
Effects of Multi-walled Carbon Nanotubes (MWCNTs) and 

integrated MWCNTs/SiO2 Additives on Polymeric PVDF 

Membrane for Membrane Distillation 

 

Rufan Zhou 

 

 

Thesis submitted to the University of Ottawa  

in partial Fulfillment of the requirements for the  

Master of Applied Science in Chemical Engineering 

 

 

Department of Chemical and Biological Engineering 

 

University of Ottawa 

 

© Rufan Zhou, Ottawa, Canada, 2018 



 II 

Abstract 

Multi-walled carbon nanotubes (MWCNTs) and integrated MWCNTs/ SiO2 nanoparticles 

(NPs) were loaded as additives into nanocomposite polyvinylidene fluoride (PVDF) 

membranes fabricated via phase inversion methods, and the effects of these additives on 

the structure and vacuum membrane distillation (VMD) performance of the membranes 

have been studied. With an appropriate amount of MWCNTs (2 wt.% to PVDF) blended 

into the membrane, VMD performance of membrane was improved significantly due to 

higher membrane porosity, contact angle and surface roughness without extreme 

compromise of liquid entry pressure of water (LEPw), which could reach up to 72 psi. 

Further integration of MWCNTs with a small amount of SiO2 nanoparticles (NPs) showed 

a synergic effect resulting in further improvement of VMD flux due primarily to the 

increase in surface pore size. When the amount of SiO2 NPs additive was large, the effects 

of NPs dominates the VMD performance.  However, the asymmetric structure of PVDF 

membrane disappears, which exercises an unfavorable effect on VMD performance. All 

fabricated membranes exhibited a great desalination potential with extremely high salt 

rejection (>99.98%). The incorporation of MWCNTs did not improve the tensile properties 

of the membrane. 
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Abstrait 

Des nanotubes de carbone à parois multiples (MWCNT) et des nanoparticules (NP) MWCNT/SiO2 

intégrées ont été chargés comme additifs dans des membranes de polyfluorure de vinylidène 

(PVDF) nanocomposites fabriquées par des méthodes d'inversion de phase, et les effets de ces 

additifs sur la performance de la structure et de la distillation membranaire sous vide (VMD) des 

membranes ont été étudiés. Avec une quantité appropriée de MWCNT mélangés dans la membrane 

(2% en poids de PVDF), la performance VMD de la membrane a été améliorée de manière 

significative en raison de la porosité de la membrane, de l’angle de contact et de la rugosité de 

surface plus élevés sans compromis extrême avec une pression (LEPw) d’eau liquide pouvant 

atteindre 72 psi. Une intégration plus poussée des MWCNT avec une petite quantité de 

nanoparticules de SiO2 (NP) a montré un effet synergique résultant en une amélioration 

supplémentaire du flux de VMD dû principalement à l'augmentation de la taille des pores de 

surface. Lorsque la quantité d'additif de NP SiO2 était importante, les effets des NP dominent la 

performance VMD. Cependant, la structure asymétrique de la membrane PVDF disparaît, ce qui 

exerce un effet défavorable sur les performances du VMD. Toutes les membranes fabriquées 

présentaient un excellent potentiel de dessalement avec un rejet de sel extrêmement élevé (> 

99.98%). L'incorporation de MWCNT n'a pas amélioré les propriétés de traction de la membrane. 
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1. Introduction 

 

The scarcity of freshwater has emerged as a threat to sustainable development of human 

society. With increasing world population, expansion of agriculture irrigation, economic 

growth and change of living styles, demand of freshwater is continuously rising1-2. Meeting 

the increasing demand of freshwater motivates the search for possible technologies to 

increase the production and improve the utility of freshwater. As a potential method to 

enhance freshwater supply, desalination technologies, which rely on the huge seawater 

reserve of oceans, saline rivers and groundwater, have been gradually gaining importance 

during the last decades. According to the report from International Desalination 

Association, the global cumulative desalination capacity has reached 92.5 million m3/day 

in 20173. Increasing demand of freshwater and decline of desalination cost have 

contributed to the continuous expansion of desalination market4.  

 

Typically, desalination technologies can be divided into evaporation desalination process, 

such as multi-stage flash and multi-effect distillation, and membrane-based process4-6. 

Reverse osmosis (RO), as the dominating membrane desalination process which accounts 

for more than 60 % of global desalination market, has been thoroughly studied and 

considerably improved in the past five decades4-5. Comparing with conventional thermal 

desalination processes, RO shows lower energy consumption and higher production 

efficiency which contribute to its wide applications. However, RO desalination technology 

also suffers from different challenges and problems: fouling, lower recovery rate and 

disposal of concentrated brine2, 4-5. To overcome these problems and to further decrease the 

energy consumption, some alternative desalination technologies are being investigated. 
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Membrane distillation (MD) is one of such technologies, by which increase of production 

efficiency and decrease of energy cost are aimed at.  

 

In contrast to RO that is pressure driven, MD is a thermally driven membrane-based 

process. Due to its unique modular and special hydrophobic microporous membrane, 

fouling control and high salty reduction are possible4, 7-8. Moreover, since MD operates at 

relatively low temperature (i.e., 30-80 ºC), using low grade heat from renewable energy 

resources and waste heat for MD is possible. MD could also be coupled with other 

desalination technologies such as RO to improve desalination efficiencies, thus  providing 

growth potential for its further development7-8. As one of the most crucial aspects of MD, 

design of membranes with excellent performance has been pursued for further development 

of MD.  

 

In order to improve the freshwater production efficiency of MD process, the membrane 

with low resistance to mass transfer is preferred4, 8-9. High liquid entry pressure of water 

(LEPw), the pressure threshold at which liquid water would penetrate into pores to cause 

pore wetting of membranes, low thermal conductivity, which would help reduce heat loss 

by conduction, and mechanical strength which is essential for the robustness of membranes 

are also required for successful MD membranes4, 8. These key factors are closely related to 

the membrane structure and morphology. Surface properties (e.g. pore size, its distribution  

surface porosity and surface roughness), cross-sectional properties (e.g. porosity of 

membrane, thickness and tortuosity) all inherently affect the mass transfer through 

membrane, LEP and other membrane properties9-10. Various approaches have been 

investigated with certain successes, to optimize the membrane morphology and 
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performance. Among those, incorporation of nano-additives into the host polymeric 

membrane has demonstrated positive impacts on the membrane4, 10-11.  

 

Loading of nano-additives contributes to better MD performance by increasing porosity 

and pore size of the membrane12-14. In particular, hydrophobic additives increase the 

hydrophobicity of the membrane surface, which is favored by the MD membrane14-16. 

However, the larger pore size and higher membrane porosity lead to lower LEPw and 

possible compromise of salt rejection4,11. The loading of hydrophilic particles lowers 

hydrophobicity of the surface and leads to the formation of  large pores12. Moreover, 

negative impacts of additives aggregation and the relatively low vapor permeability 

compared with other modification methods are currently hampering the wider application 

of nano-additives in MD membrane development10-11.  

 

As a potential additive into MD membrane, carbon nanotubes (CNTs), with extraordinary 

mechanical properties and intrinsic channel structure, have proven their effectiveness to 

improve the membrane performance15, 17-18. In this work, the attention was focused on the 

CNT additives and their effects on membrane. To obtain deeper understanding of the 

effects of CNTs incorporation on the membrane structure and other properties was the main 

objective of this study. In the chapter 3, MWCNTs would be introduced into membrane 

and relative characteristics would be tested in order to prove the MWCNTs’ effects on 

membranes. In the latter part of the thesis, different silicon dioxide nano-additives were 

incorporated together with CNTs and their synergistic effects were investigated. It should 

be noted that all the membranes fabricated in this work had to satisfy the following 

requirements: 
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l High salt rejection (above 99.9%) when a large number of nano-additives are 

incorporated;  

l Sufficiently high vapor permeation rate without significant LEP compromise 

(Maintained above 20 Psi) at relatively low feed temperature; 

l High mechanical strength can be maintained during operation even at high additives 

loading. 
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2. Literature review 

 

Freshwater, as a critical resource on earth, is suffering from severe scarcity because of the rapid 

growth of global population and expansion of economy. According to the related research, there 

are four billion people experiencing different levels of water scarcity1. With restricted direct access 

to freshwater resources and limited renewable ability of freshwater, an impending requirement to 

find alternative approaches to supply more freshwater has emerged. As one of such approaches, 

desalination technology has attracted much attention from society as the most promising method. 

The seawater in oceans, which accounts for more than 97 % of the global water reserves2-3, in 

addition to the broadly distributed brackish waters, provides a promising solution to the worldwide 

freshwater scarcity and hopeful future for extensive application of different desalination 

technologies.  

 

Among different existing desalination processes, the membrane-based desalination process 

dominates the commercial market, accounting for more than 60 % of the global capacity4-5. 

Reverse osmosis (RO), as currently the most prevalent desalination technology, however, meets 

several challenges which impede the further development of this technology. Relatively high 

energy consumption, low recovery for sea water desalination, and severe membrane fouling 

negatively influence the application of RO process6. To address these limitations, membrane 

distillation (MD) has been investigated as a stand-alone process or in a hybrid system with RO. 

Compared with RO which is pressure driven, MD is a thermally driven process involving vapor-

liquid phase equilibrium. By employing porous hydrophobic membrane in MD, only water vapor 

can pass through the membrane due to vapor pressure difference between two sides of the 

membrane while non-volatile components are retained at the feed side. Hence, MD process could 
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achieve 100 % theoretical salt rejection7-8. As well, comparing with traditional distillation 

desalination technologies, MD could operate at relatively low temperature9.  

 

Even though MD was introduced as a novel separation technology in the 1960s, it has not yet been 

widely accepted by the commercial market of desalination10. One major factor hindering the 

commercialization of MD is the unfavorable energy consumption compared with the mature RO 

technology8, 10-11. The other factor is the unsatisfactory membrane durability which does not allow 

to sustain excellent performance for long-term operation10, 12. For improving the energy efficiency 

of the MD process, coupling of MD with renewable energies has been studied to prove its 

effectiveness8, 11, 13. As well, different membrane improvement methods, including different MD 

configurations, fouling reduction, and numerical simulations in module and system design have 

been investigated to improve the efficiency of MD for its further application7, 9-10, 14. This thesis is 

focused on the membrane improvement by way of the incorporation of integrated nano-additives 

into the polymeric membrane, attempting to gain deep understanding of the effects of membrane 

structure on MD performance.  

