshwater are required to extract one 

barrel of oil [4][5][6], and 4 m3 of OSPW is created for each 1 m3 of oil sands processed [5].  
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In 2018, oil sands production consumed up to 263 million m3 freshwater, equivalent to the residential 

water consumption of 2.4 million Canadians [3]. Since water is not part of final products, a huge 

amount of water input ends up as wastewater, currently estimated to be more than 1 billion m3 in 

tailings ponds in northern Alberta [7]. Due to both the immense scale and volume, as well as the 

toxicity of these wastewaters, there are growing environmental concerns associated with the handling 

and disposal of oil sands wastewater. Contamination of groundwater and surface water due to 

seepage of OSPW from the tailing ponds has been a major environmental issue in oil sands regions 

[8][9][10]. OSPW is acutely and chronically toxic to both human health and aquatic organisms due 

to the presence of naphthenic acids (NAs), polycyclic aromatic hydrocarbons (PAHs) and trace 

metals [2][5][7][9]. Furthermore, extensive use of fresh water in oil sands industry is a major cause 

to the depletion of water resources in the region. Currently, the oil sands industry is responsible for 

over 76 % of water allocations on the Athabasca River and accounts for the largest water 

consumption in the Mackenzie River Basin - the largest northward flowing river basin in North 

America [9]. As a result, effective treatment and reuse of oil sands wastewater can be considered a 

strategic approach to addressing the dual challenges of water abstraction and pollution associated 

with the oil sands industry. 

Compared to conventional approaches, membrane filtration exhibits high potentialities including 

high removal efficiency, small footprint, relatively facile operation, installation and scale up as well 

as strong economic value for investment [11][12]. However, membrane fouling problematizes this 

technology as it causes a rapid decline in the membrane performance. In particular, fine clays and 

residual bitumen oils are present in OSPW in concentrations considered to be major foulants for 

membrane operations [13][14][12]. 

Membrane modification with hydrophilic materials to acquire higher hydrophilicity is an effective 

cure to membrane fouling as a hydrophilic membrane favors water molecules to form a hydration 

layer on its surface, preventing attachment of foulants [15]. Various nanomaterials with inherent 

hydrophilicity such as hydrophilic polymers (PVP [16][17][18], PEI [18][19], PEG [18]), 

nanoparticles (ZnO [20], SiO2 [20][21][22][23], TiO2 [20][24]) and zwitterions [25][26][27] have 
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been studied and demonstrated to effectively improve oil-antifouling capacity as well as membrane 

performance. Recently, inorganic-organic hybrid nanofillers have attracted increasing attention by 

achieving combined merits of both inorganic and organic nanomaterials. Owing to multiple 

functionalities and multi-scale structures, hybrid nanofillers are anticipated to provide multiple 

antifouling capacities [28][29]. Membranes modified with hybrid nanofillers, often defined as mixed 

matrix membranes (MMMs) have been broadly studied for desalination and industrial wastewater 

treatment including oily wastewater. For example, Yin et al. 2015 [30] fabricated zwitterion-silica 

hybrid mixed matrix membrane, which significantly improved pure water permeability and oil-

fouling resistance. The same researchers also found that grafting zwitterionic polymers onto SiO2 

NPs reduced the agglomeration of NPs in the modified membrane and decreased the leakage of NPs 

during filtration. Additionally, Liu at al. 2016 [31] modified PVDF membrane with chitosan–SiO2 

NPs hybrids, which exhibited  superhydrophilicity, ultra-low oil-adhesion, and over 99.0 % oil 

removal efficiency. In another study, Zhao et al. 2015 [29] showed that PVDF membranes modified 

with zwitterion and TiO2 nanoparticles could enhance both PVDF membrane’s hydrophilicity and 

anti-fouling capacity. Both structural and physical properties of MMMs in relation to performance, 

membrane fouling, membrane stability, as well as retention of nanofillers facilitate multiple 

interactions at the molecular level between the nanofillers, host membrane and feed water 

constituents.  

These molecular interactions are complex and cannot be easily characterized or measured through 

experiments. Molecular dynamics simulation (MDS) is a powerful tool in material science, 

biophysics and biochemistry that can generate precise and reliable information at atomic and 

molecular levels, and thus provide better understanding about the mechanisms at the root of most 

membrane problems. In membrane related research for water treatment, MDS has been broadly used 

to study molecular structure of the membranes [32][33][34][35], water and solutes transport through 

the membrane [36][37][33], as well as membrane fouling [38][39]. To date, most studies have 

focused on the development of new hybrid nanofillers systems and their antifouling potentialities, 

with little examination of the stability of MMMs and retention of nanofillers. This study aims to 

provide new insight on those specific aspects.  
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In the current research, MDS using large-scale atomic/molecular massively parallel software 

(LAMMPS) was employed to study interatomic interactions between nanofillers and the host 

membrane. Computed potential energy and binding energy were recorded and assessed for study of 

membrane stability and membrane-nanofillers attachment. PVDF was selected as the host membrane 

with zwitterions and titanium dioxide (TiO2) nanoparticles (NPs) selected as nanofillers. Two 

membrane preparation approaches were studied and compared: 1) zwitterions are initially grafted on 

TiO2 nanoparticles, then immobilized into the PVDF membrane matrix and 2) zwitterion and bare 

TiO2 nanoparticles are blended into the PVDF membrane matrix. Further, three types of zwitterions 

including carboxybetaine (CB) phosphorylcholine (PC) and sulfobetaine (SB) were examined. The 

MDS results for interactions between MMMs with water and oil were used to evaluate the influence 

of both the two synthesis approaches and three zwitterionic types on MMMs stability and 

performance related to membrane hydrophilicity and oil antifouling potential.  

2.3 Materials and methods  

2.3.1 Simulation setup 

All MDSs were carried out using LAMMPS package [40]. Data analysis and visualization were 

performed using Visual Molecular Dynamics (VMD), Avogadro and Ovito software systems. The 

initial configurations for the MDS simulations were created by packing optimization via the Packmol 

[41]. Dreiding Force Field (FF) was applied to describe interatomic interactions for all atoms in the 

simulations [42]. Dreiding FF potential is composed of bonded (intramolecular) interactions and 

non-bonded (intermolecular) interactions and calculated by Eq. 1. 

Epotential = Ebonded + Enon-bonded         (1) 

where Ebonded includes bond stretching, angle, and diheral energies, while Enon-bonded is divided into 

van der Waals (E-vdw), electrostatics (E-elec) and hydrogen bonding (E-hb) energies. Van der Waals 

interactions are calculated using the standard 12/6 Lennard-Jones (LJ) potential according to Eq. 2 

while electrostatic interactions are calculated by Eq. 3. 

E − vdw = 4ϵ [(
σ

r
)

12

−  (
σ

r
)

6

], r < rc       (2) 
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E − elec =  
C QiQj

ε r
, r < rc          (3) 

where r denotes the separation distance, ϵ is the equilibrium energy, σ is the equilibrium distance 

between two atoms, while C denotes an energy-conversion constant, Qi and Qj are partial atomic 

charges of two atoms and rc is the cut-off distance beyond which no interaction is considered. 

Hydrogen bonding interactions are calculated according to Eq. 4. 

E − hb= ϵ [5. (
σ

r
)

12

− 6. (
σ

r
)

10

].(cos θ)4 , r < rc      (4) 

where and  are respectively the energy and distance constants for hydrogen bonding potential, r 

is the radial distance between the donor (D) and acceptor (A) atoms,  is the bond angle between the 

donor (D), the hydrogen (H) and the acceptor (A) atoms, whereas rc is the cut-off distance beyond 

which no interaction is considered. All simulations were carried out in an NVE ensemble, 

accompanied by the Langevin thermostat to control constant temperature at 298K. Cut-off distance 

was set to 10 Å for van der Waals and electrostatic interactions, and 3.5 Å for hydrogen bonding 

interactions.  

2.3.2 Mixed Matrix Membrane (MMM) Models 

Table 2.1Error! Reference source not found. displays the molecular structures of the species 

simulated: polyvinylidene fluoride (PVDF), titanium dioxide (TiO2) nanoparticles (NPs), zwitterions 

including carboxybetaine methacrylate (CB), sulfobetaine methacrylate (SB) and 

phosphatidylcholine methacrylate (PC), and zwitterion-coated TiO2 nanoparticles (ZW-coated-

NPs). Zwitterionic moieties are immobilized onto the surface of TiO2 nanoparticles through the 

mediation of polydopamine, which is described by Zhao et al. [29]. Two synthesis approaches of 

MMMs were investigated: (1) zwitterion is first coated on TiO2 NPs and the resultant NPs are then 

incorporated into the PVDF matrix, labelled as ZW-coated-NP MMM and (2) TiO2 NPs are first 

inserted into the PVDF matrix (NP-PVDF), followed by zwitterions coating, labelled as ZW-coated-

MMM Surface. 

The primary configurations for the MDS simulations of MMMs were created using Packmol 
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software with packing optimization. The ZW-coated-NP MMM was placed in a simulation box, 

50x50x30 Å, containing 90 PVDF polymer chains (n=8 monomers per each chain) and 20 ZW-

coated-NPs, corresponding to a 20 wt% ratio (Figure 1 (a)). Whereas the ZW-coated- MMM surface 

was positioned in a simulation box 50x50x30 Å, filled with 90 PVDF polymer chains carrying 20 

TiO2 NPs and 20 ZW species (Figure 2.1 (b)).  

 

 

 

 

 

 

 

 

 

The adhesion/binding energy, which reflects the membrane-nanofillers interfacial interactions, is 

calculated according to Eq. 5. 

E-binding = EMMM – (Efillers + EMM)         (5) 

where EMMM, Efillers and EMM denote the total energy of mixed matrix membranes, membrane matrix 

and nanofillers systems, respectively. For example, for membrane synthesis approach 1), EMMM, 

Efillers and EMM are the total energy of the ZW-coated-NP MMM, PVDF membrane matrix and ZW-

coated NPs, respectively, while for membrane synthesis approach 2), EMMM, Efillers and EMM denote 

the total energy of ZW-coated-MMM surface, NP-PVDF matrix and ZW, respectively.   

 

 

(a) (b) 

Figure 2.1 Initial configurations for MDS simulations of CB-coated-NP MMM (a) and ZW-MMM Surface (b) 
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Table 2.1 Molecular structures of membrane models simulated 

PVDF Titanium dioxide (TiO2) 

 

 

 

 

 

 

 

 

Carboxybetaine methacrylate (CB) CB-coated TiO2 nanoparticle 

 

 

Sulfobetaine methacrylate (SB) SB-coated TiO2 nanoparticle 
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Phosphatidylcholine methacrylate (PC) PC-coated TiO2 nanoparticle 

 

 

2.3.3 Water interactions simulations 

A water layer (50x50x30 Å) containing 5000 water molecules was created using Packmol. To 

generate the water-MMM systems, first the water layer was placed in vicinity of the MMM system 

(initially 10 Å apart), then gradually moved towards and eventually penetrated the membrane 

(Figure 2.2). Simulations were performed at different stages, correspondingly hydrogen bonding 

energy and number of hydrogen bonds were recorded and analyzed for the membrane hydrophilicity 

study.  

 

 

 

 

 

 

 

 

 
Figure 2.2 Snapshots illustrating water-MMM system at different stages: (a) initial stage, (b) water-MMM 

contact stage, (c) water penetration stage 

(a) 

(c) 
(b) 
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To further understand water-membrane interactions, MDS simulations for water-MMM model, in 

which MMM is fully immersed in water, were performed and compared (Figure 2.3). 

 

 

 

 

 

 

 

2.3.4 Oil-MMM interaction simulation 

A water-oil emulsion layer was first created using Packmol, with a size of 50x50x50 Å filled with 

water and two molecules of Hexadecane, oil model, which corresponded to 6000 ppm of oil. To 

generate oil-MMM system, the water-oil emulsion layer was placed on top of the MMM (Figure 

2.4). The simulation system was initiated by bringing the oil molecules to the vicinity of the 

membrane surface to discover the oil’s attachment or detachment from the membrane surface. 

Binding energy between the water-oil layer and the MMM was calculated and analyzed (Eq. 5). 

The conformational characteristics, namely Mean-Squared Displacement (MSD) and Radial 

Distribution Function (RDF) were also assessed. Mean-squared displacement (MSD) was employed 

to analyze the mobility of oil resulting from the influence by the membrane. MSD provides a measure 

of the deviation of the position of a molecule with respect to its initial reference position over time 

and is computed by Eq. 6. 

MSD (t) = 
1

N
 ∑ 〈[ri(t0 + t)  − ri(t0)]2〉N

i=1           (6) 

where N is the total number of atoms, ri(t0 + t) and ri(t0) are the positions at time t0 + t and t0, 

respectively. 

Figure 2.3 Snapshot of MDS system of MMM fully covered with water 
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Radial Distribution Function (RDF), also called g(r), is the probability of finding an atom at a defined 

cut-off distance from a given reference atom and reflects the local orientation of any atom [47]. 

gij (r) = 
∆Nij(r,   r + ∆r)V

4πr2∆rNiNj
             (1) 

where r is the distance between atoms i and j, ΔNij(r, r+Δr) is the number of atoms j around atom i 

within a shell from r to r+Δr, V is the system volume, Ni and Nj are the numbers of atoms i and j 

respectively. According to the location and the intensity of the peaks in the RDF plots, the orientation 

of the molecules can be determined.  