 

2.1. Membrane distillation (MD) 

 

2.1.1. Membrane distillation configurations 

 

As a thermally driven process, MD can separate non-volatile solutes, such as salt, from aqueous 

solution. Vapor transfers through the membrane whereas liquid water and dissolved components 

are retained on the feed side. The Fig. 2-1 schematically illustrates the principle of the MD process. 

Hydrophobic membrane, as a barrier, plays the crucial role to separate the salt from feed saline 
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water. According to the vapor collection methods on the permeate side, MD is classified into four 

basic configurations8, 10: Direct contact MD (DCMD), air-gap MD (AGMD), vacuum MD (VMD), 

and sweep-gas MD (SGMD). Among these configurations, DCMD is the most popular due to its 

simplest construction10. There are also some modified MD configurations aiming to increase 

energy efficiency and production of unsalted vapor, such as vacuum-enhanced DCMD , vacuum-

multi-effect MD, and so on. Fig. 2-2 is the schematic representation of four basic MD 

configurations.  

 

 

Fig. 2-1 Schematic principles of vapor transport in MD process15. 
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Fig. 2-2 Schematic diagram of four basic MD configuration8. 

 

DCMD, the simplest construction, has been widely investigated in laboratory-scale studies. The 

warm feed solution is in direct contact with hydrophobic surface of the membrane and the cold 

water contacts the other side of membrane to condense the permeating vapor. Despite its simple 

configuration, DCMD has a drawback of conductive heat loss through the thin membrane8, 10.  

DCMD has been widely used to desalinate different salty water supplies16-20.  DCMD has also 

been applied to separate aqueous solutions other than saline water, such as production of apple 

juice with high concentration21, treatment of olive wastewater22, treating effluent solution 
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containing dye23, and so on. But, with low energy efficiency, the application potential for DCMD 

was not high in the commercial market10.  

 

As shown in Fig. 2-2, an air gap is interposed between the membrane and cold condensation 

surface in AGMD configuration. Unlike DCMD, the vapor, evaporated at the feed side, passes 

through the membrane and air gap, and condenses at the cold surface rather than directly entering 

the cold liquid. The presence of air gap between the membrane and the condensation surface 

reduces the conductive heat loss, which, however, becomes the cause of lower transmembrane flux 

than DCMD8, 10. As an energy-efficient MD process, AGMD configuration is preferred in the 

commercial desalination market24-26. Apart from desalination purpose, AGMD is also suitable to 

separate some organic substances, such as alcohol, which will be the cause of wetting problems in 

DCMD configuration25, 27.  

 

In VMD configuration, a vacuum or reduced pressure condition is created at permeate side using 

vacuum pump. Due to reduced vapor pressure at permeate side, VMD configuration exhibits less 

mass transfer resistance than other MD configurations10. However, not only a vacuum pump, but 

also an external condenser is required in VMD configuration10. And also, comparing with other 

MD configurations, VMD has higher probability of pore wetting and fouling7. As for the 

application of VMD, like AGMD, it is also suitable to separate organic compounds from aqueous 

system apart from desalination purpose28-31.  

 

As for SGMD, a cold inert gas is introduced as vapor carrier at permeate side. The vapor, after 

passing through membrane is taken away from the membrane module and condensed in an external 

cold trap. Due to sweep inert gas, the vapor pressure at the permeate side is reduced contributing 
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to a greater driving force for vapor transport10. However, the requirement of external condenser 

and sweep gas causes extra investment and energy consumption like VMD configuration. 

Although least employed for MD, SGMD is widely investigated for different separation 

purposes32-35.  

 

Among these four configurations, DCMD, due to its simplest structure, undoubtedly, is the most 

popular MD setup in laboratory-scale researches. However, compared with other configurations, 

high energy loss retards the development of DCMD. In this work, VMD configuration is chosen. 

External vacuum pump and liquid nitrogen are employed to generate the require vacuum condition 

on the permeate side and to condense the produced vapor.  

 

2.1.2. Configurations of MD modules 

 

There are three common configurations of MD modules: plate and frame module, tubular module 

for hollow fiber membrane, and spiral wound module as shown in Fig. 2-3.  

 

The plate and frame module, which is used for all the four basic MD configurations, is readily 

constructed and widely employed in the laboratory investigation10. This module is appropriate for 

flat sheet membrane, which can be easily fabricated. But, compared with tubular module, plate 

and frame module has relative smaller effective area10. In this work, a frame module was used with 

fabricated flat sheet membranes. 
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Fig. 2-3 Schematic of three typical MD modules8. 

 

With the larger surface area, hollow fiber installed tubular module offers a promising potential for 

commercial application for desalination36. This module is suitable for DCMD, VMD and SGMD10. 

In spiral wound modules, numerous membranes are enveloped and rolled around a central 

collective pipe as exhibited in Fig. 2-38, 36. This module also has a large surface area which is 
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favored by separation process. However, unlike wide applications of hollow fiber based tubular 

module, this module is mainly employed for AGMD10. 

 

2.1.3. Membranes for MD 

 

As mentioned above, porous membranes employed in the MD process retains salt and other non-

volatile solutes in the feed stream. Driven by vapor pressure difference between feed and permeate 

side, vapor is transferred through the porous membrane which not only serves as a physical barrier, 

but also plays an important role in heat transfer. As one of the crucial factors in MD process, 

structures and properties of membrane directly affect the performance of the process. MD 

membranes should have good thermal stability and strong chemical resistance to feed solution7. 

The properties required for MD membranes are listed below7, 10, 37-38: 

l Appropriate membrane thickness as a compromise between thermal resistance and vapor 

permeability. As membrane becoming thicker, the mass transfer through the membrane 

decreases whereas thermal resistance will increase contributing to less energy loss.  

l Reasonably large pore size and narrow pore size distribution, which can permit the vapor 

passing but forbid the penetration of liquid water into the pore. Also, high liquid entry pressure 

(LEP) is required for MD membrane. LEP is defined as the minimum hydraulic pressure on 

the feed side which allows the liquid penetration through the membrane. The equation below 

is often used to evaluate the LEP: 

 !"# = #% − #' =
()	+	,-	./01

2345

7 (1) 

Where Pf and Pp are the hydraulic pressure at the feed and permeate side respectively. B is a 

geometric factor of pore which equals to 1 for cylindrical pores. γl indicates the surface tension 
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of liquid. θ represents the contact angle between liquid and membrane surface. rmax is the 

largest pore size of membrane top surface.  

LEP is a crucial characteristic to evaluate the pore wetting resistance. Membrane with high 

LEP has a great potential for long-term operation. High LEP could be achieved by high 

hydrophobicity and small maximum pore size at the membrane surface. However, small 

maximum pore size on surface is often accompanied by small mean pore size, which is not 

favored by MD. Hence, in order to satisfy both small maximum pore size and large mean pore 

size, a narrow pore size distribution is required.  

l High porosity (void volume fraction of membrane) and small tortuosity (which reflects the 

deviation of the pore structure from straight cylindrical pores). Vapor flux through membrane 

directly relates to pore size, porosity and tortuosity. Large pore size, high porosity and small 

tortuosity will contribute to high vapor flux. And also, high porosity leads to increased thermal 

resistance, contributing to higher energy efficiency. However, in some cases, weakening of 

mechanical properties is attributed to high porosity of membrane. Therefore, reasonably high 

porosity of membrane is favored in MD.  

l Low thermal conductivity and fouling tendency. High thermal conductivity will decrease 

temperature difference between two sides of membrane contributing to low vapor flux. Small 

transmembrane pressure of MD membrane diminishes the possibility of membrane fouling. 

But, in industrial applications of MD, the suspended particles and bacteria in feed may still 

cause severe fouling problems at the feed side of the membrane, which negatively affect the 

long-time stability of MD.  

l High chemical and thermal stability. These two key factors are directly related to long-term 

stability of membrane in practical application of MD. 
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Typically, polymeric membranes, including polytetrafluoroethylene (PTFE) membrane, 

polypropylene (PP) membrane, polyvinylidene fluoride (PVDF) membrane are most commonly 

used in MD. Sometimes, ceramic membranes are also used for MD. But limited by high cost, 

ceramic membrane does not attract as strong attention as  polymeric membrane15. In order to 

fabricate porous hydrophobic polymeric membrane, different membrane fabrication methods are 

employed. Common fabricating methods include phase inversion method, stretching method, 

sintering method and electrospinning method.  

 

Among these methods, sintering and stretching methods are suitable to produce PTFE membrane 

since it does not require solvent10. In the sintering process, polymer powder is pressed into film or 

plate at temperature below melting point. By contrast, polymer powder in stretching method is  

heated above melting point and extruded into desired films10. Compared with these two methods, 

in the phase inversion and electrospinning method, solvent is necessary to dissolve polymer. Phase 

inversion method, based on a transition between two phases, is induced by polymer solubility 

difference. Among different phase inversion methods, nonsolvent induced phase inversion is the 

most popular, in which polymer solidification is induced by the solvent/nonsolvent exchange in 

the coagulation bath. Electrospinning is a promising membrane fabrication method which can 

produce unique nanomaterials called nanofibers39. As polymer solution, or polymer melt, is ejected 

from the syringe, nanofibers are formed under the effect of the high electric field. Compared with 

sintering, stretching and phase inversion method, electrospinning, as a novel fabrication method, 

has high pore interconnectivity and relatively uniform pore size distribution, which provides more 

choices for membrane fabrication39.  
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As mentioned above, material and structure of membrane govern the MD performance. Besides 

the exploration of novel membrane fabrication method, some feasible membrane modification 

methods have been investigated, such as the application of some additives, plasma or chemical 

modification on membrane surface and so on7, 15. Incorporation of additives into the membrane is 

the most readily available approach to modify membranes when they are fabricated by phase 

inversion or electrospinning. Common additives blended into casting or spinning solutions include 

water40, lithium chloride38, 41, some inorganic particles, like silicon dioxide (SiO2)
42-43, copper 

oxide (CuO)44, and carbon nanotubes (CNTs)45-46. These additives can change the membrane 

structure and morphology, leading to enhancement of membrane performances.  

 

 

Fig. 2-4 Typical cross-sectional SEM pictures of membrane 

 

In the phase inversion process, the rate of solvent/nonsolvent exchange (or the rate of phase 

inversion) determines the pore structure of the membrane47-50. Usually, membranes fabricated  by 

the phase inversion method have an asymmetric structure with a top skin layer supported by porous 

sublayer as shown in in the Fig. 2-444. Fast phase exchange contributes to the formation of finger-

like pores and also to the increase in membrane porosity. On the other hand, low phase inversion 
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rate will promote the sponge-like pores formation with decrease in membrane porosity. The 

primary role of the additives is to adjust the phase inversion rate47, 49 and  change  surface roughness 

and hydrophobicity aiming at the  improvement of membrane performance40, 51. Many different 

additives have been tested on their effectiveness, expecting their favorable impacts on membrane’s 

structure and performance. Among them, carbon nanotubes (CNTs) are an attractive option as 

additives due to its unique structure52-53.  

 

2.2. Carbon nanotubes and their application into MD. 

 

2.2.1. Characteristics of Carbon nanotubes  

 

Carbon nanotubes, as a novel carbon material, has been thoroughly studied since it was discovered 

in 199154. Carbon nanotubes can be classified into single-walled carbon nanotubes (SWCNTs) and 

multi-walled carbon nanotubes (MWCNTs). Both of them were proven to have remarkable 

electronic and mechanical properties and high thermal conductivity by many researches55-57. 

Excellent properties of CNTs, undoubtedly, provide a promising future for further application of 

these novel materials. Besides, in the field of water treatment, the intrinsic hollow structures of 

CNTs, which enable fast water transport, have attracted growing attention52-53.  

 

It was found both by experiment and computer simulation that the hydrophobic channels of 

uncapped CNTs allow the fast transportation of water through their channels58-62. The inner 

diameters of CNTs are usually less than 10 nm and the velocity of water permeation through the 

channels is independent of the length of CNTs channels59. Furthermore, with the small channel 

diameter CNTs can impede the permeation of some ions, thus enabling salt rejection63-68.  
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CNTs or functionalized CNTs/polymer composites also exhibit improved mechanical properties55, 

69. As well, addition of CNTs into polymeric membrane improved greatly membrane’s mechanical 

properties70-73.  

 

2.2.2. CNTs application on MD 

 

There are three typical approaches of CNTs utilized to improve the membrane performance in MD. 

The most attractive way is called CNTs self-supporting bucky-paper membrane (BP membrane). 

There are a series of researches focusing on this approach74-76. CNTs BP membrane, as one of 

inorganic membranes, does not require any polymer participation. Van der Waals force between 

CNTs align them together to make the membrane self-supporting. Compared with conventional 

polymeric membranes for MD, CNTs BP membrane has smaller pore sizes of just about 25 nm 

and larger porosity. Narrow pore size distribution is also a characteristic of BP membrane. 

However, relatively low salt rejection and weak mechanical stability of BP membrane have 

impeded its further application for long-term MD process. Even though modification of CNTs and 

combination with other polymeric membranes have been attempted to make the lifecycle of BP 

membrane longer, vapor flux of BP membrane was inadequately low.  

 

Directly immobilizing CNTs on membrane pores is another attracting method to use CNTs in 

membrane fabrication77-79. The membrane is called CNTs immobilized membrane (CNIM). 

Immobilized CNTs enhance the vapor transfer through membrane and also contribute to higher 

salt rejection. Salt adsorption capability and hydrophobic surface of CNTs provide fast transport 

pathway for water vapor, thus facilitating the water vapor permeation through membrane. As well, 
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functionalization of  CNTs was found to magnify the improvement of membrane perormance78. 

However, low salt reduction compared with other MD membranes and possible CNTs leakage due 

to weak interaction between CNTs and polymer are the main problems of CNIM80. 

 

 

Fig. 2-5 Mechanisms of MD in the presence of CNTs77. 

 

BP membrane and CNIM exhibit not only poor MD performance but also their fabrication 

procedure is complicated. Directly introducing CNTs into membrane casting solution appears to 

be a promising approach to apply CNTs for membrane fabrication. When membrane is fabricated 

by the phase inversion technique,  CNTs  blended in the casting dope mainly changes the porous 

structures of the membrane resulting in better MD performance45. When electro-spun, CNTs 

incorporation leads to higher hydrophobicity and better mechanical properties46, 80. Indeed, the 
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vapor transport through membrane has been facilitated due to the presence of CNTs and their 

aggregates46.  

 

 

Fig. 2-6 Effect of increased roughness on vapor transport in the CNTs membranes46. 

 

2.2.3. Comparison of CNTs with other inorganic additives. 

 

Even though CNTs have many excellent features, their use in membrane fabrication is rather 

limited because of their high cost. Water is another common additive to the casting dope of the 

phase inversion method40, 81. With the added water, pores size and porosity are both enhanced. 

Lithium chloride (LiCl) is another additive into the casting solution, which can increase the phase 

inversion rate contributing to higher porosity41, 82.  Inorganic particles, such as SiO2
41-42 and TiO2

82, 

are attracting more attention than water and lithium chloride.   
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Loading ratio, particle diameter, and particle hydrophobicity all affect the membrane structure but 

their effects reported in the literature seem sometimes contradictory51. According to our earlier 

works, addition of hydrophilic particles will result in longer finger like pores and higher porosity43-

44. Hydrophobic particles increase the pore size and the contact angle42. Integration of particles 

with different hydrophobicity has synergic effects on membrane performance83. Other effects of 

additives are; 1) The particles could serve as extra nucleation agent which could elevate the 

polymer crystallization rate. 2) Disrupting compatibility between solvent and polymer, phase 

inversion is facilitated by the additives. 3) By increasing viscosity, phase inversion process is 

delayed. Therefore, the choice of additives and their amount should be based on the compromise 

of these factors. Deeper understanding of different effects of the additives on membrane structure, 

properties and performance is indispensable for MD membranes to be fully accepted in the 

desalination market.  

 

Compared with other nano-particles, CNTs are unique with their length reaching more than 1 μm. 

Also, their unique hydrophobic channels can permit fast water transport which is fundamentally 

important for them to be used in water treatment process. With many desired properties, CNTs are 

expected to exhibit remarkable improvement of membrane, even though severe aggregation of 

CNTs and relatively high cost of its manufacture and functionalization may impede their further 

utilization as additives in the membrane52-53. Existing studies about CNTs application on MD are 

limited as mentioned above. Also, the potential of CNTs integrated with other additives as hybrid 

fillers introduced into membrane has not been thoroughly explored83. CNTs, as an attractive 

additive for membrane in MD, require further and deeper studies for their better utilization. 
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Highlights 

 

l Membranes with MWCNTs additives were fabricated; 

l With the MWCNTs addition, the average pore size decreases while the finger-like 

voids increased. 

l Membranes with 2 wt.% of MWCNTs had the maximum membrane vacuum 

distillation flux. 

l MWCNTs did not reinforce the tensile properties of membranes. 

 

Graphical abstract 

 

Fig. 3-1 Graphical abstract of MWCNTs effects on membrane 

Abstract 

 

Polyvinylidene fluoride (PVDF) was blended with multi-walled carbon nanotubes 

(MWCNTs) to fabricate nanocomposite vacuum membrane distillation (VMD) membranes 
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for desalination. Different concentrations (0.5 wt.% - 3 wt.%) of MWCNTs in membrane 

were tested. It was found that by blending 2 wt.% MWCNTs to PVDF, VMD flux was 

maximized due primarily to the enlargement and elongation of the finger-like pores, which 

contributed to the reduction in vapor transport resistance. Extremely high salt rejection 

(>99.98%) could be maintained by this membrane, while LEPw remained at a reasonably 

high level (72 psi).  Further increase MWCNTs in polymer however led to the deterioration 

of the membrane performance. The mechanical strength of membrane was considerably 

weakened upon addition of 1% MWCNTs due to the formation of a large number of 

macrovoids. However, further increasing of MWCNTs content in the nanocomposite 

membrane continuously enhanced the membrane’s mechanical strength. 

 

Key words 

 

Vacuum membrane distillation, multi-walled carbon nanotubes, PVDF polymeric 

membrane, membrane structure. 

 

3.1. Introduction 

 

Due to the increasing demand and serious shortage of portable water, more attention has 

been paid to search for reliable methods and sources to provide freshwater. Water 

desalination technology, which relies on the abundant seawater and saline water resources, 

provides a promising prospect for solving the freshwater shortage problems. Typically, the 

widely accepted desalination technologies are based on thermal processes including multi-

stage flash distillation (MSF), and multi-effect distillation (MED) and pressure-driven 
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membrane separation processes such as reverse osmosis (RO). According to a recent 

report, these three processes combined contribute to more than 90% of total world installed 

desalination capacity, among those reverse osmosis (RO) is the most common way of 

desalination1. 

 

Membrane distillation (MD) has emerged as an alternative membrane-based technology to 

produce freshwater. Compared with conventional thermal desalination processes such as 

MED and MSF, MD could utilize renewable energy such as solar energy for desalination. 

Compared with conventional RO processes, MD does not require transmembrane pressure 

difference as the driving force and therefore, consumes less electricity, and is less sensitive 

to fouling2-4. However, commercial application of MD for desalination has been impeded 

by unsatisfied MD efficiency and long-term durability.  

 

In order to improve the MD membrane performance, some inorganic additives were 

incorporated into the polymeric matrix of the membrane with successful outcomes4-5. 

Among these additives, carbon nanotubes (CNTs) have attracted a great deal of attention 

of desalination technology researchers6-12. The hydrophobic and atomic scale smooth wall 

of CNTs’ pore provide a rapid transport channel for water molecules10, 13-15. 

Extraordinarily, some CNTs with small channel diameter or special modification could 

prevent the ions from passing through the channels16-20. This unique transport property 

aroused the enthusiasm of the membrane researchers and many reports on the CNTs based 

membrane development have appeared in the open literature during the past decade. 