2.4 Results and discussion 

2.4.1 Membrane stability 

Potential energy and binding energy provide distinct and important views on the stability of mixed 

matrix membranes (MMMs). Potential energy determined by bonded and non-bonded interactions 

(including both intra- and intermolecular interactions) represents the cohesive energy holding all the 

atoms within the MMMs together. Thus, it reflects the overall stability of the MMMs. Binding 

Water media 

MMM 
Oil (Hexadecane) 

Figure 2.4 Snapshots illustrating oil-MMM model: side-view (left) and top-view (right) 
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energy is derived from intermolecular non-bonded interactions between the nanofillers and the 

membrane matrix. Therefore, it presents the interfacial interactions between the nanofillers and the 

membrane matrix. In general, a higher potential/binding energy indicates a less cohesive interaction 

or a lower stability [48][43][44].  

Figure 2.5 displays potential energies of different MMMs, which suggests that synthesis approach 

had a significant impact on the potential energy. ZW-coated-NP MMMs exhibited higher potential 

energies, indicating lower overall stability. This is mainly due to the presence of the linkers 

connecting the zwitterions with TiO2 NPs during coating (Table 2.1Error! Reference source not 

found.). The linkers attributed a considerable amount of bonded energy to the potential energy of the 

ZW-coated-NP MMMs. For example, as much as 55 % of bonded energy (E-mol) was observed 

greater for PC-coated-NP MMM (12336.40 kcal/mol) than for PC-coated-MMM (5564.04 

kcal/mol). Similarly, E-mol were over 43 % greater for CB-coated-NP MMM and SB-coated-NP 

MMM than for their counterparts (Table 2.2 

Table ). Comparison of electrostatic interactions, namely electrostatic energy (E-elec.), suggested 

that the coating of ZW on TiO2 NPs reduced pulsive electrostatic interactions of MMMs. Smaller E-

elec. was observed for ZW-coated-NP MMMs as compared to their counterparts ( 

Table ). Overall, synthesis approach 2 (uncoated NPs) led to more stable harmonized MMMs. 

Furthermore, comparison of zwitterionic types, PC and CB yielded the most and least stable MMMs, 

although the dissimilarity was marginal, 3.6 and 2.3 % gap in E-pot from synthesis approach 1 and 

2, respectively. 
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Table 2.2 Summary of calculated energies of different composite membranes 

 Label(*) 
ZW-coated-NP MMM ZW-coated-MMM surface 

CB PC SB CB PC SB 

E-kin 5239.97 5328.80 5275.50 4937.96 5026.78 4973.49 

E-mol(**) 8310.40 12336.40 8391.68 4664.45 5564.04 4758.28 

E-vdw 9891.26 8021.87 7279.25 7053.25 8721.92 1798.47 

E-elec 102778.50 96498.27 101797.86 103017.13 97880.83 106634.02 

E-hb -258.12 -340.59 -278.09 -316.55 -392.37 -149.89 

N-hb 1226 1355 1248 1164 1306 1079 

E-pot 120722.03 116515.95 117190.69 114418.27 111774.41 113040.88 

E-tot 125962.00 121844.75 122466.20 119356.23 116801.19 118014.37 

E-binding 5455.35 301.46 1442.57 3999.06 750.85 1947.20 

(*) All energies expressed in kcal/mol, accept N-hb with no unit 

(**) E-mol (molecular valance energy) denotes the sum of bonded energies, including bond, angle and 

dihedral stretching. 

ZW: zwitterion, NP: nanoparticle, MMM: mixed matrix membrane, CB: Carboxybetaine, PC: 

Phosphatidylcholine, SB: sulfobetaine 
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Figure 2.5 Calculated potential energy of mixed matrix membranes (ZW: zwitterion, NP: nanoparticles, MMM: 

mixed matrix membrane, CB: carboxybetaine methacrylate SB: sulfobetaine, PC: Phosphatidylcholine 
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The stability of nanofillers-membrane matrix interface and the retention of nanofillers can be judged 

by binding/interaction energy (E-binding) defined by Eq. 5. The data presented in Figure 2.6Figure  

show that binding energies are positive, which indicates thermodynamically unfavorable (repulsive) 

interactions. This means nanofillers (ZW and NPs) would favorably interact with themselves than 

with the membrane polymers (PVDF). In other words, they would be likely to aggregate during 

membrane preparation [44]. In general, positive E-binding reflects poor nanofillers-membrane 

adhesion and hence lower nanofillers retention during filtration.  

 

 

 

 

 

 

 

 

 

 

 

Among those zwitterions studied, CB modified MMMs with the most positive E-binding led to the 

least cohesive nanofiller-membrane attachment, thus anticipated lowest nanofillers retention, 

followed by SB zwitterion and then PC zwitterion. Comparing membrane preparation methods, the 

degree of aggregation seemed less likely for ZW-coated NPs than for uncoated NPs (except CB-

coated NPs) since ZW-coated NPs had smaller positive E-binding with PVDF membrane matrix. 

0

1

2

3

4

5

6

CB-MMM PC-MMM SB-MMM

E
-b

in
d
in

g
, 

1
0

3
.k

ca
l.

m
o
l-

1

ZW-coated-NP MMM

ZW-coated-MMM Surface

Figure 2.6 Calculated total free binding energy of mixed matrix membranes (ZW: zwitterion, NP: 

nanoparticles, MMM: mixed matrix membrane, CB: carboxybetaine methacrylate SB: sulfobetaine, PC: 
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For example, PC-coated-NP MMM and SB-coated-NP MMM displayed E-binding of 301.5 and 

1442.6 kcal/mol, respectively, while E-binding of their opponents were 750.9 and 1947.2 kcal/mol, 

respectively.  

2.4.2 Assessment of Membrane Hydrophilicity  

In this study, water-membrane interactions were assessed by means of hydrogen bonding energy (E-

hb) and number of hydrogen bonds (N-hb). As presented in Figure 2.7 and Figure 2.8, both N-hb 

and E-hb remained stable before the water layer reached a critical distance of ca. 4 Å from the 

membrane surface, but quickly increased as the water moved closer towards the membrane. This is 

because the cut-off distance for the computation of hydrogen bonding potential was set to 3.5 Å, 

beyond which no hydrogen bonding interactions were considered. As water approached closer and 

eventually penetrated the membrane, E-hb shifted from negative (attractive interactions) to positive 

(repulsive interactions), which indicates a decrease in water-membrane affinity strength (Figure 

2.8). This shift is a result of atoms moving too close to each other, which compresses bonds and 

begins to overlap the outer electron shells of the atoms, causing them to repel each other.  

From Figure 2.8 (b), it may be noted that zwitterionic types had no considerable impacts on E-hb of 

ZW-coated-MMM surface, which implies a similar hydrophilicity capacity. However, N-hb were 

different amongst the membranes (Figure 2.7 (b)). This suggests differences in the strength of 

hydrogen bonds and, consequently, the strength of the water-membrane attachment. CB-coated-

MMM surface with lowest N-hb displayed greatest E-hb/N-hb ratio and hence induced strongest 

hydration layer as compared to other MMMs. For ZW-coated-NP MMMs, E-hb differed according 

to zwitterionic types (Figure 2.8 (a)). CB-coated-NP MMM with the most negative E-hb was 

anticipated to be the most hydrophilic, followed by SB-coated-NP MMM, and then PC-coated-NP 

MMM.  
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(a) (b) 

Figure 2.8 Calculated hydrogen bonding energy (ZW: zwitterion, NP: nanoparticles, MMM: mixed matrix 

membrane, CB: carboxybetaine methacrylate SB: sulfobetaine, PC: Phosphatidylcholine methacrylate) 

(a) (b) 

Figure 2.7 Calculated number of hydrogen bonds (ZW: zwitterion, NP: nanoparticles, MMM: mixed matrix 

membrane, CB: carboxybetaine methacrylate SB: sulfobetaine, PC: Phosphatidylcholine methacrylate) 
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Comparison of N.hb suggested that CB-coated-NP MMM displayed the strongest hydration due to 

its smallest N-hb (or greatest E-hb/N-hb ratio), followed by SB-coated-NP MMM and then PC-

coated-NP MMM. This agreed with findings from previous studies [49][50][51]. For example, Shao 

et al. 2014 [50] employed molecular dynamic simulation to investigate how the charge densities of 

different zwitterionic moieties dictate the strength of the hydration layer formed on membrane 

surface. The Shao research team demonstrated that CB zwitterion exhibit the strongest hydration, 

SB and PC zwitterions display strong and moderate hydration, respectively [50]. Overall, 

comparison of two membrane synthesis approaches showed that uncoated NP MMMs (ZW-coated-

MMM surface) with slightly more negative E-hb exhibited stronger a likely higher hydrophilicity, 

although the difference is insignificant. 

To further understand water-membrane interactions, MDS simulations for water-MMM model, in 

which MMM is fully immersed in water, were performed and compared. The MDS results are 

summarized in Figure 2.9 and Table 2.3. In general, uncoated NP MMM (ZW-coated-MMM 

Surface) contained more negative hydrogen bonding energy, thus exhibited higher hydrophilicity, 

which is in consistence with findings discussed previously. Amongst the three uncoated NP MMMs, 

PC modified MMM with the most negative E-hb displayed the best hydrophilicity. Amongst ZW-

coated-NP MMM, CB modified MMM with the most negative E-hb anticipated the most 

hydrophobicity. Regarding the strength of hydration layer, PC modified MMM seemed to produce 

the strongest hydration amongst ZW-coated-MMM surface with E-hb/N-hb ratio of -0.127 

kcal/mol/hb, while CB modified MMM was anticipated to induce the strongest hydration compared 

to other ZW-coated-NP MMMs with  E-hb/N-hb ratio of -0.055 kcal/mol/hb (Table 2.3Table) 
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Table 2.3 Calculated hydrogen bond energy and number of hydrogen bonds 

(*) Energies expressed in kcal/mol 

ZW: zwitterion, NP: nanoparticle, MMM: mixed matrix membrane, CB: carboxybetaine, PC: 

Phosphatidylcholine, SB: sulfobetaine 

2.4.3 Assessment of Membrane Fouling (Oil-membrane model interaction) 

Binding energy (E-biding) defined by Eq. 5 was calculated to assess oil-membrane interactions. 

Since E-binding is determined by interatomic interactions between the oil-water emulsion layer and 

 
ZW-coated-NP MMM ZW-coated-MMM Surface 

E-hb(*) N-hb E-hb/N-hb E-hb(*) N-hb E-hb/N-hb 

CB -1619.48 29646 -0.055 -2028.85 29807 -0.068 

PC   -555.13 29985 -0.019 -3722.05 29336 -0.127 

SB -1278.14 30093 -0.043 -1931.91 29145 -0.066 

Figure 2.9 Simulated hydrogen bonding energy, E-hb (columns) and number of hydrogen bonds, N-hb (lines) (ZW: 

zwitterion, NP: nanoparticles, MMM: mixed matrix membrane, CB: carboxybetaine methacrylate SB: sulfobetaine, 

PC: Phosphatidylcholine methacrylate) 
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the membrane, it reflects the oil’s attachment or detachment from the membrane surface. As seen 

from Figure 2.10, E-binding was influenced by membrane preparation methods and zwitterionic 

types. Positive E-binding indicates repulsive interactions, thereby reflects oil-antifouling capability 

of MMMs. WZ-coated-NP MMMs with lower positive E-hb suggested lower oil-antifouling 

potential as compared to ZW-coated-MMM Surface. Comparison of zwitterionic types suggested 

that PC zwitterion displayed the most oil fouling resistance capacity, followed by SB zwitterion and 

then CB zwitterion. 