Moreover, excellent mechanical characteristics of CNTs, which may contribute to 
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reinforcement of the composite membrane, provide a possible approach for the membrane 

to resist deterioration after long-term operations10, 15, 21-22. 

 

One typical approach to use CNTs in MD is immobilizing CNTs in the membrane pores. 

The membranes fabricated by this method are called carbon nanotubes immobilized 

membrane (CNIM)23-24. CNTs in the pores of polymeric membranes are supposed to 

contribute to the flux improvement due to the rapid vapor transport through CNTs. In 

another approach, CNTs are assembled in a paper-like structure, in which CNTs are bound 

together by Van der Waals force and thus they are allowed to self-support25-28. The 

membrane fabricated by this approach is called Bucky-Paper (BP) membrane. This CNT 

BP membranes exhibit high hydrophobicity and porosity, both of which are considered as 

desirable characteristics for the MD membrane. 

 

Despite their promising features, the above two methods suffer from shortcomings that 

could negatively influence their further applications29. In particular, the membrane 

fabrication by these two approaches are much more complicated compared to the typical 

membrane fabrication methods. In contrast to the above two methods, blending of CNTs 

directly into the casting dope seems much simpler and the latter method is indeed effective 

to enhance the MD performance29-31. There are the following advantages of the CNTs 

blended membrane: 1) Since CNTs are hydrophobic, blending of CNTs enhances the 

hydrophobicity of the membrane, which is one of the desirable properties of the MD 

membrane; 2) unlike CNIM, CNTs are anchored firmly to the host polymer matrix by 

strong interaction forces; 3) unlike BP membrane, CNTs blended membranes are 

mechanically stable; and 4) CNTs blended membranes are easy to fabricate. 



 38 

 

In this work, polyvinylidene fluoride (PVDF) was blended with multi-walled carbon 

nanotubes (MWCNTs) to prepare nano-composite MD membranes via phase inversion 

method. The surface and bulk structures of the membranes were investigated by scanning 

electron microscopy (SEM) and Atomic Force Microscopy (AFM). The membranes were 

further characterized by measuring the contact angle, liquid entry pressure of water (LEPw) 

and tensile strength.  Finally, the membranes were tested for their VMD performance using 

either feed distilled water or sodium chloride solution as the feed solutions.   

 

3.2. Experiment 

 

3.2.1. Materials 

 

Polyvinylidene fluoride (PVDF) with different molecular weights, Kynar® HSV740 

(Pellet, MW = 410 kDa) and Kynar® HSV900 (mixture of powders with two molecular 

weights, Mw1 = 92,840 kDa and Mw2 = 1367 kDa), were supplied by Arkema Inc. 

(Philadelphia, PA, US). Anhydrous N, N-dimethylacetamide (DMAc), which was 

purchased from Sigma-Aldrich Inc. (St. Louis, MO, US), was used as the solvent for PVDF 

polymer and to disperse MWCNTs. Pristine MWCNTs (NC7000TM series) prepared by 

catalytic chemical vapor deposition were supplied by Nanocyl® (Sambreville, Belgium). 

The average diameter of these MWCNTs is 9.5 nm and the average length is 1.5 μm. 
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3.2.2. Membrane fabrication 

 

MWCNTs blended membranes with different MWCNTs loadings were fabricated by the 

phase inversion method. First, an appropriate amount of MWCNTs (0.5 – 3 wt.% to PVDF 

polymer) was dispersed into 33.5g DMAc with ultrasonication for 30 min (Qsonica Q 700, 

Newton, CT, US) followed by 1 min vortex mixing. Then, 6 g PVDF (HSV 900: 740 = 

2:8) and 0.5g distilled water were added to the MWCNTs/DMAc suspension under 

continuous stirring at 500 rpm and 60 ºC for 3 h to prepare a uniform casting solution. The 

ratio of DMAc, PVDF and water is DMAc: PVDF: water = 83.75: 15: 1.25, which is same 

as the previous work32-33.  

 

The prepared casting dope solution was degassed under vacuum for 30 min to remove air 

bubbles before casting on a glass plate by a constant speed automatic film applicator 

(model AFA-II, Beijing, China). Then, the cast film was immersed into distilled water at 

room temperature. After peeling off from the glass plate spontaneously the membrane was 

transferred to another distilled water bath and kept there for 24 h to remove all the residual 

solvent. The membrane thus formed was taken out of water and then dried at room 

temperature for 24 h prior to their use. 

 

Membranes were labelled as M-0 or M-Cx, where “M” means membrane, “0” is for pristine 

PVDF membrane, “C” is for MWCNTs and “x” is the weight percent of MWCNTs in the 

MWCNTs/PVDF blend (range from 0.5 – 3 wt.% to PVDF polymer). 
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3.2.3. Membrane characterization 

 

The membrane surface and cross-sectional structure were investigated by Scanning 

Electron Microscopy (SEM) (JSM-7500F FESEM, JEOL, Japan). The accelerating voltage 

was 3 kV and the working distance was 10 mm. The pore size of membrane top-surface 

and the surface porosity were obtained by the ImageJ software from the SEM images of at 

least 10 random areas.  The membrane thickness and finger-layer ratio of membrane were 

also determined by the ImageJ software. 

 

The roughness of the membrane surface was analyzed by Atomic Force Microscope (AFM) 

(Park NX10, South Korea). The scan area was 2 μm × 2 μm. The 3D images of membrane 

top-surface were displayed, and the related surface roughness parameters were obtained by 

the supporting software. 

 

Water contact angle was measured by the sessile method using the VCA Optima Surface 

Analysis System (AST Product, Inc. Billerica, MA, US) at room temperature. A 1 μL of 

deionized water droplet was placed on a dry membrane surface to measure the contact 

angle. The measurement was repeated at least 10 times at 10 random spots and the average 

value reported. 

 

The porosity of the membrane was determined by the wet and dry method. A membrane 

sample was kept immersed in n-butanol for 24 h ensuring the complete wetness of the 

membrane. After measuring the weight (w1, g) of the wet sample, it was dried in an oven 

for 24 h at 50 ºC to make sure the complete evaporation of n-butanol. The dried sample 
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was measured (w2, g) and the overall porosity of the membrane was calculated by the 

equation below: 

 %7 = 89(8:
;∙=∙>

× 100%32 (1) 

Where “ε” means the porosity (%), “A” represents the membrane area (cm2), “l” indicates 

the thickness of the samples (cm) and “ρ” is the density of n-butanol (g/cm3). The average 

of three samples is reported for each membrane. 

 

The tensile properties of membranes were investigated using the tensile testing instrument 

(ElectroPuls E3000 Testing Instrument, Instron, Norwood, MA, US) equipped with a 250N 

load cell. A membrane sample with the size of 4 cm × 2 cm was tested at room temperature. 

The stretching rate was 5 mm/min and the distance between two grips was 2 cm. The 

average of three membrane samples is reported. 

 

3.2.4. Liquid entry pressure of water (LEPw) measurement 

 

LEPw indicates the highest pressure applicable without water transfer through the 

membrane pore, which could quantify the long-term stability of membrane for VMD31. It 

was measured at room temperature by using a static permeation cell. Briefly, a membrane 

is mounted on a sintered metal plate at the bottom of the feed chamber which is filled with 

distilled water. Pressure applied from a nitrogen cylinder was increased stepwise by 2 psi 

every 10 min until the first water droplet appeared at the permeate exit. The pressure was 

recorded as LEPw. The average of three membrane samples was reported. 
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3.2.5. Vacuum membrane distillation (VMD) 

 

The performances of all membranes were evaluated by a static VMD setup, the details of 

which are described in the previous work32-34. Briefly, the feed chamber of the setup, which 

was filled with deionized water or aqueous sodium chloride solution of 35 g/L, could be 

heated by a heating coil wrapped around the chamber and stirred continuously with a 

magnetic stirrer.  Vacuum of 2.306 kPa was applied to the permeate side and the permeate 

vapor was collected in a cool trap cooled with liquid nitrogen. The VMD permeated flux 

was calculated by the equation below: 

 BCDE = 8
F∙;

32 (2) 

Where “w” is the weight (kg) of condensed permeate vapor collected during the time “t” 

(h) and “A” is the effective area of the membrane (0.00113 m2). 

 

The salt rejection, %R was calculated by the equation below: 

 %G =
HI(HJ
HI

× 10032 (3) 

 “Cf” and “Cp” are, respectively, the conductivity of the feed and condensed permeate 

measured by a conductivity meter. 
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3.3. Results and discussion 

 

3.3.1. The effects of MWCNTS on the top surface morphology 

 

Fig. 3-2 shows the top surface SEM image of the membranes with different MWCNTs 

loadings. The pore size decreased upon loading MWCNTs, which was compatible with 

data reported earlier30, 35, but increased with a further increase of MWCNTs loading (Table. 

3-1). Table. 3-1 also shows that the surface porosity exhibits an opposite trend.   

 

Table. 3-1 Top-surface characterizations of membranes with different MWCNTs loadings. 

Membrane 

code 

Mean pore 

size (nm) 

Maximum 

pore size (nm) 

Minimum 

pore size 

(nm) 

Surface 

porosity (%) 

Contact 

angle 

(degree) 

M-0 83.9 140.5 55.8 13.43 81.79(±3.71) 

M-C1 71.5 123.2 46.3 13.78 85.04(±2.93) 

M-C2 71.8 114.5 49.1 12.22 86.68(±3.00) 

M-C3 78.1 128.8 52.1 11.50 84.04(±2.13) 

 

The contact angle increased upon MWCNTs loading as expected from the hydrophobic 

property of MWCNTs but did not change beyond the error range by further increase in 

MWCNTs loading.   

 

Fig. 3-3 shows the MWCNTs aggregates, surrounded by circles, at the membrane top 

surface. The number of aggregates increases with an increase of MWCNTs loading, 

implying the increase of surface roughness in a typical circumstance5, 36. However, the 

surface roughness decreases in comparison to pristine membranes when MWCNTs are 
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loaded (Table. 3-2). This suggests that the effect of the decreasing pore size on the surface 

roughness surpassed the effect of the increase of MWCNTs aggregates. And low 

interaction tendency among MWCNTs may also result in lower surface roughness. 

 

Fig. 3-2 SEM images of the top surface of membranes with different MWCNTs loading loadings. 

 

Fig. 3-3 Top surface of membranes with different MWCNTs loadings 

 

 



 45 

Table. 3-2 Comparison of roughness parameter of membrane with/without MWCNTs blending 

Membrane Code Ra (nm) Rq (nm) RMAX (nm) 

M-0 24.542 29.045 109.100 

M-C2 14.260 17.533 79.039 

 

3.3.2. Effects of MWCNTs on cross-sectional structure of membrane 

 

 

Fig. 3-4 SEM image of cross-sectional area on membranes with different MWCNTs loading 

ratio. 
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Fig. 3-4 is the cross-sectional SEM image of the membranes with different MWCNTs 

loadings. The image exhibits the typical asymmetric structure of polymeric membranes. 

Upon MWCNTs loading the finger-like macrovoids proceed towards the bottom side of 

the membrane, however start to recede with a further increase of the MWCNTs loading. 

As a result, the finger like layer ratio, defined as the thickness of the finger-like layer/the 

total membrane thickness, shows a maximum at M-C1, which is also reflected in the 

maximum of membrane porosity at M-C1 and M-C2 (Table 3-3). Another interesting 

observation is that the pore size of the sponge-like layer decreases by MWCNTs loading. 

The receding finger-like layer and the densification of the sponge-like layer together result 

in the decrease in the total membrane thickness with an increase in MWCNTs loading 

(Table 3-3).  

 

Fig. 3-5 shows the highly magnified SEM images of the sponge- and finger-like layers of 

the membranes without and with MWCNTs loading. As for the sponge-like layer, 

aggregates of MWCNTs (shown inside the circle) surrounded by the sponge-like pores are 

observed in the MWCNTs blended membrane. As well, the pore size of the sponge-like 

layer is reduced. As for the finger-like layer, pore edges are clearly observed for the 

membrane without MWCNTs loading. On the other hand, abundant coil like structures, 

which are likely MWCNTs bundles with sizes of ca 50 nm, are adhering to the pore edges 

in the MWCNTs blended membrane. However, suggested by other researchers who 

worked on MWCNT/PVDF polymer, these coil like structures are likely individual 

MWCNT dispersion wrapped by PVDF polymer37. 
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Fig. 3-5 SEM image of different cross-sectional areas on membranes. 

 

Table. 3-3 Some characteristics of membrane with different MWCNTs loadings. 

Membrane Code Thickness (μm) Finger layer ratio (%) Porosity (%) 

M-0 92.3(±0.4) 64.3(±9.4) 81.16(±0.23) 

M-C1 88.1(±0.2) 74.9(±10.8) 85.26(±2.83) 

M-C2 85.0(±0.8) 71.2(±11.4) 86.14(±1.70) 

M-C3 84.1(±1.1) 64.3(±8.7) 81.00(±1.09) 

 

It is known that the phase inversion rate has a dominant effect on the porous structure of 

the membrane when the membrane is fabricated by the phase inversion technique38-41. 

Rapid phase inversion would contribute to the formation of finger-like macrovoids, 
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resulting in membranes of large pore sizes, and high surface as well as overall porosity40-

42. On the other hand, slow phase inversion would contribute to the formation of sponge-

like layer.  

 

The blending of inorganic NPs into casting solution as the nucleating agent facilitates the 

demixing of polymer-rich and polymer-poor phase and thus the phase inversion5, 41. Also, 

the blending of NPs in the casting solution makes the casting solution thermodynamically 

less stable, contributing to the fast phase inversion. The blending of the NPs, on the other 

hand, tends to increase the viscosity of the casting solution, causing the decrease of the 

demixing rate39, 43-44. Therefore, there are two opposing effects of the NPs blending on the 

phase inversion rate. 

 

The structure of MWCNTs/PVDF blended polymeric composites has attracted much 

attention because of the blend membrane’s promising potential for many applications. The 

MWCNTs blending into PVDF has a significant effect on the formation of crystalline 

structure of PVDF. Well-dispersed MWCNTs, as the nucleating agents, could enhance the 

crystallization rate, contributing to more β-phase formation, which may improve the 

mechanical property of PVDF polymer45-46. On the other hand, according to other 

researchers, there exists relatively strong interfacial interaction between the MWCNTs and 

PVDF where the fluorine atoms of PVDF play a connective role47-48. Due to this 

interaction,  macromolecules would surround  the MWCNTs surface, which  may  also be 

a possible reason for the improvement of the mechanical properties of PVDF composites49. 

However, the interaction between the MWCNTs and PVDF impedes the crystal formation 
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and retards the crystalline rate especially when increasing the MWCNTs content 

excessively in PVDF polymer49-51. 

 

As mentioned earlier, the finger layer ratio and the porosity (both surface and overall) show 

a maximum at M-C1 or M-C2. This can be explained by the two opposing effects of NPs 

blending on the phase inversion rate. At the low NPs loading, increase in the loading 

increases the phase inversion rate, leading to the increase in the finger-like layer thickness 

and the porosity. Beyond M-C1 and M-C2, the increase in the viscosity of the casting 

solution starts to dominate, leading to the decrease in the finger-like layer thickness and 

the porosity.  As also mentioned earlier, the surface pore size of the membrane shows an 

opposite trend, i.e. it shows a minimum at M-C1 or M-C2. One possible reason for the 

decrease of the pore size upon MWCNTs loading is that the strong interaction between the 

MWCNTs and PVDF impedes the growth of the pore in size. The increase of the pore size 

beyond M-C2 could be attributed to the severe aggregations of MWCNTs on the membrane 

surface. The surface pores near the aggregated particles are suggested to exhibit larger pore 

size according to some researches52.  

 

As for the surface roughness, the AFM data in Table. 3-2 show a trend opposite to the 

expectation. It has been demonstrated that the aggregation of inorganic additives on the 

surface of membrane increased the roughness of membranes5, 53. The lowering of 

roughness upon addition of MWCNTs observed in this work may also be interpreted by 

the viscosity increase in the presence of MWCNTs in the casting solution. The other reason 

may be the low interaction tendency between MWCNTs on the surface of membrane which 

would regularly collocate on the membrane surface like the modified MWCNTs54. 
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3.3.3. Tensile property of MWCNTs blended membranes 

 

Table. 3-4 Tensile properties of membranes with different MWCNTs loadings 

Membrane Code 
Tensile stress at 

Maximum Load (MPa) 

Tensile strain 

at Break (%) 

Young's modulus 

(MPa) 

M-0 2.56(±0.13) 19.69(±1.77) 288.75(±0.75) 

M-C1 1.50(±0.01) 16.04(±0.42) 156.21(±1.54) 

M-C2 1.91(±0.04) 22.22(±0.23) 207.35(±1.26) 

M-C3 2.06(±0.02) 16.67(±0.42) 225.17(±0.88) 

 

Table.3-4 shows the tensile properties of the membranes with different MWCNTs loadings. 

Both tensile strength at maximum load and the Young’s modulus show a dip when 1% 

MWCNTs was added when compared with that of the pristine membranes. However, both 

of these two parameters increased when MWCNT content in the nanocomposite 

membranes increased in the range of 1 to 3%, which is compatible with the previous 

findings of reasonable increase of the mechanical strength with an increase in the 

MWCNTs loading11, 55. The position of the minimum coincides with those of the maximum 

finger layer ratio and the overall porosity (M-C1 or M-C2). Hence, it can be concluded that 

the presence of a large number of the finger-like pores reduces the mechanical strength of 

the membrane, as reported earlier56-58. The increase in PVDF crystallinity and the increase 

in the interaction at polymer/MWCNTs interfaces can also explain the increase of the 

tensile strength at higher MWCNTs loadings. However, the poor MWCNTs dispersion and 

the higher degree of MWCNTs aggregation cannot explain the experimental results since 

both should reduce the mechanical strength55, 59. The tensile strain at the break point 

behaves in a way different from the tensile stress at maximum load and tensile strain at 

break. 
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3.3.4. The VMD performances and LEPw of MWCNTs blended 

membrane 

 

In Fig. 3-6 LEPw shows a continuous decreasing trend. The decrease in LEPw from M-0 

to M-C1 is rather surprizing since pore size decreases while contact angle increases from 

M-0 to M-C1. The continuous LEPw decrease beyond M-C1 is due to the increase in the 

surface pore size.  

 

The VMD flux with distilled water feed, also shown in Fig. 3-6, exhibits a maximum at 

MWCNTs concentration of 2 wt.% (M-C2), which corresponds to more than 100 % 

increase from the pristine PVDF membrane. Because of this favorable performance, the 

M-C2 membrane was subjected to VMD experiments with salty feed solution, and the 

results shown in the Fig. 3-7. The flux decreased during the first 90 min, possibly due to 

compaction, and later leveled off at 1.64 kg/(m2∙h).  The rejection remained above 99.98%. 

When the feed temperature was increased, the flux reached 5.64 kg/(m2∙h) as shown in Fig. 

3-8, while maintaining the high salt rejection. 

 

The position of the maximum VMD flux at M-C1 coincides with the maximum in finger 

layer ratio and overall porosity (at M-C1 or M-C2), indicating the decrease in the transfer 

resistance in the finger-like pores contributed to the increase of VMD flux.   

 

Fig. 3-9 summarizes the is the possible impact of MWCNTs loading on the membrane pore 

structure that causes the change in VMD performance, particularly from M-0 to M-C1. As 
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shown in the exploded view on the left side of the figure, addition of MWCNTs narrows 

the surface pore due to the polymer/MWCNTs interfacial interaction, while the accelerated 

phase inversion makes the finger-like pore wider and longer. As a result, the mass transport 

resistance decreases, resulting in a significant increase in the vapor flux.   

 

As for the salt reduction, the MWCNTs loading into membrane does not exhibit any 

negative effect despite the occurrence of MWCNTs aggregation at various parts of the 

membrane. Some researchers suggest the MWCNTs’ introduction into membrane could 

improve the salt rejection performance as the sorbents10, 23. Based on the results from the 

present and previous works32, 60 showing above 99.9 % without exception, it seems that the 

MWCNTs loading has no obvious effect on the salt rejection. 