 

 

 

 

 

 

 

 

 

 

Mean-squared displacement (MSD) results are showed in Figure 2.11Figure to study the mobility 

of oil on the membrane surface. At the start of the simulation (time <100 fs), oil mobility was slightly 

higher around ZW-coated-MMM surface than around ZW-coated-NP MMM (accept SB modified 

MMM) due to greater slopes of MDS functions (on average 9 and 28 % higher for CB- and PC-

coated-MMM surface, respectively), which may underline less probable oil-membrane interactions 

for ZW-coated-MMM surface. This could be due to its higher repulsive membrane-oil binding 
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Figure 2.10 Binding energy of oil-mixed matrix membrane systems (ZW: zwitterion, NP: nanoparticles, 

MMM: mixed matrix membrane, CB: carboxybetaine methacrylate SB: sulfobetaine, PC: 

Phosphatidylcholine methacrylate) 
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energy (FigureFigure 2.10), which repels oil molecules away. However, as the simulation continued, 

the motion of oil reversely changed. Oil tended to move more slowly on ZW-coated-MMM surface 

than on ZW-coated-NP MMM surface. As previously explained ZW-coated-MMM surface was 

anticipated to have higher hydrophilicity (Figure 2.9) and induce stronger hydration layer (Table 

2.3). As a result, the presence of strong hydration layer caused by ZW-coated-MMM surface could 

have created a barrier that reduced oil-membrane interactions and thereby slowed down the oil 

mobility. 
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Figure 2.11 Mean-squared displacement (MSD) of ZW-coated-NP MMMs (top) and ZW-coated-MMM 

Surface (bottom) (ZW: zwitterion, NP: nanoparticles, MMM: mixed matrix membrane, CB: carboxybetaine 

methacrylate SB: sulfobetaine, PC: Phosphatidylcholine methacrylate) 
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Finally, the radial distribution function (RDF) analyses were performed to describe the probability 

of finding oil molecules from the membrane surface. Overall, the probability of finding oil 

molecules increased proportionally with contact distance (Figure 2.12).  Figure 2.12 (top) 

displays the RDF profiles of the oil-membrane pair for ZW-coated-NP MMMs, which indicates 

that at near distance to the membrane surface (< 7 Å), oil molecules are most probably found 

around PC-coated-NP MMM due to its greatest RDF, followed by SB-coated-NP MMM, and 

then CB-coated-NP MMM. Regarding ZW-coated-MMM surface (Figure 2.12, bottom), the 

RDF profiles displayed a similar trend for all three membranes, although at closest distance to the 

membrane surface (1.5-2 Å), oil molecules were detected at higher probability for CB- and PC-

coated-MMM surface (RDF ≈ 3.0 and 2.5, respectively) than for SB-coated-MMM surface (DF 

≈ 0).  
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Figure 2.12 Radial distribution function (RDF) profiles of oil-membrane pair for ZW-coated-NP 

MMM (top) and ZW-coated-MMM surface (bottom) (ZW: zwitterion, NP: nanoparticles, MMM: 

mixed matrix membrane, CB: carboxybetaine methacrylate SB: sulfobetaine, PC: 
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2.5 Conclusion  

MDS simulations based on Dreiding force field were employed to compute multiple atomic and 

molecular interactions of MMM, water-MM and oil-MMM systems, through which MMM’s 

stability, hydrophilicity and oil-antifouling capacity were assessed. The MDS results suggest that 

both zwitterionic type (CB, PC and SB) and membrane preparation methods (coated and uncoated 

nanofillers) influence MMM stability, hydrophilicity and oil-antifouling capacity. Computed 

potential energy and binding energy of MMMs (20 wt% nanofillers) were positive, which indicate 

that interactions between membrane matrix (PVDF) and nanofillers (ZW and TiO2 NPs) were 

thermodynamically unstable (repulsive) so that nanofillers would aggregate when dispersed in 

coating solution during membrane preparation process. Comparison of membrane preparation 

approaches suggests that ZW-uncoated-NPs (ZW-coated-MMM surface) produce lower aggregation 

tendency and more stable MMMs, thereby higher retention of nanofillers. Amongst the zwitterions 

evaluated, PC induced the most stable and harmonized MMM. In terms of hydrophilicity, ZW-

uncoated-NP MMMs were slightly more hydrophilic as compared to ZW-coated-NP MMMs. The 

CB-coated-MMM and PC-uncoated-MMM were most hydrophilic and induced the strongest 

hydration layers. Furthermore, binding energy between oil and MMMs was positive, indicating 

repulsive oil-MMM interactions and associated oil-antifouling. ZW-uncoated-NP MMMs displayed 

higher oil-antifouling capacity, while PC was the best oil-antifouling enhancer as compared with CB 

and SB.  

Acknowledgment  

The authors gratefully acknowledge the Natural Sciences and Engineering Research Council of 

Canada (NSERC) discovery grants program (AA 2020-2966; DWM 2020-04014) for funding the 

research and the Chemical and Biological Engineering Department at the University of 

Saskatchewan. The Authors further acknowledge high-performance computing center, University of 

Saskatchewan as well as Dr. Olivier Fisette and Arash Mollahosseini for guidance on the application 

of LAMMPS. 

 



Chapter 2 

61 

 

Computational Data Availability Statement 

The raw/processed data required to reproduce these findings cannot be shared at this time, as the data 

is critical of the ongoing research. 

Declaration of Competing Interest 

The authors have no conflict of interest to declare. 

2.6 References 

[1] O. P. Strausz and E. M. Lown, The Chemistry of Alberta Oil Sands, Bitumens and Heavy Oils. 

Alberta Energy Research Institute, 2003. 

[2] A. De Klerk, M. R. Gray, and N. Zerpa, “Unconventional Oil and Gas: Oilsands,” in Future 

Energy, Elsevier, 2014, pp. 95–116. 

[3] CAPP, “Canada’s Oil Sands,” 2019. 

[4] D. R. L. Vedoy and J. B. P. Soares, “Water-soluble polymers for oil sands tailing treatment: A 

Review,” Can. J. Chem. Eng., vol. 93, no. 5, pp. 888–904, 2015. 

[5] J. P. Giesy, J. C. Anderson, and S. B. Wiseman, “Alberta oil sands development,” Proc. Natl. 

Acad. Sci. U. S. A., vol. 107, no. 3, pp. 951–952, 2010. 

[6] L. Dowdeswell, P. Dillon, S. Ghoshal, M. Andrew, J. Rasmussen, and J. P. Smol, A foundation 

for the future: building an environmental monitoring system for the oil sands, no. December. 2010. 

[7] A. Mahaffey and M. Dubé, “Review of the composition and toxicity of oil sands process-

affected water,” Environ. Rev., vol. 25, no. 1, pp. 97–114, 2017. 

[8] C. Davidsen, “Oil Sands,” Tailings Mine Waste 2010, pp. 339–339, 2010. 

[9] Mohammed H. Dore, Water Policy in Canada: Problems and Possible Solutions. Springer, 

Cham, 2015. 

[10] N. Shrestha, G. Chilkoor, J. Wilder, V. Gadhamshetty, and J. J. Stone, “Potential water resource 

impacts of hydraulic fracturing from unconventional oil production in the Bakken shale,” Water Res., 

vol. 108, pp. 1–24, 2017. 

[11] A. Iulianelli and E. Drioli, “Membrane engineering : Latest advancements in gas separation and 



Chapter 2 

62 

 

pre- treatment processes , petrochemical industry and re fi nery , and future perspectives in emerging 

applications,” Fuel Process. Technol., vol. 206, no. May, p. 106464, 2020. 

[12] N. Helali, M. Rastgar, F. Ismail, and M. Sadrzadeh, “Separation and Puri fi cation Technology 

Development of underwater superoleophobic polyamide-imide ( PAI ) micro fi ltration membranes 

for oil / water emulsion separation,” Sep. Purif. Technol., vol. 238, no. November 2019, p. 116451, 

2020. 

[13] E. W. Allen, “Process water treatment in Canada’s oil sands industry: I. Target pollutants and 

treatment objectives,” J. Environ. Eng. Sci., vol. 7, no. 2, pp. 123–138, 2008. 

[14] E. W. Allen, “Process water treatment in Canada’s oil sands industry: II. A review of emerging 

technologies,” J. Environ. Eng. Sci., vol. 7, no. 5, pp. 499–524, 2008. 

[15] M. Zoubeik, M. Ismail, A. Salama, and A. Henni, “New Developments in Membrane 

Technologies Used in the Treatment of Produced Water: A Review,” Arab. J. Sci. Eng., vol. 43, no. 

5, pp. 2093–2118, 2018. 

[16] X. Huang et al., “Treatment of oily waste water by PVP grafted PVDF ultrafiltration 

membranes,” Chem. Eng. J., vol. 273, pp. 421–429, 2015. 

[17] A. Salahi, T. Mohammadi, R. Mosayebi Behbahani, and M. Hemmati, “Asymmetric 

polyethersulfone ultrafiltration membranes for oily wastewater treatment: Synthesis, 

characterization, ANFIS modeling, and performance,” J. Environ. Chem. Eng., vol. 3, no. 1, pp. 170–

178, 2015. 

[18] A. Pagidi, R. Saranya, G. Arthanareeswaran, A. F. Ismail, and T. Matsuura, “Enhanced oil-

water separation using polysulfone membranes modified with polymeric additives,” Desalination, 

vol. 344, pp. 280–288, 2014. 

[19] H. C. Yang, K. J. Liao, H. Huang, Q. Y. Wu, L. S. Wan, and Z. K. Xu, “Mussel-inspired 

modification of a polymer membrane for ultra-high water permeability and oil-in-water emulsion 

separation,” J. Mater. Chem. A, vol. 2, no. 26, pp. 10225–10230, 2014. 

[20] T. D. Kusworo, Qudratun, and D. P. Utomo, “Performance evaluation of double stage process 

using nano hybrid PES/SiO2-PES membrane and PES/ZnO-PES membranes for oily waste water 

treatment to clean water,” J. Environ. Chem. Eng., vol. 5, no. 6, pp. 6077–6086, 2017. 



Chapter 2 

63 

 

[21] N. Hamzah, M. Nagarajah, and C. P. Leo, “Membrane distillation of saline and oily water using 

nearly superhydrophobic PVDF membrane incorporated with SiO 2 nanoparticles,” Water Sci. 

Technol., vol. 78, no. 12, pp. 2532–2541, 2018. 

[22] L. M. Jin et al., “Synthesis of a novel composite nano fi ltration membrane incorporated SiO 2 

nanoparticles for oily wastewater desalination,” vol. 53, pp. 5295–5303, 2012. 

[23] F. Zhao, Z. Yu, H. Park, X. Liu, X. Song, and Z. Li, “Polyvinylchloride Ultrafiltration 

Membranes Modified with Different SiO 2 Particles and Their Antifouling Mechanism for Oil 

Extraction Wastewater,” J. Environ. Eng., vol. 141, no. 8, pp. 1–11, 2015. 

[24] E. Yuliwati and A. F. Ismail, “Effect of additives concentration on the surface properties and 

performance of PVDF ultra fi ltration membranes for re fi nery produced wastewater treatment,” 

DES, vol. 273, no. 1, pp. 226–234, 2011. 

[25] P. Bengani-Lutz, R. D. Zaf, P. Z. Culfaz-Emecen, and A. Asatekin, “Extremely fouling resistant 

zwitterionic copolymer membranes with ~ 1 nm pore size for treating municipal, oily and textile 

wastewater streams,” J. Memb. Sci., vol. 543, no. August, pp. 184–194, 2017. 

[26] Y. Zhu, W. Xie, F. Zhang, T. Xing, and J. Jin, “Superhydrophilic In-Situ-Cross-Linked 

Zwitterionic Polyelectrolyte/PVDF-Blend Membrane for Highly Efficient Oil/Water Emulsion 

Separation,” ACS Appl. Mater. Interfaces, vol. 9, no. 11, pp. 9603–9613, 2017. 

[27] D. Liu, J. Zhu, M. Qiu, and C. He, “Antifouling performance of poly(lysine methacrylamide)-

grafted PVDF microfiltration membrane for solute separation,” Sep. Purif. Technol., vol. 171, pp. 1–

10, 2016. 

[28] X. Zhao, N. Jia, L. Cheng, R. Wang, and C. Gao, “Constructing Antifouling Hybrid Membranes 

with Hierarchical Hybrid Nanoparticles for Oil-in-Water Emulsion Separation,” ACS Omega, vol. 4, 

no. 1, pp. 2320–2330, 2019. 

[29] X. Zhao, Y. Su, Y. Liu, R. Zhang, and Z. Jiang, “Multiple antifouling capacities of hybrid 

membranes derived from multifunctional titania nanoparticles,” J. Memb. Sci., vol. 495, pp. 226–

234, 2015. 

[30] J. Yin and J. Zhou, “Novel polyethersulfone hybrid ultrafiltration membrane prepared with 

SiO2-g-(PDMAEMA-co-PDMAPS) and its antifouling performances in oil-in-water emulsion 



Chapter 2 

64 

 

application,” Desalination, vol. 365, pp. 46–56, 2015. 

[31] J. Liu, P. Li, L. Chen, Y. Feng, W. He, and X. Lv, “Modified superhydrophilic and underwater 

superoleophobic PVDF membrane with ultralow oil-adhesion for highly efficient oil/water emulsion 

separation,” Mater. Lett., vol. 185, pp. 169–172, 2016. 

[32] A. Khandelwal, “Molecular Dynamics Simulation and Experimental Fabrication of 

Nanoporous Graphene Membranes for Optimal Water Permeability in Reverse Osmosis 

Desalination,” pp. 1–16. 

[33] L. Wang, R. S. Dumont, and J. M. Dickson, “Molecular dynamic simulations of pressure-driven 

water transport through polyamide nanofiltration membranes at different membrane densities,” RSC 

Adv., vol. 6, no. 68, pp. 63586–63596, 2016. 

[34] M. Hirose, Y. Minamizaki, and Y. Kamiyama, “The relationship between polymer molecular 

structure of RO membrane skin layers and their RO performances,” J. Memb. Sci., vol. 123, no. 2, 

pp. 151–156, 1997. 

[35] Y. Luo, E. Harder, R. S. Faibish, and B. Roux, “Computer simulations of water flux and salt 

permeability of the reverse osmosis FT-30 aromatic polyamide membrane,” J. Memb. Sci., vol. 384, 

no. 1–2, pp. 1–9, 2011. 

[36] M. Shen, S. Keten, and R. M. Lueptow, “Dynamics of water and solute transport in polymeric 

reverse osmosis membranes via molecular dynamics simulations,” J. Memb. Sci., vol. 506, pp. 95–

108, 2016. 

[37] D. Konatham, J. Yu, T. A. Ho, and A. Striolo, “Simulation insights for graphene-based water 

desalination membranes,” Langmuir, vol. 29, no. 38, pp. 11884–11897, 2013. 

[38] Z. E. Hughes and J. D. Gale, “Molecular dynamics simulations of the interactions of potential 

foulant molecules and a reverse osmosis membrane,” J. Mater. Chem., vol. 22, no. 1, pp. 175–184, 

2012. 

[39] Q. Shi et al., “Grafting short-chain amino acids onto membrane surfaces to resist protein 

fouling,” J. Memb. Sci., vol. 366, no. 1–2, pp. 398–404, 2011. 

[40] S. Plimpton, “Fast parallel algorithms for short-range molecular dynamics,” Journal of 

Computational Physics, vol. 117, no. 1. pp. 1–19, 1995. 



Chapter 2 

65 

 

[41] J. M. M. L. Martínez, R. Andrade, E. G. Birgin, “Packmol: A package for building initial 

configurations for molecular dynamics simulations,” J. Comput. Chem., vol. 30, no. 13, pp. 2157–

2164, 2009. 

[42] S. L. Mayo, B. D. Olafson, and W. A. Goddard, “DREIDING: A generic force field for 

molecular simulations,” J. Phys. Chem., vol. 94, no. 26, pp. 8897–8909, 1990. 

[43] M. Sarmadi, A. Shamloo, and M. Mohseni, “Utilization of molecular dynamics simulation 

coupled with experimental assays to optimize biocompatibility of an electrospun PCL/PVA 

scaffold,” PLoS One, vol. 12, no. 1, pp. 1–18, 2017. 

[44] S. Dong, J. Yan, N. Xu, J. Xu, and H. Wang, “Molecular dynamics simulation on surface 

modification of carbon black with polyvinyl alcohol,” Surf. Sci., vol. 605, no. 9–10, pp. 868–874, 

2011. 

[45] U. Uciechowska et al., “Binding free energy calculations and biological testing of novel 

thiobarbiturates as inhibitors of the human NAD + dependent histone deacetylase Sirt2,” 

Medchemcomm, vol. 3, no. 2, pp. 167–173, 2012. 

[46] G. Liu et al., “Mixed matrix membranes with molecular-interaction-driven tunable free volumes 

for efficient bio-fuel recovery,” J. Mater. Chem. A, vol. 3, no. 8, pp. 4510–4521, 2015. 

[47] M. B. Tanis-Kanbur, S. Velioğlu, H. J. Tanudjaja, X. Hu, and J. W. Chew, “Understanding 

membrane fouling by oil-in-water emulsion via experiments and molecular dynamics simulations,” 

J. Memb. Sci., vol. 566, no. September, pp. 140–150, 2018. 

[48] F. Sanchez and L. Zhang, “Interaction energies , structure , and dynamics at functionalized 

graphitic structure – liquid phase interfaces in an aqueous calcium sulfate solution by molecular 

dynamics simulation,” Carbon N. Y., vol. 48, no. 4, pp. 1210–1223, 2009. 

[49] R. G. Laughlin, “Fundamentals of the Zwitterionic Hydrophilic Group,” Langmuir, vol. 7, no. 

5, pp. 842–847, 1991. 

[50] Q. Shao et al., “Differences in cationic and anionic charge densities dictate zwitterionic 

associations and stimuli responses,” J. Phys. Chem. B, vol. 118, no. 24, pp. 6956–6962, 2014. 

[51] Q. Shao and S. Jiang, “Molecular understanding and design of zwitterionic materials,” Adv. 

Mater., vol. 27, no. 1, pp. 15–26, 2015. 



 

66 

 

 

While mixed matrix membranes are emerging as a new membrane generation for water and 

wastewater treatment owing to its diverse advantages inherited from different classes of materials 

used, the stability and durability of these membrane remain important criteria for the manufacturing 

of mixed matrix membrane. The incompatibility of the materials used can cause removal of 

additives during filtration process, leading to deterioration of membrane performance and 

contamination of effluent. This issue can be minimized by selecting suitable membrane preparation 

approach and compatible combination of materials used. Previously in Chapter 2, the impacts of 

membrane synthesis approaches and zwitterion types on the membrane stability and performance 

were investigated and analyzed. The following chapter – Chapter 3 presents a different aspect on 

membrane stability optimization looking at how chemical and structural properties of coating 

materials (i.e., zwitterion) affect the performance of resultant MMMs in term of stability, 

hydrophilicity and oil-antifouling capacity. Furthermore, the performance of MMMs at high 

temperature presentative for industrial OSPW was estimated. The outcome of this study will add 

valuable information to the design and development of novel MMMMs with selective properties 

for OSPW treatment.  
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CHAPTER 3 

A ccomputational study on impacts of zwitterionic structure on mixed matrix membrane’s 

stability, hydrophilicity, and fouling resistance 

 

The contents of the manuscript provided in this chapter is under review in the scientific journal 

Environmental Science: Water Research & Technology: EW-ART-11-2021-000802. 

Citation: Vu Tan Bui, Amira Abdelrasoul, Dena W. McMartin. A computational study on impacts 

of zwitterionic structure on mixed matrix membrane’s stability, hydrophilicity, and fouling 

resistance. 2021 

Authors’ credit: All authors participated in the research project, reviewed and discussed the 

manuscript. Tan Vu Bui: Simulation, Data Curation, Writing - Original Draft; Dr. Amira 

Abdelrasoul: Conceptualization, Methodology, Supervision, Writing - Review & Editing; and D. 

Dena W. McMartin: Writing - Review & Editing. 

3.1 Abstract 

Zwitterion-based mixed matrix membranes (MMMs) have emerged as a new class of advanced 

membranes for oilsands process-affected wastewater (OSPW) treatment due to its super hydrophilic 

property and excellent fouling resistance. In general, zwitterion’s properties are determined by the 

chemistry and structural properties of its constituents such as polymer backbone, charged moieties, 

spacer, as well as molecular configuration. In this study, using molecular dynamics simulation 

(MDS), we investigated the effects of zwitterion’s polymer backbone (PB), spacer length (SL) and 

spacer chemistry (SC) on MMM properties such as stability, hydrophilicity and oil-antifouling 

potentiality. Additionally, the membrane performance at high temperatures: 50, 70 and 90oC is 

assessed. The results suggest that all of PB, SL and SC influence the resultant MMM performance 

with SL the most impactful structural parameter on MMM stability and hydrophilicity. Variation of 

SL was suspected to alter the ionic association and partial charges of zwitterionic moieties, which 

affect their ability to interact with the polymer network and water molecules. Spacer chemistry (i.e., 

hydroxyl (-OH) groups) can initiate self-association between zwitterionic charged groups with short 
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SL, lessening their inter-molecular networking ability, while facilitate the formation of hydrogen 

bonds and/or electrostatics interactions between ZWs having long SL with PVDF polymer chains 

and water molecules, improving membrane stability and hydrophilicity. In addition, high 

temperatures were observed to reduce membrane stability but to a lower extent for MMMs as 

compared to unmodified PVDF membrane. While temperature greatly influenced membrane 

hydrophilicity, the impacts were membrane-specific. Although the oil-fouling propensity of pristine 

PVDF membrane increased with temperature, MMM-oil antifouling capacity appeared stable across 

the studied temperature range. 

Keywords: Mixed Matrix Membrane, Zwitterion, PVDF, Molecular Dynamics Simulation, 

Membrane Fouling, Membrane Modification, Oily Wastewater Treatment 

Graphical Abstract: 

Highlights: 

• ZW polymer backbone, spacer length and spacer chemistry influence MMM’s properties 

• Variation of zwitterionic spacer length alters ionic association of charged moieties 

• Ionic association of ZW charged groups affected MMM’s stability and hydrophilicity 

• Hydroxylated ZW spacer can enhance or reduce MMM properties depending on spacer 

length 
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• High temperatures alter MMM stability and hydrophilicity with minor influences on oil-

antifouling capacity 

3.2 Introduction 

While oilsands production is a key driver of the Alberta and Canadian economy (i.e., providing 

numerous job opportunities and tax revenues for governments), oilsands mining has caused 

increasing burdens on water management systems due mainly to requirements for intensive water 

use for extraction and refinement processes and oilsands process-affected water storage (OSPW). 

For instance, hot-water bitumen extraction requires between 2-5 units of water used for every 1 unit 

of oil extracted [1][2][3]. OSPW cannot currently be discharged to the aquatic environment and must 

be retained on-site in tailings ponds due to the presence of fines, toxicity, and complex compounds 

for which there is currently a lack of feasible remediation approaches [4]. There are more than 1 

billion m3 of OSPW accumulated in tailings ponds in the Athabasca Oil Sands Region of Alberta 

[5]. Despite the current zero discharge policy, the containment of OSPW has raised increasing 

concerns due to potential downstream environmental contamination, including percolation and 

contamination of groundwaters and leakage to adjacent surface waters [6][7]. 

The application of membrane technology to treat OSPW for reuse may prove an effective approach 

for tackling the dual issues of water abstraction and contamination associated with oilsands mining 

and extraction activities [8]. In general, membrane filtration is more advantageous than conventional 

methods due to its high treatment efficiency, simple modular scalability, automation and low energy 

requirements [9][10][11]. Poly(vinylidene fluoride) (PVDF) is one of the most widely used 

membrane materials for many filtration operations because of its excellent chemical resistance, high 

thermal stability, strong mechanical stress, and relative controllability [9][12][13]. However, PVDF 

is a pure thermoplastic fluoropolymer that also exhibits low surface energy and strong 

hydrophobicity [14]. As a result, the prepared membranes are poorly hydrophilic and prone to 

fouling caused by adhesion and accumulation of feed constituents [9][14].  

Membrane fouling is a significant challenge that limits widespread application of membrane 

technology as it causes reduced flux, selectivity, membrane service life, and increased application 

costs [15]. Recent studies have focused on improving hydrophilicity of PVDF membranes to mitigate 

the fouling effects as hydrophilic membranes can form a robust surface hydration barrier to resist 
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foulant adsorption [16][17][18][19]. Immobilizing hydrophilic materials into the membrane matrix 

is one of the most common approaches for hydrophilization of PVDF membranes [20]. While 

numerous materials, including inorganic nanoparticles (i.e., TiO2 [21][22]), hydrophilic polymers 

(i.e., polyethylene glycol (PEG) [23][24]) and zwitterions (ZWs) [13][20][25][26] have been 

identified for their antifouling abilities, utilizing multiple hydrophilic materials is more promising to 

enhance the antifouling performance [27][28][29]. For instance, PVDF membranes modified with 

ZW materials and inorganic nanoparticles (i.e., TiO2), referred to as mixed matrix membranes 

(MMM), are considered the next generation of membrane design and the resultant membranes inherit 

combined advantages of difference classes of materials used. Owing to their multi-scale structures 

and multiple functionalities, MMMs can exhibit multiple potentialities beyond their excellent 

antifouling capacity, such as enhanced water permeability, selectivity, and mechanical stability 

[3][30].  

Zwitterions (ZW) contain equivalent numbers of cationic and anionic groups which can induce 

electrostatic interactions with water molecules via ionic solvation. This unique structural feature is 

well recognized as the key driver of ZW’s superhydrophilicity [31]. By inducing ionic interactions, 

ZW can form denser and stronger hydration shells in comparison to PEG and its derivatives which 

form hydration shells via hydrogen bonding with water molecules [32][33]. Common ZWs are 

phosphobetaine (PPB), carboxybetaine (CB), and sulfobetaines (SB). These structures contain a 

quaternized ammonium group as cationic moiety and phosphate, carboxylate and sulfonate units as 

anionic moiety, respectively [31][34].  

Variations of zwitterionic moieties influence ZW properties [35][36]. For example, Maghami and 

Abdelrasoul [13] conducted a comprehensive computational study of various customized and 

commercialized ZW materials for enhancing PVDF membrane hydrophilicity focusing on results for 

hydrophilicity and water uptake of the resultant membranes. In our previous study, we investigated 

the stability, hydrophilicity and oil-antifouling ability of PVDF-based MMMs modified with three 

different ZWs, namely PB, CB and SB [3]. From a molecular simulation viewpoint, we found that 

ZW-charged groups influenced the resultant MMM stability, hydrophilicity, oil-antifouling capacity. 

The results further illustrated that PB was the most preferable candidate amongst the three 

zwitterionic moieties assessed [3]. 
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In addition to zwitterionic moieties themselves, the structure and chemistry of the linker connecting 

the ionic moieties also affect ZW properties. For instance, the separation distance or carbon spacer 

length (CSL) denoting the number of methylene groups (-CH2-) between the anionic and cationic 

units is likely to induce different hydration structures, hydration dynamics, and degrees of 

interactions with both water and foulants [35][37]. In term of spacer chemistry, a hydroxylated 

spacer will alter both mechanical stability and hydrophilicity of ZW because the hydroxyl groups 

induce interactions with water molecules and/or inter- and intra-chain interactions between the 

charged moieties [38]. Another important component of ZW structure is the linkage or polymer 

backbone that connects the charged moiety to the polymer skeleton. Careful selection of linkage 

structure is important to minimize hydrolysis in aqueous media. The most popular and versatile 

polymer backbones are poly(acrylate)s, poly(acrylamide)s, poly(methacrylate)s and 

poly(methacrylamide)s with the former being the most sensitive and the latter being the least 

sensitive to hydrolysis [39]. 

The goal of the present study is to investigate and quantify the influence of zwitterionic moieties 

alongside structure, length and chemistry of the linkers connecting the ionic moieties on ZW 

properties and overall influence on membrane stability and performance.  