 

Fig. 3-6 VMD performances and LEPw of membrane with different concentration of MWCNTs 
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Fig. 3-7 Flux and rejection performance of membrane for long-term operation 

 

Fig. 3-8 Flux and rejection performance of membrane for different feed side temperature 
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Fig. 3-9 Possible CNT’s impacts on membrane structure and vapor permeation 

 

 

3.3.5. Related researches focusing on CNTs application for desalination 

by MD 

 

Table. 3-5 summarizes the MD membranes which were fabricated based on carbon 

nanotubes (CNTs) for desalination. CNTs were incorporated into the membrane either by 

blending or by immobilizing in the membrane pores. In Bucky-layer membranes CNTs 

stood alone as mentioned earlier. Compared with the other works, the unique feature of 

this work is that the membranes were subjected to VMD at relatively low feed 

temperatures. Therefore, the comparison of desalination performance with the other 

membranes is difficult. Nevertheless, this work showed one of the highest improvements 

in flux by CNTs blending with extremely high salt rejections. 
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Table. 3-5 Comparison of different CNTs applications into MD 

Reference CNT type Method to prepare membrane 
MD 

configuration 

Tmaxa on 

Feed/permeate 

side 

Sea water flux 

increasingb (%) 

Maximum 

salt rejection 

CNT/polymer blended membrane 

30 P/F-CNTc Phase inversion DCMD 82 ºC/20 ºC ~132% ~100% 

29 P-CNT Electrospinning DCMD 60 ºC/20 ºC ~34% ~99.99% 

31 F-CNT Electrospinning DCMD 60 ºC/20 ºC ~43% ~99.98% 

This work P-CNT Phase inversion VMD 50 ºC/- ~151% ~99.99% 

Bucky-layer CNT membraned 

25 P-CNT CNT self-supporting BP DCMD 65 ºC/5 ºC ~ - 400%e ~99% 

26 P-CNT 
BP Hot-pressed with support 

and polymer infiltrated BP 
DCMD 95 ºC/5 ºC ~ - 100% ~98.5% 

27 P/F-CNT CNT self-supporting BP DCMD 75 ºC/5 ºC - ~97% 

CNT Immobilized membrane 

23 P-CNT CNT immobilized on membrane 
SGMD 

hollow fiber 
80 ºC/ - �85% ~15% 

24 F-CNT CNT immobilized on membrane 
SGMD 

hollow fiber 
90 ºC/ - ~145% ~99% 

62 P-CNT CNT immobilized on membrane DCMD 80 ºC/15-20 ºC ~76% - 

a Tmax is the maximum bulk temperature on feed or permeate side of membrane. 
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b Compared with the artificial sea water (35g/L NaCl solution) flux data of CNTs membranes with non-CNTs membranes from same references.  

c P indicate pristine and F means functionalize.  

d The self-supporting BP membrane do not contain any of polymer.  

e The CNT membrane flux increasing data is comparing with the commercial PTFE membrane from same reference. 
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3.4. Conclusions 

 

The VMD performance and the other properties of the membranes are well correlated with 

the membrane morphology; i.e. 

1) The VMD flux increases with an increase in the finger-like layer ratio and the overall 

membrane porosity; 

2) The LEPw decreases with an increase in membrane surface pore size (except for the 

LEPw change caused by the initial 1 wt.% blending of MWCNTs);  

3) The mechanical strength of the membrane decreases with an increase in the number 

and the size of macrovoids. 

 

As a result, the best VMD flux was obtained when 2 wt.% of MWCNTs were blended to 

PVDF with a flux of 1.64 and 5.6 kg/(m2∙h), respectively, at 30 ºC and 50 ºC of the salty 

feed solution. The salt rejection of this particular membrane was more than 99.98 % with 

LEPw 72 psi and the Young’s modulus 156.2 MPa. The VMD flux improvement by The 

VMD flux improvement by MWCNTs blending achieved in this work has surpassed most 

of the past records on DCMD and SGMD flux improvements caused by the MWCNTs 

blending.  
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4. Hybrid SiO2/multi-walled carbon nanotubes (MWCNTs) 

nanocomposite PVDF membranes for vacuum membrane 

distillation 

 

Rufan Zhou, Dipak Rana, Takeshi Matsuura, Christopher Q. Lan 

 

Highlights 

 

l Hybrid nanocomposite membranes with additives MWCNTs and SiO2 were 

fabricated;  

l Hybrid nanocomposite membranes with 1% SiO2, integrated additive shows 

synergetic effects on vapor flux through membrane; 

l High SiO2 content could increase LEPw of membrane compared with membrane 

blended MWCNTs only; 

l MWCNTs exhibits different effects on tensile properties of membrane when loading 

ratio of SiO2 is different.  
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Graphical abstract 

 

Fig. 4-1 Possible mechanism of integrated additives loaded on membrane 

 

Abstract 

 

One of three different SiO2 nanoparticles (NPs) (hydrophobic, superhydrophobic and 

hydrophilic) was added with multi-walled carbon nanotubes (MWCNTs) to dope solution 

to fabricate hybrid PVDF nanocomposite membranes by the phase inversion technique. 

Integration of MWCNTs with low content SiO2 NPs was proven to have synergistic effects 

on the improvement of VMD flux due to the increase of overall porosity by MWCNTs and 

growth of the macrovoids by SiO2 NPs. Especially, MWCNTs played a dominant role at 

low SiO2 NPs content. Compared with the pristine PVDF membrane and the 

nanocomposite PVDF membrane with MWCNTs additives in chapter 3, respectively, the 

flux of the membrane with the integrated additives increased by 292 % and 55 %. On the 

other hand, SiO2 NPs, at their high content, start to dominate the effect on the membrane 

performance. In particular, at high SiO2 NPs contents, the asymmetric structure of PVDF 
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membrane disappeared, leading to low mechanical strength. All fabricated membranes 

exhibit great desalination potential with salt rejection as high as >99.97%.  

 

Key words 

 

Vacuum membrane distillation, multi-walled carbon nanotubes, hybrid nanocomposite 

membrane, PVDF polymeric membrane.  

 

4.1. Introduction 

 

As a significant challenge in the past few decades, freshwater scarcity has been threatening 

to the public health, food production, industrial efficiency and environment sustainability. 

Membrane distillation (MD), an emerging desalination technology employing seawater 

and brackish water, has attracted great attention due to its unique benefits, such as high salt 

rejection, low energy consumption, etc.1-3. The porous membrane, whose structure and 

properties strongly influence the performance and productivity of desalination, plays a 

crucial role in membrane distillation. In order to improve the membrane performance in 

MD, different membrane fabrication and modification methods have been proposed and 

their effectiveness has been studied1, 4-5.  

 

As a valid modification approach, the incorporation of nano-additives directly into 

polymeric membranes exhibits great potentials in enhancing the performance of membrane 

distillation. Of particular relevance, different kinds of nano-additives have been 

investigated on their effectiveness to improve the porosity, hydrophobicity, pore size and 
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other critical membrane properties6-9. Among these additives, CNTs have a promising 

future in MD application due to their specific hollow structures and superior durability5, 10-

13. Three major methods to utilize CNTs to fabricate membranes for membrane distillation 

(carbon nanotube immobilized membrane (CNIM), CNTs self-supporting bucky-paper 

(BP) membrane and CNTs blended membrane) have proved the feasibility of CNTs in 

membrane modification8, 13-15. In particular, the CNTs blended membrane, as the simplest 

CNTs utilizing method, exhibited excellent MD performance and extraordinary 

mechanical intensity8, 13, 16. In chapter 3, addition of appropriate amount of introduced 

MWCNTs (2 wt.% to polymer which is 0.3 wt. % to casting dope) could enhance the VMD 

vapor flux with little decrease of LEPw. However, comparing with other additives, e.g. 

CuO and hydrophilic SiO2, the improvement of membrane performance by CNTs loading 

was not necessarily remarkable4,9. 

 

SiO2 nanoparticles (NPs), as nano-fillers into the membrane, have demonstrated their 

capacity to dramatically enhance the MD flux7,9. However, mechanical strength is 

weakened17-19 and LEPw (liquid entry pressure of water) is lowered7, 9 when the content of 

SiO2 NPs is very high (which could even reach 50 % to the polymer), which would have 

negative effects on the long term stability of the membrane13, 20. Therefore, reinforcement 

additives, such as MWCNTs, are expected to increase the mechanical properties of 

membrane when loaded with SiO2 NPs. On related notes, CNTs hybrid nano-fillers have 

been demonstrated their benefit to the performance of nanocomposites. For example, CNTs 

and graphene have proven to have synergetic effects to improve the mechanical and 

electrical properties of polymer composites due to the integrated net structure protecting 

the CNTs damage21-23. And also, in similar studies, integrated nano-additives of graphene 
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oxide and CNTs demonstrated the effectiveness of the method to improve ultrafiltration 

performance24. Hence, it is reasonable to expect that the addition of CNTs, as an enhancer 

of the mechanical strength, combined with SiO2 NPs, would likely to exhibit a synergistic 

effect leading to the fabrication of a high flux membrane with better mechanical strength 

and therefore long durability.  

 

Hence, integral nano-fillers based on the combination of CNTs and SiO2 nanoparticles 

seem worth studying. In this work, pristine multi-walled CNTs (MWCNTs) and different 

kinds of SiO2 NPs were blended with polyvinylidene fluoride (PVDF) polymers to prepare 

hybrid nanocomposite membranes via the phase inversion method. All of these membranes 

were tested in VMD of distilled and artificial salty water, and the membranes are 

characterized by various methods to have a better understanding of the roles of MWCNTs 

and SiO2 NPs to membrane structure and performance.   

 

4.2. Experiment 

 

4.2.1. Materials 

 

Polyvinylidene fluoride (PVDF) of two different molecular weights, Kynar® HSV740 

(Pellet, MW = 410 kDa) and Kynar® HSV900 (mixture of powders with two molecular 

weight, Mw1 = 92,840 kDa and Mw2 = 1367 kDa), were kindly supplied by Arkema Inc. 