3.3 Materials and methods 

3.3.1 Zwitterion design 

• In this study, a comprehensive analysis of ZW structure and resultant MMM properties 

relationships at molecular levels, from the point of view of molecular dynamics 

simulation is shared. Three ZW structural aspects are considered including polymer 

backbone (PB) (i.e., poly(methacrylate)s and poly(methacrylamide)s), spacer length (SL 

= 1, 2 and 3) and spacer chemistry (SC) (i.e., with and without hydroxylation). And the 

stability, hydrophilicity, oil-antifouling ability and nanofillers retention are further 

examined as criteria for predicting optimal MMM properties. Following findings from a 

previously published study, phosphobetaine (PPB) ZW is considered as ideal candidate 

as compared to CB and SB structures and hence was chosen as zwitterionic moiety in this 

study [3]. In total, 12 combinations of ZW structure are investigated (Error! Reference 

source not found. and  

Table). TiO2 nanoparticles are used as co-antifouling enhancers for the preparation of MMM with a 

PVDF host membrane. Evaluation of high-temperature operating conditions relative to OSPW 

feedwater were included to assess membrane performance under high temperatures conditions, 
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specifically at 50, 70 and 90oC since these may create challenges for polymeric membranes-based 

treatment 

3.3.2 Models and simulation method 

Large-scale Atomic/Molecular Massively Parallel Software (LAMMPS) with the Dreiding force 

field was used to investigate the MMM, water-MMM and oil-MMM models for stability, 

hydrophilicity and oil-antifouling capacity. The initial configurations of simulated models were 

obtained with use of Packmol program to perform packing optimization. Molecular interactions in 

the simulations were quantified based on Dreiding Force Field (FF), which considered both bonded 

(intramolecular) and non-bonded (intermolecular) interactions. According to Dreiding FF, potential 

energy is calculated by E.q 1 [3][40] 

Epotential = Ebonded + Enon-bonded            (1) 

where Ebonded includes energies derived from intramolecular bond, angle, and diheral stretching, 

while Enon-bonded includes intermolecular interaction energies such as van der Waals (E-vdw), 

electrostatics (E-elec) and hydrogen bonding (E-hb) energies.  

Readers are referred to our previous study for details on the definition and calculation of these 

energies [3]. The simulations were carried out in an NVE ensemble, accompanied by the Langevin 

thermostat to control 25oC constant temperature throughout the simulation. Cut-off distance was set 

to 10 Å for pair interactions and 3.5 Å for interactions in hydrogen bonds. 
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Table 3.1 Chemical structures of studied Zwitterions 

  

 

ZW-MA3 ZW-MA2 ZW-MA1 

 
  

ZW-MA3OH ZW-MA2OH ZW-MA1OH 

   

ZW-MAA3 ZW-MAA2 ZW-MAA1 

  
 

ZW-MAA3OH ZW-MAA2OH ZW-MAA1OH 
Note: ZWxyz:  

• x: designation of polymer backbone: MA: methacrylate and MAA: methacrylamide 

• y: designation of spacer length: 1: -CH2-, 2: -(CH2)2- and 3: -(CH2)3- 

• z: designation of spacer chemistry: OH: hydroxyl-contained spacer   
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Table 3.2 Optimized structures of studied zwitterions 

Note: The molecules were geometrically optimized using software Avogadro. This software enables geometry optimization that predicts the three-

dimensional arrangement of the atoms in a molecule by means of minimization of a model energy 

  
 

ZW-MA3 ZW-MA2 ZW-MA1 

   

ZW-MA3OH ZW-MA2OH ZW-MA1OH 

  

 
ZW-MAA3 ZW-MAA2 ZW-MAA1 

 
 

 
 

ZW-MAA3OH ZW-MAA2OH ZW-MAA1OH 
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3.3.3 Mixed matrix membrane model setup 

MMM model is initiated by random packing defined numbers of PVDF polymer chains, zwitterionic 

molecules and TiO2 nanoparticles in a defined region of space (or simulation cell, presented in 

Figure 3.1). This process is done by Packmol software with energy optimization. There are in total 

12 different MMM models according to 12 studied zwitterion structures (Table 3.1 and Table 3.2). 

Each MMM model consists of 90 PVDF polymer chains (8 monomers each chain), 20 zwitterion 

molecules and 20 TiO2 NPs (corresponding to a 20 wt% nanofillers/PVDF ratio) packed in a 

50x50x30 Å simulation cell (Figure 3.1 and A.1 in the appendix for all studied models). In addition, 

a PVDF model containing 110 PVDF polymer chains (8 monomers per chain) with similar atomic 

density and size as of MMM models is created as a reference to MMM models (Figure 3.1). To be 

consistent in this study, MMMs are labelled correspondingly to the ZW structures (Table 3.3). 

The binding energy reflecting the nanofillers-PVDF interfacial interactions is calculated according 

to Eq. 2 [3][41][42] 

E-binding = (EA + EB) – EAB  (2) 

where EAB, EA and EB describe the total energies of MMM, nanofillers and PVDF membrane matrix 

systems, respectively. 

 

 

 

Figure 3.1 Snapshots of PVDF membrane model (left) and MMM model (right) 
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Table 3.3 Labels of mixed matrix membrane (MMM) models 

No. Zwitterion Nanoparticle 

Nanofiller 

(Zwitterion + 

Nanoparticle) 

Membrane 

matrix 

Mixed matrix 

membrane (MMM) 

1 - - - PVDF M-0 

2 ZW-MA1 TiO2 ZN11 PVDF M-MA1 

3 ZW-MA2 TiO2 ZN12 PVDF M-MA2 

4 ZW-MA3 TiO2 ZN13 PVDF M-MA3 

5 ZW-MA1OH TiO2 ZN13OH PVDF M-MA1OH 

6 ZW-MA2OH TiO2 ZN12OH PVDF M-MA2OH 

7 ZW-MA3OH TiO2 ZN11OH PVDF M-MA3OH 

8 ZW-MAA1 TiO2 ZN21 PVDF M-MAA1 

9 ZW-MAA2 TiO2 ZN22 PVDF M-MAA2 

10 ZW-MAA3 TiO2 ZN23 PVDF M-MAA3 

11 ZW-MAA1OH TiO2 ZN21OH PVDF M-MAA1OH 

12 ZW-MAA2OH TiO2 ZN22OH PVDF M-MAA2OH 

13 ZW-MAA3OH TiO2 ZN23OH PVDF M-MAA3OH 

3.3.4 Membrane-water interaction model setup 

Membrane-water interaction model is created using Packmol software. In short, the membrane 

system (MMM or PVDF membrane) created previously, 50x50x30 Å, is placed in a water box, 

60x60x40 Å, consisting of 5000 water molecules (Figure and A.2 in the appendix for all studied 

models). The membrane-water model is then run by LAMMPS. Simulated membrane-water binding 

energy, electrostatics energy, number and energy of hydrogen bonds are used as means for studying 

the membrane hydrophilicity.  
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The membrane-water binding energy is calculated using Eq. 2 with EAB, EA and EB denoting the 

total energies of the membrane-water, MMM and water models, respectively. In addition, a PVDF-

water interaction model is generated for PVDF membrane as reference. 

3.3.5 Membrane-oil interaction model setup 

The membrane-oil model consists of two systems: a water-oil emulsion system positioned at the 

surface of a membrane system (i.e., MMM and PVDF membrane) (Figure  and A.3 in the appendix 

for all studied models). The water-oil emulsion system is created using Packmol by packing 2000 

water molecules and two molecules of hexadecane in a simulation box of 50x50x50 Å, 

corresponding to an oil concentration of 6000 ppm [3]. Hexadecane is a water-immiscible aliphatic 

hydrocarbon that can be used as model compound as noted in previous membrane-oil fouling 

computational studies [3][43]  

Figure 3.2 Snapshot of PVDF-water model (left) and MMM-water model (right) 
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The molecular structure of hexadecane used in this study is provided in S.4. The simulation begins 

with the oil molecules approaching the vicinity of the membrane surface and run over a set period 

of time to observe, document and quantify the interaction between the membrane surface and oil 

molecules (e.g., attractive and repulsive forces).  

Simulated membrane-oil binding energy is used to assess the oil antifouling capacity of the 

membrane. This binding energy is calculated accordingThe binding energy reflecting the 

nanofillers-PVDF interfacial interactions is calculated according to Eq. 2 . Additionally, Mean-

Squared Displacement (MSD) and Radial Distribution Function (RDF) are simulated and analyzed 

to study the conformational characteristics of the oil molecules. MSD describes the position 

deviation of a molecule over time, thus reflecting the mobility of the molecule (Eq. 3). 

MSD (t) = 
1

N
 ∑ 〈[ri(t0 + t)  − ri(t0)]2〉N

i=1          (3)       

where N is the total atoms amount in the oil molecules, ri(t0 + t) and ri(t0) are the atoms positions in 

the oil molecules at time t0 + t and t0, respectively. 

RDF, also known as g(r) function (Eq. 4), quantifies the probability of finding an atom (i.e., oil 

atoms) at a given cut-off distance from a defined reference atom (i.e., membrane atoms) and hence 

reflects the local orientation of the atom. 

Figure 3.3 Snapshot of PVDF-oil model (left) and MMM-oil model (right) 
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gij (r) = 
∆Nij(r,   r + ∆r)V

4πr2∆rNiNj
            (4) 

where r is the distance between atoms i and j, ΔNij(r, r+Δr) is the number of atoms j that surround 

atom i within a shell within the range from r to r+Δr, V is the system volume, Ni and Nj are the 

numbers of atoms i and j, respectively. The location and the intensity of the peaks in RDF plots can 

determine molecular orientation.  

3.4 Results and discussion 

3.4.1 Assessment of membrane stability 

Mixed matrix membranes (MMMs) can be described in terms of potential and binding energies. 

Potential energy (E-pot) determined by bonded and non-bonded interactions (including both intra- 

and inter-molecular interactions) represents the cohesive energy holding all the atoms within the 

MMMs together. Thus, the overall stability of the MMMs is reflected by potential energy. Binding 

energy is derived from intermolecular non-bonded interactions between the nanofillers and the 

membrane matrix. Therefore, it represents the interactions between the nanofillers and the membrane 

matrix interfaces. In general, a higher E-pot indicates a lack of cohesive forces within the MMM 

structure and lower interfacial stability; higher binding energy implies stronger cohesive forces and 

greater interfacial stability. 

Figure  displays computed E-pot of the 12 studied MMMs as well as that for a reference PVDF 

membrane. All but one of the MMMs (except M22) exhibit lower potential energies compared to the 

PVDF membrane, suggesting that MMMs have more cohesive polymer networks. 

 

 

 

 

 

 80

90

100

110

120

130

140

PVDF Mx1z Mx2z Mx3z

P
o
te

n
ti

al
 e

n
er

g
y,

 1
0

3
k
ca

l/
m

o
l

PVDF M-MAy M-MAAy M-MAyOH M-MAAyOH

Figure 3.4 Computed potential energies of mixed matrix membranes and PVDF membrane (M: 
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The presence of lower E-pot can be attributed to the intermolecular interactions induced by the 

nanofillers and/or between the nanofillers and PVDF membrane polymer chains. Due to the presence 

of charged groups and hydrogen donor and acceptor atoms, ZW can induce intra- and inter-molecular 

electrostatics and hydrogen bond interactions with PVDF polymer network. Variations of E-pot of 

MMMs connote the influence of PB, SL and SC on the overall stability of ZW-MMM. As seen in 

Table and Figure , E-pot reduces with increase of SL accept M-MAA membranes. This implies 

MMM’s stability increases with SL of the ZW. It can be related to the ionic association of charged 

moieties. Variation of SL is believed to alter the partial charges of zwitterionic moieties. Longer SL 

reduces the interplay between charged groups and hence increases their partial charges [37]. As a 

result, ZW with longer SL may induce more inter-molecular interactions and greater networking 

ability, which in turn enhances the stability of the membrane.  

Within the ZW backbone, the results for evaluation of methacrylate (MA) demonstrate an MMM 

that yields more stability with long spacer length (SL= 2 and 3) in comparison to methacrylamide 

(MAA). Viewing E-pot variations with respect to spacer chemistry suggests that ZWs with 

hydroxylated spacer may improve the stability of MMMs (E-pot of hydroxylated-spacer-containing 

MMMs < E-pot of non-hydroxylated-spacer-containing MMMs,  Error! Reference source not found. 

and Table). 

Table 3.4 Computed potential energy and binding energy  

No. 
Mixed matrix 

membrane (MMM) 

Potential energy (E-pot.) 

[103xkcal/mole] 

Binding energy (E-

binding) [kcal/mole] 

1 M-0 (PVDF) 128.59 - 

2 M-MA1 112.65 1680.13 

3 M-MA2 107.95 -1575.94 

4 M-MA3 106.96 1762.72 

5 M-MA1OH 120.23 -931.92 

6 M-MA2OH 97.97 154.43 

7 M-MA3OH 100.67 7293.39 

8 M-MAA1 106.49 4352.27 

9 M-MAA2 128.66 1770.11 



Chapter 3 

81 

 

10 M-MAA3 108.04 -4999.00 

11 M-MAA1OH 120.61 573.03 

12 M-MAA2OH 102.73 -867.67 

13 M-MAA3OH 103.11 -1533.97 

This can be attributed to the fact that the presence of hydroxyl groups (-OH) facilitates the formation 

of intermolecular hydrogen bonds between ZW molecules and/or between ZW molecules with PVDF 

polymer chains (Figure). This finding is in good agreement with previous findings by He et al., 2012 

[38]. He demonstrated that hydroxyl groups present on ZW spacer interconnected with ZW 

carboxylate groups via hydrogen bonds which resulted in a well-connected polymer network. 

 

 

 

 

 

 

 

 

 

 

 

 

In contrast, for ZWs with short spacer length (SL=1), the presence of hydroxyl groups slightly 

reduced the stability of the membrane (E-pot of M-MA1OH = 120.23x103 kcal/mol > E-pot of M-

MA1 = 112.65x103 kcal/mol and E-pot of M-MAA1OH = 120.61x103 kcal/mol > E-pot of M-MAA1 

= 106.49x103 kcal/mol). In the case of ZWs with SL =1, charged moieties are very close to each 

other, thus the presence of hydroxyl group may facilitate interconnections between the charged 

(a) 

(b) 

Figure 3.5 Illustration of hydrogen bonds formed by hydroxyl groups on ZW spacer: intermolecular 

hydrogen bond interactions between ZW molecules (a) and between ZW molecule and PVDF polymer 

chain (b)  
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motives and the hydroxyl group. These self-associating interactions reduce the ability of ZW 

moieties to forming intermolecular interactions with other ZW molecules and/or PVDF polymer 

chains, resulting in less interconnected polymer networks. 

Although simulated potential energies confirmed the influence of PB, SL and SC on MMM’s 

stability, it is important to find out which factors are more impactful. For this purpose, potential 

energy variations of MMMs with respect to ZW PB, SL and SC were calculated (Table). The results 

suggest that SL is the most important factor affecting MMM’s stability (13.91% E-pot variation), 

followed by SC (9.64% E-pot. variation) and BB (4.98% E-pot variation), respectively.  

Table 3.5 Potential energy variations (units in 103kcal/mole) 

Polymer backbone  
Methacrylate  

(MA) 

Methacrylamide  

(MAA) 

Variation 

[%] 
 

M1 112.65 106.49 5.47  

M2 107.95 128.66 16.10  

M3 106.96 108.04 1.00  

M1OH 120.23 120.61 0.32  

M2OH 97.97 102.73 4.64  

M3OH 100.67 103.11 2.37  

  Mean  4.98  

Spacer chemistry  Non-hydroxylated  Hydroxylated - OH 
Variation 

[%] 
 

M-MA1 112.65 120.23 6.30  

M-MA2 107.95 97.97 9.25  

M-MA3 106.96 100.67 5.88  

M-MAA1 106.49 120.61 11.71  

M-MAA2 128.66 102.73 20.15  

M-MAA3 108.04 103.11 4.56  

  Mean 9.64  

Spacer length  SL = 1 SL = 2  SL = 3 
Variation 

[%] 

M-MA 112.65 107.95 106.96 5.05 

M-MAA 106.49 128.66 108.04 17.23 

M-MAOH 120.23 97.97 100.67 18.51 

M-MAAOH 120.61 102.73 103.11 14.82 
   Mean 13.91 

Figure  displays the calculated E-binding of MMMs, which reflects the impacts of ZW PB, SL and 

SC. For MMM containing ZW with methacrylamide (MAA) as PB, increasing SL reduces E-binding 
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and thus reduces the interfacial stability and the corresponding nanofillers attachment. Unlike MAA 

backbone, methacrylate (MA) shows inconsistent impacts on E-binding  

For MMMs containing hydroxylated-spacer ZWs (M-MAyOH), increasing SL significantly 

increases binding energy, resulting in stronger nanofillers attachment (E-binding for SL 1, 2, 3 are -

931.92, 154.43 and 7293.39 kcal/mol, respectively per Table). The reason for this improvement can 

be linked to the levels of self-association between negative and positive zwitterionic moieties, which 

decline with the increase of SL [37]. Decrease in self-association between ZW-charged moieties 

increases the potentiality for intermolecular networking between ZW molecules with PVDF 

membrane matrix, resulting in stronger interfacial attachment. E-binding variations with respect to 

ZW PB, SL and SC are calculated to assess the influence degrees of each factor. The results showed 

in Table suggest that SL has the most significant impact on interfacial stability (354.72% E-binding 

variation), followed by PB (233.60% E-binding variation) and SC (128.51% E-binding variation), 

respectively. 

Table 3.6 Binding energies with regard to ZW PB, SL and SC (units in kcal/mole) 

Polymer backbone  
Methacrylate  

(MA) 

Methacrylamide 

(MAA) 

Variation 

 [%] 
 

M1 -1680.13 -4352.27 61.40  

M2 1575.94 -1770.11 189.03  

M3 -1762.72 4999.00 135.26  

M1OH 931.92 -573.03 262.63  

M2OH -154.43 867.67 117.80  

M3OH -7293.39 1533.97 575.46  

  Mean 223.60  

Spacer chemistry Non-hydroxylated  Hydroxylated (-OH) 
Variation  

[%] 
 

M-MA1 -1680.13 931.92 280.29  

M-MA2 1575.94 -154.43 109.80  

M-MA3 -1762.72 -7293.39 75.83  

M-MAA1 -4352.27 -573.03 86.83  

M-MAA2 -1770.11 867.67 149.02  

M-MAA3 4999.00 1533.97 69.31  

  Mean 128.51  

Spacer length  SL = 1 SL = 2 SL = 3 
Variation  

[%] 

M-MA -1680.13 1575.94 -1762.72 211.85 
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M-MAA -4352.27 -1770.11 4999.00 187.06 

M-MAOH 931.92 -154.43 -7293.39 882.62 

M-MAAOH -573.03 867.67 1533.97 137.36 
   Mean 354.72 

According to the previous results, M-MA2OH and M-MA3OH have the most connected polymer 

networks, while M-MA3OH and M-MAA1 display the most stable membrane-nanofiller interface. 

3.4.2 Estimation of membrane hydrophilicity 

Membrane hydrophilicity can be assessed by means of membrane-water interactions. In this study, 

interactions between membrane and water are analyzed based on simulated membrane-water binding 

energy (E-binding), hydrogen bonding energy (E-hb), and electrostatics energy (E-elec) (presented 

in Table ). Since E-binding is derived from intermolecular interactions between the membrane and 

water molecules, higher E-binding reflects stronger hydration and higher hydrophilicity. As showed 

in Table , E-binding of PVDF membrane with water is the least and much lower as compared to 

modified PVDF membranes (MMMs), which explains the hydrophobic nature of PVDF polymer 

and the strong hydrophilicity of MMMs. To determine and compare the levels of hydrophilicity 

improvement of MMMs, percentage changes of E-binding of MMMs with regard to PVDF 
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Figure 3.6 Calculated nanofillers-PVDF binding energies (M: membrane, PVDF: polyvinylidene 

difluoride, MAA: Methacrylamide, MA: Methacrylate) 
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membrane as reference, so-called hydrophilicity enhancement, were calculated as following: 

Hydrophilicity enhancement [%] = 
E−bindingPVDF−E−bindingMMM

E−bindingPVDF
 .100% 

Where: 

E − bindingPVDF: binding energy of PVDF-Water system, [kcal/mol] 

E − bindingPVDF: binding energy of MMM-Water system, [kcal/mol] 

As seen in Table , all modified PVDF membranes (MMMs) show great hydrophilicity enhancement, 

varying between 98.88% to 101.79%, in comparison to unmodified PVDF membrane. This data 

confirms the fact that zwitterionic materials can effectively enhance the hydrophilicity of 

hydrophobic PVDF membrane, which has been consistently demonstrated in previous studies using 

both computational [3][13] and experimental [30][44][45][46] approaches.  Zhao et al. 

experimentally synthesized PVDF membranes modified with zwitterionic materials and TiO2 

nanoparticles and investigated multiple antifouling capacities of the resultant membranes. Zhao and 

his group demonstrated that the hybrid nanofillers could enhance the hydrophilicity and antifouling 

capacity properties of PVDF [30].  

Table 3.7 Summary of simulated results of water-membrane models 

No. MMM MMM-Water 
E-elec. 

[103.kcal/mole] 

E-hb 

[kcal/mole] 

E-biding 

[kcal/mole] 

Hydrophilicity 

enhancement 

[%] 

1 M-0 (PVDF) MW-0 702.53 -5473.96 -591779.99 - 

2 M-MA1 MW-MA1 97.30 -5128.69 6300.52 101.06 

3 M-MA2 MW-MA2 99.41 -4471.00 -4778.22 99.19 

4 M-MA3 MW-MA3 95.58 -4907.54 2962.01 100.50 

5 M-MA1OH MW-MA1OH 113.47 -3796.03 -1851.10 99.69 

6 M-MA2OH MW-MA2OH 89.55 -5038.26 4884.38 100.83 

7 M-MA3OH MW-MA3OH 96.41 -4902.03 -3380.42 99.43 

8 M-MAA1 MW-MAA1 91.12 -5019.19 5736.80 100.97 

9 M-MAA2 MW-MAA2 86.40 -5169.49 2405.72 100.41 

10 M-MAA3 MW-MAA3 102.06 -4874.42 -4584.14 99.23 
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11 M-MAA1OH MW-MAA1OH 102.54 -5105.35 10614.63 101.79 

12 M-MAA2OH MW-MAA2OH 83.70 -4885.55 9181.43 101.55 

13 M-MAA3OH MW-MAA3OH 92.76 -5244.04 -6650.71 98.88 

 

Figure displays estimated E-binding of MMMs with water, which varies according to ZW PB, SL 

and SC. Overall, ZWs with shorter SL were observed to result in higher E-binding and thus stronger 

hydrophilicity. For instance, in the case of methacrylamide (MAA) PB (M-MAAy and M-

MAAyOH), increasing SL reduces E-binding and the corresponding membrane hydrophilicity. This 

result may be linked to the fact that methylene groups of the spacer present a hydrophobic feature of 

ZWs [47]. Shao and Jiang found that zwitterionic carboxybetaines (CBs) containing many methylene 

groups demonstrated hydration free energy, lower than CBs with a small number of methylene 

groups [37].  

Spacer chemistry displays different impacts on water-membrane interactions for different ZW 

polymer backbones. For methacrylate containing MMMs (M-MAy and M-MAyOH), the 

introduction of hydroxyl groups reversely alters the water-membrane E-binding, whereas for 

methacrylamide containing MMMs (M-MAAy and M-MAAyOH) additive hydroxyl groups overal 

improve water-membrane binding energy (except SL = 3). 
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Figure 3.7 Calculated water-membrane binding energies (MW: membrane-water, PVDF: 

polyvinylidene difluoride, MAA: Methacrylamide, MA: Methacrylate) 
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Membrane-water E-binding variations with respect to ZW PB, SL and SC were calculated to assess 

the influence levels of each factor. The results (Table ) suggest that SL has the most significant 

impact on membrane hydrophilicity (172.99% E-binding variation), followed by SC (163.51% E-

binding variation) and BB (144.27% E-binding variation), respectively. 

Table 3.8 Membrane-water binding energy variations (units in kcal/mole) 

Polymer backbone  
Methacrylate  

(MA) 

Methacrylamide 

(MAA) 

Variation 

[%] 
 

M1 6300.52 5736.80 8.95  

M2 -4778.22 2405.72 298.62  

M3 2962.01 -4584.14 164.61  

M1OH -1851.10 10614.63 117.44  

M2OH 4884.38 9181.43 46.80  

M3OH -3380.42 -6650.71 49.17  

  Mean 144.27  

Spacer chemistry Non-hydroxylated  Hydroxylated - OH 
Variation 

[%] 
 

M-MA1 6300.52 -1851.10 440.37  

M-MA2 -4778.22 4884.38 202.22  

M-MA3 2962.01 -3380.42 187.62  

M-MAA1 5736.80 10614.63 45.95  

M-MAA2 2405.72 9181.43 73.80  

M-MAA3 -4584.14 -6650.71 31.07  

  Mean 163.51  

Spacer length SL = 1 SL = 2 SL = 3 
Variation 

[%] 

M-MA 6300.52 -4778.22 2962.01 161.99 

M-MAA 5736.80 2405.72 -4584.14 225.14 

M-MAOH -1851.10 4884.38 -3380.42 45.24 

M-MAAOH 10614.63 9181.43 -6650.71 259.60 
   Mean 172.99 

 It is generally understood that zwitterionic materials are super-hydrophilic because of  their ability 

to associating with a significant number of water molecules through both hydrogen bonding and 

electrostatics interactions [44]. In this study, in addition to membrane-water binding energy, 

hydrogen bonding and electrostatics interactions energies (labelled as E-hb and E-elec., respectively) 

were analyzed to study the membrane-water interactions behaviors and resultant membrane’s 

hydrophilicity (Table ).  
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Computed E-hb and E-elec are illustrated in Figure  and Error! Reference source not found., 

respectively. Negative energies reflecting attractive interactions while positive energies indicating 

repulsive interactions. Overall, PVDF exhibits slightly higher E-hb with water (-5473.96 kcal/mol) 

as compared to MMMs (-3796.03 kcal/mol to -5244.05 kcal/mol).  