(Philadelphia, PA, US). Anhydrous N, N-dimethylacetamide (DMAc) purchased from 

Sigma-Aldrich Inc. (St. Louis, MO, US) was used as the solvent to dissolve PVDF 

polymer. Pristine MWCNTs, NC7000TM series prepared by Catalytic Chemical Vapor 
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Deposition (CCVD) process, was obtained from Nanocyl® (Sambreville, Belgium). The 

average diameter of these MWCNTs was 9.5 nm and average length 1.5 μm. All SiO2 

nanoparticles were purchased from Skyspring Nanomaterials Inc. (Houston, TX, US) and 

their sizes and modification methods are summarized in Table. 4-1.  

 

Table. 4-1 Properties of NPs supplied by the manufactures. 

SiO2 type 
Average particle size 
(From product data) 

Particles size 
(Measured using TEM)  

Modification 
method 

Hydrophobic 10-20 nm 15.16(±0.688) nm 
single layer 

organic chain 

Super-hydrophobic 10-25 nm 20.54(±0.992) nm 
single layer 

organic chain 
Hydrophilic 10-20 nm 33.87(±1.042) nm amino group 

 

4.2.2. Membrane fabrication 

 

All membranes were fabricated by the phase inversion method. Firstly, 2 wt.% MWCNTs 

(to PVDF polymer which equals to 0.3 wt.% to casting solution) were dispersed into 33.5g 

DMAC with ultrasonication for 30 min (Qsonica Q 700, Newton, CT, US) followed by 1 

min vortex mixing. Then, 6g of PVDF (HSV 900: 740 = 2:8) and 0.5g of distilled water 

were added to MWCNTs/DMAC suspension prepared above under continuous stirring at 

500 rpm and 60 ºC for 3 h to ensure uniformity of the casting dope. The ratio of water, 

PVDF and DMAC solution was the same as our previous work focusing on the effects of 

SiO2 on MD membrane performance7, 9.  
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After the preparation of MWCNTs/PVDF blend casting dope, a predetermined amount of 

silicon dioxide particles (1 wt.% and 7 wt.% to the total casting dope) were added to the 

dope and the mixture was kept stirred for 2 h at room temperature, before it was degassed 

for 30 min under vacuum to remove air bubbles. The casting dope so prepared was cast on 

a glass plate using a uniform-speed automatic film applicator (model AFA-II, Beijing, 

China), followed by immersion of the cast film into distilled water at room temperature. 

When the membrane peeled off from the glass plate spontaneously, it was transferred to 

another distilled water bath and kept there for 24 h to remove the residual solvent. The, the 

membrane was dried at room temperature for one day.  

 

All the membranes in the present work were labelled as M-0 or M-CxNy. “M-0” means 

pristine PVDF membrane; In M-C2Ny, “C” indicates MWCNTs, M-C2 was the membrane 

with best VMD flux in chapter 3. “N” is either “B” (hydrophobic SiO2) or “S” (super-

hydrophobic SiO2) or “L” (hydrophilic SiO2) and the “y” indicates the content of N in the 

casting dope (1 wt.% and 7 wt.% in the total casting dope).  

 

4.2.3. Membrane characterization 

 

The top surface and the cross-sectional structure were investigated by Scanning Electron 

Microscopy (SEM) (JSM-7500F FESEM, JEOL, Japan) under 3 kV accelerating voltage 

and 10 mm working distance. The pore size of membrane top-surface and surface porosity 

were obtained by the ImageJ software based on the SEM images of at least ten random 

areas. Cross-sectional images were also analyzed by the ImageJ software to evaluate the 

finger-like layer ratio and the membrane thickness.  
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Atomic Force Microscope (AFM) (Park NX10, South Korea) was used to analyze the 

surface roughness of the fabricated membranes with 2 μm × 2 μm scan area and the related 

roughness parameters were obtained via the supported software.  

 

The hydrophobicity of the membrane top-surface was evaluated by water contact angle 

measurement by VCA Optima Surface Analysis System (AST Product, Inc. Billerica, MA, 

US). Around 1 μL of deionized water was dropped on the dry surface of membrane and the 

contact angle was measured at room temperature at ten random spots. The measurement 

was repeated at least 10 times and the average value was reported. 

 

The porosity of membrane was determined by the wet and dry method. Three samples were 

cut from different areas of a membrane and kept immersed in n-butanol for 24 h to ensure 

complete wetting of the samples. The weight (w1, g) of the wet sample was measured, 

followed by drying in an oven for 24 h at 50 ºC to make sure complete evaporation of n-

butanol. The weight (w2, g) of the dry sample was then measured. The porosity of 

membrane was calculated by the equation below:  

 %" = $%&$'
(∙*∙+ × 100%7 (1) 

Where “ε” is the porosity (%), “A” is the membrane sample’s area (cm2), “l” is the thickness 

of the samples (cm), and “ρ” is the density of n-butanol (g/cm3). The average of the three 

samples was reported.  

 

The tensile properties of the membranes were evaluated by Tensile Testing Instrument 

(ElectroPuls E3000 Testing instrument, Instron, Norwood, MA, US) loaded with 250 N. 
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The size of the measured samples was 4 cm × 2 cm and the tests were carried out at room 

temperature. The stretching rate was 5 mm/min and the distance between two grips was 2 

cm. Three samples were taken from each membrane and average values reported.  

 

4.2.4. Particles characterization and aggregation analysis 

 

The SiO2 NPs were subjected to the Transmission Electron Microscopy (TEM) (FEI Tecnai 

G2 Spirit Twin TEM) after dispersing the particles in methanol by sonication for 10 min. 

The TEM images were analyzed by the ImageJ software to obtain the particle sizes.  

 

The MWCNTs and PVDF polymer aggregation was investigated by phase-contrast 

microscope (Infinity II BX40, Olympus, Canada) at 20×, 200× and 400× magnification. 

The samples for the microscope were prepared by mixing 0.5 g of the casting dope with 

9.5g DMAc by ultrasonication for 30 min, followed by 1 min vortex mixing. Then, 1.5 μL 

of the sample was dropped on the microscope slide, which was then covered with a 

microscope cover glass. The size of the aggregates was measured by analyzing the 

microscopic images using the ImageJ software.  

 

4.2.5. Liquid entry pressure of water (LEPw) measurement 

 

The liquid entry pressure of water (LEPw) is the minimum transmembrane pressure 

required for distilled water to permeate through the membrane pores, quantifying its long-

term operation stability13, 20. LEPw was measured using a conventional static permeation 

cell. The membrane sample was placed on a sintered metal plate located at the bottom of 
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the permeation cell and below the feed chamber that was filled with distilled water. 

Pressure applied to the feed chamber from a nitrogen cylinder was increased stepwise by 

2 psi every 10 minutes. The LEPw value was recorded as the pressure value at which the 

first water droplet appeared at the permeate exit. Three samples were taken from each 

membrane, and the average value recorded. 

 

4.2.6. Vacuum membrane distillation (VMD) 

 

The membrane distillation performance of all the membranes fabricated in the present work 

was evaluated by a static VMD setup, the details of which were described in the previous 

works7, 9, 25. Briefly, the setup is a batch system consisting of a static permeation cell 

wrapped with heating coil, two cold traps and a vacuum pump (Fig. 4-2). A membrane 

sample is placed at the bottom of the permeation cell and below the feed chamber that is 

filled with either distilled water or aqueous NaCl solution of 35 g/L. The feed liquid was 

stirred continuously with a stirrer to prevent the temperature and concentration 

polarization. Vacuum of 2.306 kPa was applied to the permeate side of the membrane via 

a vacuum pump. The permeate vapor was collected in the cool trap cooled with liquid 

nitrogen. The VMD flux was calculated by the equation below: 

 /012 = $
3∙(

7 (2) 

Where “w” (kg) is the weight of condensed vapor collected in the cold trap during time “t” 

(h) and “A” is the effective area of the membrane sample (0.00113 m2).  
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Fig. 4-2 Schematic illustration of VMD setup25 

 

The rejection of membrane was calculated by the equation below: 

 %4 = 56&57
56

× 1007 (3) 

Where “R” means the rejection, “Cf” and “Cp” are the conductivity of the feed and the 

condensed vapor, respectively, measured by a conductivity meter (OAKTON, CON 2700). 

Every measurement was carried out when the flux became stable several hours after the 

VMP experiment was begun. 
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4.3. Results and discussion 

 

4.3.1. Hybrid nanocomposite membranes with low SiO2 NPs content (1%)  

 

Table. 4-2 Top-surface characterizations of membranes. 

Membrane 
code 

Mean pore 
size (nm) 

Maximum 
pore size (nm) 

Minimum 
pore size (nm) 

Surface 
porosity 

(%) 

Contact angle 
(degree) 

Nanocomposite membrane with MWCNTs only 
M-C2 71.8 114.5 49.1 12.22 86.68(±3.00) 

Nanocomposite membrane with SiO2 particles only 
M-L7 78.0 130.1 50.1 11.77 81.25(±1.36) 

Hybrid nanocomposite membrane with low SiO2 content 
M-C2B1 76.6 128.6 50.5 16.12 84.69(±1.90) 
M-C2S1 76.8 119.9 45.1 15.50 87.50(±1.36) 
M-C2L1 76.8 132.8 47.9 16.02 86.39(±1.14) 

Hybrid nanocomposite membrane with high SiO2 content 
M-C2B7 86.7 168.7 53.4 11.61 88.50(±1.56) 
M-C2S7 96.8 178.9 53.1 12.08 91.61(±2.14) 
M-C2L7 79.5 130.4 43.0 15.57 84.23(±1.28) 
M-C8L7 74.4 126.0 47.2 13.30 83.67 (±2.13) 

 

It was reported in Chapter 3 that M-C2 (2 wt.% of MWCNTs blend to PVDF polymer 

which is 0.3 wt.% to casting dope) exhibited the highest VMP flux among all the 

membranes studied in Chapter 3. Besides, M-C2 demonstrated much larger mechanical 

strength than M-C1, the nanocomposite membrane blended with 1% MWCNTs. Hence M-

C2 was chosen as the control membrane to which various amounts of different SiO2 NPs 
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were added to know the effects of SiO2 NPs addition on the membrane properties and the 

membrane’s VMD performance. 