Figure 3.8 Simulated hydrogen bond energies of mixed matrix membranes and PVDF membrane 

with water (MW: membrane-water, PVDF: polyvinylidene difluoride, MAA: Methacrylamide, 

MA: Methacrylate) 

 

In agreement with E-hb data, computed number of hydrogen bonds (N-hb) of PVDF-water model is 

greater than that of MMM-water models (except M-MA1OH membrane) (Table  

No. MMMs 

Hydrogen donor atoms MMM-Water system 

F O N Total 
Computed N-hb 

[-] 

Computed E-hb 

[kcal/mol] 

1 M-0 (PVDF) 1760 - - 1760 19982 -5473.96 

2 M-MA1 1440 120 20 1580 18230 -5128.69 

3 M-MA2 1440 120 20 1580 17756 -4471.00 

4 M-MA3 1440 120 20 1580 18383 -4907.54 

5 M-MA1OH 1440 140 20 1600 20319 -3796.03 

6 M-MA2OH 1440 140 20 1600 18154 -5038.26 
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). This result is attributed to the fact that PVDF polymers contain fluorine atoms with high 

electronegativity that can form hydrogen bonds with water molecules [13]. Maghami and 

Abdelrasoul [13] previously employed pair interaction energy decomposition analysis combined 

with fragment molecular orbital computation and experimental approaches for investigating water 

interactions with hydrophobic PVDF polymer and hydrophilic polymers including polyacrylonitrile 

and zwitterionic materials [48][49]. Maghami and Abdelrasoul [13] demonstrated that the formation 

of water clusters on PVDF surface are a result of hydrogen bonding interactions of water molecules 

with polar C-F groups of PVDF. The authors also reported that the interaction of water with 

zwitterionic materials led to the formation of a strong and stable hydration between water molecules 

and zwitterionic units, while the interaction of water with PVDF led to the formation of water clusters 

rather than attaching themselves to fluorine atoms of PVDF polymer, reflecting a distinct character 

of hydrophobic polymers. 

The reason that E-hb and N-hb recorded for PVDF membrane are greater than that of MMMs is 

mainly due to the high number of hydrogen donor atoms present in PVDF structure (1760 atoms) 

compared to other MMMs (1580 to 1600 atoms) (Table ). More hydrogen donor atoms are 

favourable for the formation of more N-hb, resulting in greater E-hb.  

Table 3.9 Number of hydrogen donor atoms and computed number of hydrogen bonds 

7 M-MA3OH 1440 140 20 1600 18578 -4902.03 

8 M-MAA1 1440 100 40 1580 18354 -5019.19 

9 M-MAA2 1440 100 40 1580 18530 -5169.49 

10 M-MAA3 1440 100 40 1580 17988 -4874.42 

11 M-MAA1OH 1440 120 40 1600 18731 -5105.35 

12 M-MAA2OH 1440 120 40 1600 18193 -337.14 

13 M-MAA3OH 1440 120 40 1600 19331 -251.94 

No. MMMs 

Hydrogen donor atoms MMM-Water system 

F O N Total 
Computed N-hb 

[-] 

Computed E-hb 

[kcal/mol] 

1 M-0 (PVDF) 1760 - - 1760 19982 -5473.96 

2 M-MA1 1440 120 20 1580 18230 -5128.69 
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Due to the strong dipole moments in the zwitterionic moieties, zwitterion forms the hydration layer 

via hydrogen bonding and electrostatic interactions , while other hydrophilic polymers which can 

only form a hydration layer via hydrogen bonding [32]. Error! Reference source not found. reveals 

simulated E-elec of PVDF and MMMs with water molecules. PVDF membrane displays a 

significantly high repulsive E-elec toward water which confirms its hydrophobic characteristics. In 

contrast, MMMs show smaller E-elec (more attractive interactions) with water, which explains the 

higher binding energies with water as well as higher hydrophilicity. These results are directly 

connected to the electrostatic interactions with water serving as the key driver for the high 

3 M-MA2 1440 120 20 1580 17756 -4471.00 

4 M-MA3 1440 120 20 1580 18383 -4907.54 

5 M-MA1OH 1440 140 20 1600 20319 -3796.03 

6 M-MA2OH 1440 140 20 1600 18154 -5038.26 

7 M-MA3OH 1440 140 20 1600 18578 -4902.03 

8 M-MAA1 1440 100 40 1580 18354 -5019.19 

9 M-MAA2 1440 100 40 1580 18530 -5169.49 

10 M-MAA3 1440 100 40 1580 17988 -4874.42 

11 M-MAA1OH 1440 120 40 1600 18731 -5105.35 

12 M-MAA2OH 1440 120 40 1600 18193 -337.14 

13 M-MAA3OH 1440 120 40 1600 19331 -251.94 

Figure 3.9 Simulated electrostatics energies of mixed matrix membranes and PVDF membrane with 

water (MW: membrane-water, PVDF: polyvinylidene difluoride, MAA: Methacrylamide, MA: 

Methacrylate) 
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hydrophilicity capacity of ZWs [32][13].  

3.4.3 Assessment of oil-antifouling capacity 

The simulated E-binding of membrane-oil models used to evaluate oil-antifouling ability are 

presented in Table . In general, not all MMMs indicated enhanced oil-antifouling potential as 

compared to PVDF membrane. M-MAA3, M-MA1, M-MAA2OH, M-MAA3OH experienced 

strong oil-attraction to the membrane materials as a result of high E-binding, resulting in high fouling 

tendencies. In terms of PB, MA showed overall higher potentialities against oil fouling in 

comparison to MMA with 5 out of 6 MA-based MMMs displaying higher oil repulsive interactions, 

although M-MMA1 showed the highest oil-antifouling ability (E-binding ≈ -486590 kcal/mol). The 

results did not indicate clear correlations between ZW spacer length and chemistry with the oil-

antifouling ability of resultant MMMs. This is likely a result of the either low impacts or overlapping 

or counteracting effects. 

Table 3.10 Computed membrane-oil potential and binding energies 

No. MMM MMM-oil Binding energy (E-binding) [kcal/mol] 

1 M-0 (PVDF) MO-0 1039.14 

2 M-MA1 MO-MA1 2347.00 

3 M-MA2 MO-MA2 -614.37 

4 M-MA3 MO-MA3 -159493.14 

5 M-MA1OH MO-MA1OH -1218.39 

6 M-MA2OH MO-MA2OH -272820.60 

7 M-MA3OH MO-MA3OH -168259.54 

8 M-MAA1 MO-MAA1 -486589.79 

9 M-MAA2 MO-MAA2 -100314.91 

10 M-MAA3 MO-MAA3 4206.72 

11 M-MAA1OH MO-MAA1OH -28994.18 

12 M-MAA2OH MO-MAA2OH 1952.78 

13 M-MAA3OH MO-MAA3OH 1507.49 

 

Radial distribution function (RDF) profiles of membrane-oil models (Error! Reference source not 
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found.10) are analyzed to study the orientation of oil molecules around the membrane surface. In 

other word, RDF provides information about the likability of the oil appearance on the membrane 

surface at an observed distance. Overall, for all MMMs evaluated, there was no measurable 

probability of finding oil molecules at a distance of less than 4 Å from the membrane surface. At 

larger distances, oil molecules were found with higher probability around MMMs modified with 

ZWs containing MA polymer backbone (i.e., M-MA membranes) as compared to those containing 

MAA polymer backbone, regardless of SL and chemistry. These observations underscore the higher 

attractive interactions of oil molecules with the membrane surface. Like E-binding results, there were 

no obvious impacts of ZW SL and SC as compared to that of ZW PB. 
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Figure 3.10 Radial Distribution Function (RDF) (PVDF: polyvinylidene difluoride, MAA: 

Methacrylamide, MA: Methacrylate) 
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The dynamics of the oil at the membrane surface was also assessed by analyzing Mean-Squared 

Displacement (MSD) data (Figure ). Overall, MSD data showed that oil molecules are slightly more 

mobile around the MMM surface than around a PVDF membrane surface. High mobility of oil 

molecules may reflect the low levels of attraction to the membrane surface. In this regard, MMMs 

showed lower tendency of interactions with oil as compared to the bare PVDF membrane. This could 

link to the fact that MMMs are more hydrophilic than PVDF membranes, as discussed in Section 0. 

In comparison of spacer chemistry, oil molecules seemed to move more actively on the surface of 

MMMs modified with ZWs having non-hydroxylated spacer (M-MA and M-MAA) than those 

modified with ZWs having hydroxylated spacer (M-MAOH and M-MAAOH). On the other hand, 

ZW PB and SL showed negligible influence on the dynamics of the oil molecules.
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Figure 3.11 Mean squared displacement (MSD) (PVDF: polyvinylidene difluoride, MAA: 

Methacrylamide, MA: Methacrylate) 
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3.4.4 Membrane performance at high temperature 

The feedwater high temperature is one of the major challenges for treating OSPW using 

membrane filtration processes. About 80% of oilsands recoverable resources can only be 

extracted via thermally enhanced oil recovery methods such as steam assisted gravity drainage 

(SAGD) and cyclic steam stimulation (CSS). These methods result in large quantities of high-

temperature wastewater streams, typically between 80-90oC [50][51][52]. However, most 

polymeric membrane-based processes operate at temperature below 45oC due to the limited 

thermal stability of the membrane [50]. Development of high-temperature tolerant polymeric 

membranes is therefore necessary for the OSPW treatment application. From twelve studied 

MMMs, we selected six best membranes with regard to stability, hydrophilicity and oil-

antifouling potentiality to examine their performance at high temperatures, specifically at 50, 70 

and 90oC. 

Computed potential energies (E-pot) at different temperatures are provided in Figure  and Table 

. Although the rise in E-pot was not consistent with increasing temperature, increased temperature 

in general led to increased E-pot. This suggests that membrane polymer networks are less stable 

at high temperatures. However, MMM’s E-pot varied very slightly (mostly less than 1%, Table 

), indicating high thermal endurance overall. On the other hand, the PVDF membrane was 

observed to be more vulnerable to high temperatures due to the higher E-pot variation (up to 

2.23% at T-70oC compared to 25oC) associated with PVDF membranes.  
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Figure 3.12 Computed potential energies of MMMs at different temperatures (PVDF: 

polyvinylidene difluoride, MAA: Methacrylamide, MA: Methacrylate) 
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Table 3.11 Computed potential energies of MMMs at different temperatures 

Binding energy (E-binding) at different temperatures was also computed to study nanofillers-

PVDF interfacial stability changes. The simulated E-binding results are presented in  

 

 

 

 

Table  and Figure . Overall, E-biding of MMMs containing ZWs with hydroxyl-functionalized 

spacers (i.e., M-MA2OH, M-MA3OH and M-MAA1OH) reduced more significantly with 

temperature as compared to MMMs containing ZWs with non-functionalized spacers. For 

example, interfacial nanofiller-PVDF E-binding of M-MA2OH switched functionality from 

attractive behaviour at 25oC (E-binding = 154.43 kcal/mol) to repulsive behavior at 90oC (E-

binding = -1589.23 kcal/mol). This result suggests that interfacial interaction of ZWs with 

hydroxyl-functionalized spacers with the PVDF membrane network is more sensitive to high 

temperature and that attachment to the host membrane is less stable at high temperatures. In 

contrast, non-functionalized spacer ZWs and PVDF host membrane interaction were thermally 

destructed to a lesser extent (narrow E-binding changes). In the case of M-MA3 membrane, the 

MMM 

E-pot [kcal/mol] Changes [%] 

T25 T50 T70 T90 
T50 to 

T25 

T70 to 

T25 

T90 to 

T25 

M-MA2OH 97965.53 98693.73 98043.89 99414.13 0.74 0.08 1.48 

M-MA3OH 100668.57 100822.97 101338.97 100715.35 0.15 0.67 0.05 

M-MAA1 106486.23 106212.09 107490.82 107044.70 -0.26 0.94 0.52 

M-MA3 106958.88 106813.07 107217.06 106946.70 -0.14 0.24 -0.01 

M-MAA1OH 120606.13 120845.79 121077.73 120805.94 0.20 0.39 0.17 

M-0 128585.97 130842.19 131447.52 130468.47 1.75 2.23 1.46 

M-MAA2 128656.47 128910.58 128214.53 129565.70 0.20 -0.34 0.71 
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nanofillers-membrane interface remained strongly stable over the temperature range studied. 

 

 

 

 

 

Table 3.12 Computed binding energies of MMMs at different temperatures 

MMM 
E-binding [kcal/mol] Changes [%] 

T25 T50 T70 T90 T50 to T25 T70 to T25 T90 to T25 

M-MA3OH 7293.39 974.72 571.69 1232.44 -86.64 -92.16 -83.10 

M-MAA1 4352.27 4180.95 3851.46 2450.93 -3.94 -11.51 -43.69 

M-MAA2 1770.11 1322.77 2775.57 777.32 -25.27 56.80 -56.09 

M-MA3 1762.72 2375.09 1974.19 2325.48 34.74 12.00 31.93 

M-MAA1OH 573.03 -694.82 -262.53 230.97 -221.26 -145.81 -59.69 

M-MA2OH 154.43 -339.68 -99.02 -1589.23 -319.95 -164.12 -1129.06 

 

Figure 3.13 Computed binding energies of MMMs at different temperatures (PVDF: 

polyvinylidene difluoride, MAA: Methacrylamide, MA: Methacrylate) 
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Water-membrane binding energy, which reflects the membrane’s hydrophilicity, was also 

simulated at different temperatures (Figure  and TableError! Reference source not found.). 

Overall, temperature was observed to considerably impact membrane hydrophilicity due to great 

changes in water-membrane binding energy (-4.64 to 239.53%). However, the data showed that 

temperature impacts were membrane-specific. M-MA2OH membrane experienced a steady 

water-membrane E-binding drop with increasing temperature, whereas M-MA3OH membrane 

and unmodified PVDF membrane showed a consistent rise in water-membrane E-binding with 

increasing temperature, suggesting stronger affinity to water at higher temperatures. For M-

MAA2 and M-MAA1OH membranes, the interaction with water was suppressed at 50oC and 

70oC and strongly recovered when temperature reached 90oC. In the case of M-MAA1, the 

membrane-water affinity slightly improved when temperature increased to 50oC (E-binding 

change from T50 to T25 = 7.95%) but gradually deteriorated with further increases in 

temperature.  

Table 3.13 Computed membrane-water binding energies at different temperatures 
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Simulated oil-membrane binding energy at different temperatures are presented in Figure  and 

Error! Reference source not found.. The oil-membrane binding energy of MMMs appeared to 

change only marginally with temperature, reflecting the oil-antifouling capability under high 

temperatures. In contrast, PVDF revealed higher oil-fouling propensity at higher temperature due 

to increased oil-membrane binding energy.  

Table 3.14 Computed membrane-oil binding energies at different temperatures 

MMMs 

E-binding [kcal/mol] Changes [%] 

T25 T50 T70 T90 
T50 to 

T25 

T70 to 

T25 

T90 to 

T25 

M-MAA1 -486589.79 -487063.68 -484189.72 -483044.43 -0.10 0.49 0.73 

M-MA2OH -272820.60 -273512.50 -274026.01 -273364.51 -0.25 -0.44 -0.20 

M-MA3OH -168259.54 -171520.42 -170117.00 -167491.62 -1.94 -1.10 0.46 

M-MA3 -159493.14 -159100.85 -160136.09 -160443.24 0.25 -0.40 -0.60 

M-MAA2 -100314.91 -102869.74 -101134.42 -99398.74 -2.55 -0.82 0.91 

M-MAA1OH -28994.18 -27133.57 -29178.46 -30342.67 6.42 -0.64 -4.65 

M-0 1039.14 2151.18 2506.64 8400.98 107.01 141.22 708.45 

MMMs 

E-binding [kcal/mol] Changes [%] 

T25 T50 T70 T90 
T50 to 

T25 

T70 to 

T25 

T90 to 

T25 

M-MAA1OH 10614.63 10121.60 8075.15 11670.90 -4.64 -23.92 9.95 

M-MAA1 5736.80 6192.95 5085.02 2600.97 7.95 -11.36 -54.66 

M-MA2OH 4884.38 1283.97 2836.85 3677.87 -73.71 -41.92 -24.70 

M-MA3 2962.01 4849.34 1806.26 3786.94 63.72 -39.02 27.85 

M-MAA2 2405.72 918.44 -2287.28 3665.62 -61.82 -195.08 52.37 

M-MA3OH -3380.42 -1693.25 4716.81 -771.22 49.91 239.53 77.19 

M-0 -591779.99 -1264.10 -4089.23 -1852.27 99.79 99.31 99.69 
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Figure 3.15 Computed membrane-oil binding energies at different temperatures (PVDF: 

polyvinylidene difluoride, MAA: Methacrylamide, MA: Methacrylate) 
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3.5 Conclusion 

In this study, the effect of zwitterion molecular structure on resultant MMM properties was 

investigated. Twelve (12) zwitterionic structures were evaluated having different polymer 

backbones (PB), i.e., MA – methacrylate and MAA – methacrylamide, spacer lengths (SL), i.e., 

SL = 1, 2 and 3 methyl groups) and spacer chemistries (SC), i.e., with and without hydroxyl (-

OH) groups). Simulation analysis suggested that MMMs were more stable and more hydrophilic 

than PVDF membrane, although not all MMMs were found to have better oil fouling resistance. 

The MDS data also confirmed that electrostatics interactions induced with water are key drivers 

for the high hydrophilicity capacity of ZWs. Overall, all of PB, SL and SC influenced MMM 

properties including stability, hydrophilicity and oil-antifouling capacity, with SL being the most 

influential factor. Long SL was observed to enhance membrane stability, which can be linked to 

the ionic association of zwitterionic charged groups. Increasing SL was demonstrated to reduce 

the ionic association of charged groups and increase partial charges [37]. Thus, ZWs with long 

SL could promote higher inter-molecular interactions potentiality, resulting in well-connected 

polymer network. However, long CL was found to reduce membrane hydrophilicity, which can 

be attributed to the hydrophobic nature of the methylene groups of the spacer. In terms of SC, the 

presence of hydroxy groups showed double effects on membrane properties mainly due to its 

ability to facilitate hydrogen bond and electrostatics interactions. For example, for membranes 

with short SL, hydroxyl groups reduced the membrane stability, while increased the stability of 

the membranes with long SL. The reason could be that hydroxy groups interplay with charged 

groups having short SL, resulting in its poor networking ability, but in the case of long SL with 

less interference by charged moieties, these involve connections with other molecules leading to 

a more harmonized polymer structure. Similarly, the hydroxy groups can either increase 

membrane hydrophilicity via interactions induced with water or reduce membrane hydrophilicity 

due to selective interactions with the polymer network. The trade-off between membrane 

hydrophilicity and stability caused by hydroxy groups were not a focus in this study but is an 
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important aspect for further investigation. The impact of PB was observed to have less significant 

and inconsistent impacts as compared to SL and SC, regardless of MMM structure. This may due 

either to low impact or to overlapping or counteracting effects with other factors. In addition, high 

temperatures appeared to reduce membrane stability, but to a greater extent for pristine PVDF 

membrane as compared to MMMs. The membrane hydrophilicity was greatly altered at high 

temperatures, but temperature impacts were membrane-specific and no absolute trend for all 

membrane was observed. Although high temperatures had no apparent impacts on MMM oil-

antifouling capacity, higher oil fouling propensity was observed for pristine PVDF membrane.  
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CHAPTER 4 

Discussion, Conclusion & Future work 

4.1 General discussion  

This thesis provided significant information on the properties and performance of novel mixed 

matrix membrane in relation to the membrane preparation method and variation of coating 

materials (i.e., zwitterions) used. The use of molecular dynamics simulation approach enabled the 

study of multiple interactions at atomic levels between the membrane and the additives used, thus 

allowed better understanding about interrelations between the MMM’s structural and physical 

properties and its performance, fouling, stability, as well as retention of additives. Computed 

potential energy and binding energy were analysed to assess the stability of MMM and the 

retention of nanofillers, while membrane-water binding energy, electrostatics energy, hydrogen 

bonding energy, number of hydrogen bonds induced with water was used to evaluate the 

membrane hydrophilicity. In addition, the membrane oil-antifouling property was assessed by 

means of membrane-oil binding energy, Mean-Squared Displacement (MSD) and Radial 

Distribution Function (RDF).  

In chapter 2, the influence of membrane synthesis approach and variation of zwitterionic material 

(i.e., zwitterion’s functional moieties) on the performance of resultant MMMs was explored. The 

multitude of MDS results suggested that both zwitterionic type and membrane preparation 

method (coated and uncoated nanofillers) impact the stability, hydrophilicity and oil-antifouling 

capacity of MMMs. Computed potential energy and binding energy of MMMs (20 wt% 

nanofillers) were positive, indicating that interactions between membrane matrix (PVDF) and 

nanofillers (ZW and TiO2 NPs) were thermodynamically unstable (repulsive). This means that 

nanofillers would aggregate when dispersed in coating solution during membrane preparation 

process, which may result in detachment of nanofillers during membrane filtration process. 

Comparison of membrane preparation approaches suggested that non-hybridization of zwitterion 

and nanoparticles leads to lower aggregation tendency and more stable MMMs, thereby higher 

retention of nanofillers. In addition, this synthesis approach also led to higher hydrophilicity and 

stronger oil-antifouling capacity. In term of zwitterionic types, PC induced the most stable and 

harmonized MMM with high oil-antifouling capacity as compared CB and SB zwitterionic types. 
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Chapter 3 presented the computational study that investigates the effect of zwitterion’s molecular 

structure on the resultant MMM’s performance with regard to membrane stability, hydrophilicity 

and oil-antifouling capacity. In addition, the performance of MMM was simulated and assessed 

under high temperature conditions representative to the actual temperature of feed water from the 

oilsands industry. Within the scope of this studied, 12 different zwitterionic structures with 

different polymer backbone, spacer length and spacer chemistry were examined and compared. 

The pristine PVDF membrane as reference was measured and analyzed along with 12 studied 

MMMs. Comprehensive analysis of the data suggested that MMMs were more stable and more 

hydrophilic than PVDF membrane, although not all MMMs were found to have better oil fouling 

resistance. The MDS data also confirmed that electrostatics interactions induced with water is the 

key driver for the high hydrophilicity capacity of ZWs. Overall, all structural parameters studied 

(i.e., polymer backbone, spacer length and spacer chemistry) displayed influences on the MMM’s 

properties including stability, hydrophilicity, and oil-antifouling capacity. Amongst these 

parameters, spacer length was found to be the most influent factor. Specifically, long spacer 

length seemed to enhance the membrane stability, which can be linked to the ionic association of 

zwitterionic charged groups. Increasing SL was demonstrated to reduce the ionic association of 

charged groups and increase their partial charges, thus promote inter-molecular interactions and 

more interconnected polymer network. However, long CL was found to reduce the membrane’s 

hydrophilicity, most likely due to the hydrophobic nature of the methyl-based spacer. In term of 

spacer chemistry, the presence of hydroxyl groups could alter both membrane stability and 

hydrophilicity. These hydroxyl groups can either initiate intermolecular interactions between the 

polymer chains, leading to more stable and well-connected membrane structures or promote 

hydrogen bonding interactions with water molecules, enhancing the membrane hydrophilicity. 

The impact of zwitterion’s polymer backbone seemed less significant and inconsistent as 

compared to spacer length and spacer chemistry due either to their low impact or to counteracting 

effects with other parameters. The impact of high feedwater temperature (i.e., 25, 50, 70 and 

90oC) on the MMM performance was also assessed and compared to that of PVDF membrane. 

MDS data showed that high temperatures seemed to reduce the membrane stability, but to a 

greater extent for pristine PVDF membrane as compared to MMMs. The membrane 

hydrophilicity was greatly altered at high temperatures, while no considerable impacts on 
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MMM’s oil-antifouling capacity was found. In contrast, increasing temperature reduced the 

PVDF membrane’s oil-antifouling capacity.  

4.2 General conclusion 

From a computational point of view, this thesis added valuable information to the design and 

development of novel mixed matrix membranes with desired characteristic for OSPW treatment. 

Important aspects including determination of suitable membrane synthesis approaches and 

selection of effective coating materials (i.e., zwitterions) were addressed and analyzed. The key 

conclusions are: 

- MDS provided reliable information for studying MMM’s stability and performance. 

- ZW type and membrane synthesis method influenced MMM’s stability and performance. 

Unhybridized zwitterion-NPs led to more stable higher hydrophilic and oil-antifouling 

MMMs in compared to hybridized zwitterion-NPs. In comparison of ZW type, PC was 

preferable ZW for producing highly stable, hydrophilic and oil-fouling-resistant MMM 

- Repulsive nanofillers-PVDF interactions suggested agglomeration of nanofillers. 

- ZW’s chemistry and molecular structure (i.e., polymer backbone, spacer length and spacer 

chemistry) influenced MMM’s performance (i.e., stability, hydrophilicity and oil-

antifouling capacity). 

- Variation of zwitterionic spacer length alters ionic association of charged moieties. Long 

SL was demonstrated to reduce the ionic association of charged groups and increase their 

partial charges, thus promote higher inter-molecular interactions, resulting in well-

connected polymer network 

- Hydroxylated ZW spacer either enhanced or reduced MMM’s properties depending on 

spacer length. For membranes with short spacer length, hydroxyl groups reduced the 

membrane stability, while increased the stability of the membranes with long spacer 

length.  

- High temperatures altered MMM’s stability and hydrophilicity but showed minor 
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influences on its oil-antifouling capacity 

4.3 Future work 

Results reported in this thesis have demonstrated that the performance of MMMs with regard to 

membrane stability, hydrophilicity and oil-antifouling capacity directly relates to the membrane 

synthesis approach and the chemical and structural properties of coating materials (i.e., 

zwitterions) used. This interrelation was comprehensively studied and assessed based on the 

analysis of computational data on complex molecular interactions of all materials involved.  

Conclusions were drawn based solely on simulated data and thus experimental studies are 

necessary for the validation of computed data presented in this thesis.  For example, future work 

as followings is recommended: 

- Experimental assessment of two MMM synthesis approaches investigated in this study: 1) 

hybridization of ZW and TiO2 NPs prior to addition to PVDF membrane matrix and 2) 

Blending bare ZW and TiO2 NPs without pre-hybridization into PVDF membrane matrix 

- Experimental synthesis and characterization of MMMs modified with variation of ZWs in 

terms of functional groups, spacer length, spacer chemistry and polymer backbone. 

In addition to experimental studies, further computation work can be realized: 

- Further computational studies with larger model size can be considered to provide more 

collective and representative information  

- Simulation studies with other model foulants (e.g., different oil structures and oil mixture)  
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Appendix A.1 – Simulation snapshot of MMM models 
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Appendix A.2 – Simulation snapshot of MMM-water interaction models 
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Appendix A.3 – Simulation snapshot of MMM-oil interaction models 
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