 

Table. 4-3 Thickness, finger layer ratio and porosity of membranes 

Membrane Code Thickness (μm) Finger layer ratio (%) Porosity (%) 

Nanocomposite membrane with MWCNTs only 
M-C2 85.0(±0.8) 71.2(±11.4) 86.14(±1.70) 

Nanocomposite membrane with SiO2 particles only 
M-B1 -a - 79.87(±1.14) 
M-S1 - - 81.77(±1.41) 
M-L1 - - 80.25(±2.60) 
M-B7 - - 71.37(±1.04) 
M-S7 - - 72.59(±1.99) 
M-L7 111.3(±0.5) 76.4(±13.5) 71.93(±3.77) 

Hybrid nanocomposite membrane with low SiO2 content 
M-C2B1 78.5(±0.9) 63.0(±9.7) 84.39(±1.02) 
M-C2S1 90.6(±0.3) 71.2(±11.4) 82.85(±5.43) 
M-C2L1 84.9(±0.6) 67.6(±14.1) 84.32(±5.62) 

Hybrid nanocomposite membrane with high SiO2 content 
M-C2B7 94.0(±0.7) 59.1(±5.7) 70.77(±2.18) 
M-C2S7 146.5(±0.3) 60.4(±10.1) 71.96(±0.39) 
M-C2L7 112.9(±0.8) 80.5(±11.7) 67.36(±2.13) 
M-C8L7 146.0(±0.6) -b 65.36(±4.01) 

a: The thickness and finger-like layer ratio were not measured.  

b: There’s no obvious finger like pores on membrane. 

 

Fig. 4-3 shows the SEM images of top surface of all the membranes listed in Table 4-2 

except for M-C2. Table. 4-2 summarizes the data related to the porous structure of the 

membrane surface and the contact angle. Comparing M-C2 and M-C2N1 (N means the 
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nanoparticles), where NP is either B or S or L, it is found that, with 1 wt.% adding of 

different SiO2 NPs, the mean pore size and surface porosity increase considerably without 

much change in contact angle. As well, the differences among different NPs are small. 

 

Fig. 4-3 SEM image of top surface of membranes listed in Table 4-2. 
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Fig. 4-4 SEM cross-sectional images of the membranes listed in Table. 4-2. 
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Table. 4-4 Tensile properties of membranes with different MWCNTs loadings 

Membrane Code 
Tensile stress at 

Maximum Load (MPa) 
Tensile strain 
at Break (%) 

Young's modulus 
(MPa) 

Nanocomposite membrane with MWCNTs only 
M-C2 1.91(±0.04) 22.22(±0.23) 207.35(±1.26) 

Nanocomposite membrane with SiO2 particles only 
M-B1 1.77(±0.10) 19.12(±0.27) 219.35(±0.16) 
M-S1 1.34(±0.03) 18.75(±0.21) 140.18(±0.52) 
M-L1 1.61(±0.01) 20.48(±0.60) 184.31(±0.93) 
M-B7 0.70(±0.03) 8.06(±0.58) 146.06(±0.53) 
M-S7 0.47(±0.03) 9.79(±0.07) 60.28(±1.40) 

M-L7 1.01(±0.02) 6.29(±0.04) 124.45(±1.67) 
Hybrid nanocomposite membrane with low SiO2 content 

M-C2B1 1.60(±0.12) 12.71(±1.04) 217.46(±2.24) 
M-C2S1 1.04(±0.06) 11.93(±0.80) 139.65(±3.50) 
M-C2L1 1.51(±0.00) 15.52(±0.90) 181.40(±1.69) 

Hybrid nanocomposite membrane with high SiO2 content 
M-C2B7 0.95(±0.04) 8.58(±0.54) 150.88(±0.91) 
M-C2S7 0.49(±0.01) 12.82(±0.48) 67.30(±0.80) 
M-C2L7 0.92(±0.01) 6.36(±0.07) 127.38(±0.40) 
M-C8L7 0.95(±0.03) 3.16(±0.46) 177.24(±1.43) 

 

Remembering that the surface pore size and surface porosity decreased upon loading of 

MWCNTs alone (Chapter 3), due to the MWCNTs/PVDF interactions, the addition of N, 

either B or S or L, impeded the above interactions, thus resulted in the increase in the 

surface pore size and surface porosity. Another possible explanation for the increase in 

surface pore size is the better dispersion of MWCNTs as SiO2 NPs are added. 
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The cross-sectional SEM images of membranes listed in Table 4-2 (except for M-C2) are 

shown in Fig. 4-4 and the results of the ImageJ analysis are given in Table. 4-3. The latter 

table also includes the data for NPs loading without MWCNTs. In Fig. 4-4, all membranes 

with low SiO2 NPs content exhibit the typical asymmetric membrane structure. In Table 4-

3, compared with M-C2, the overall porosity and finger layer ratio of M-C2N1 (N=B and 

L) decrease, which may be attributed to the further delayed demixing caused by the 

increase in dope viscosity when SiO2 NPs are added. The decrease in finger layer ratio and 

the overall porosity will have negative effects on the VMD flux due to the increase in the 

mass transfer resistance. 

 

Table 4.4. shows the tensile properties of the membrane. Comparing M-C2 and M-C2N1 

(N=B and L), tensile properties decreased with 1% addition of SiO2 NPs. As revealed in 

Chapter 3, membrane porosity is correlated with the VMD performance and mechanical 

properties of membrane4, 20, 26-27. Typically, membrane with higher overall porosity 

resulting from more finger-like macrovoids formation shows weaker tensile properties26, 

28. Unexpectedly, the mechanical properties were reduced by SiO2 NPs addition, despite 

the decrease in overall porosity. The possible reason is that the adding of SiO2 NPs impedes 

the interaction between MWCNTs and PVDF, thus lowering the tensile properties. 

Comparing M-N1 and M2C1, the tensile properties were reduced by MWCNTs 

introduction, with porosity increased.  
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Fig. 4-5 VMD performance and LEPw of hybrid nanocomposite membranes (low SiO2 content) 

 

Fig. 4-5 shows the VMD performance with the salty feed and LEPw of the M-C2N1(N1 is 

1 wt. % SiO2 NPs blended) membrane together with those of M-C2 and M-N1 membrane. 

First, comparing M-C2 with M-N1, the flux of M-N1 (N=B) is lower than, higher than 

(N=S) or nearly equal to (N=L) M-C2, despite the fact M-N1’s overall porosity is always 

lower than M-C2 (Table 4-3). Then, comparing M-N1 and M-C2N1, flux of M-C2N1 is 

higher than M-N1, regardless of N = B, S, L. In other words, addition of MWCNTs to the 

SiO2 NPs increased the flux without exception. This can be explained by the higher overall 

porosity of M-C2N1 than M-N1 (Table 4-3). Further, comparing M-C2 with M-C2N1, the 

flux of the latter membrane is higher than the former without exception. In summary, 

addition of SiO2 NPs individually does not necessarily result in the flux increase from M-

C2, but their addition together with MWCNTs enhances the VMD flux remarkably. As a 
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result, M-C2S1 exhibited the highest flux of 2.5 kg/(m2∙h) in the presence of salt in the 

feed. 

 

4.3.2. Hybrid nanocomposite membranes with high SiO2 NPs content 

(7 %)  

 

Fig. 4-3 also includes the top surface SEM of M-C2N7, where 7 wt.% SiO2 NPs was added 

together with MWCNTs loading. The reason for the choice of  7 wt.% SiO2 NPs is that an 

optimal VMD performance was achieved in the earlier work7, 9. At this dope composition, 

the weight ratio of SiO2 NPs and MWCNTs is 28:1.2. Table 4-2 also include the data for 

M-C2N7. According to the table, the surface pore size increases M-C2B1 to MC2-B7 and 

M-C2S1 to M-C2S7, while the maximum and minimum pore size decrease from M-C2L1 

to M-C2L7. Surface porosity decreases from M-C2N1 to M-C2N7, regardless of 

hydrophobic or hydrophilic property of N. As for contact angle, it increases from M-C2B1 

to M-C2B7 and M-C2S1 to M-C2S7, while decreases from M-C2L1 to MC2-L7, which is 

natural since B and S are hydrophobic while L is hydrophilic. 

 

Fig. 4-4 also includes the cross-sectional image of M-C2N7 and the results of their ImageJ 

analysis are given in Table. 4-3. In Fig. 4-4, as SiO2 NPs content increases from 1 to 7%, 

the asymmetric structure of membrane disappears, and the presence of macrovoids 

dominates especially for M-C2S7 and M-C2L7.  In Table. 4-3 the membrane thickness 

increases from M-C2N1 to M-C2N7, while the overall porosity decreases from M-C2N1 

to M-C2N7. As for finger layer ratio, it decreases for B and S but increases for L, which 

agrees with the general trends, i.e. hydrophobic additive discourages the formation of 
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finger-like pore6-7, whereas hydrophilic additive encourages the formation of finger-like 

pore9, 29. 

 

Fig.4-3 and Table 4-2 also include M-C8L7. Compared with M-C2L7, mean pore size and 

surface porosity decrease, and contact angle change is within the error range. The cross-

sectional image of M-C8L7 in Fig. 4-4 no longer exhibits an asymmetric structure and, 

correspondingly, the overall porosity was the lowest among all prepared membranes. 

Hence, at the SiO2 NPs content as high as 7%, the property of SiO2 start to govern the 

cross-sectional morphology of the membrane, while the excessive amount of MWCNTs 

has only negative effect on the membrane morphology. 

 

Table. 4-5 shows the roughness data of hydrophilic SiO2 (L) membranes with different 

MWCNTs loadings. The roughness decreases upon loading of MWCNTs from M-L7 to 

M-C2L7. This is similar to the roughness decrease from M-0 to M-C2, which is ascribed 

to the MWCNTs interaction. However, with the further increase in MWCNTs loading to 

M-C2L7, the roughness increases due to the formation of many swells at the membrane 

surface caused by the MWCNTs aggregates.  

 

Table. 4-4 summarizes the tensile properties of the M-C2N7 membranes. Comparing M-

C2N1 and M-C2N7, all tensile properties are less for M-C2N7 despite the decrease in 

overall porosity (Table 4-3). This is because of the size of the macrovoids and 

disappearance of the asymmetric structure of the membrane as shown in Fig. 4-4. 

Comparing M-N7 with M-C2N7, MWCNTs could enhance the tensile properties of 

membrane corresponding to slight decrease of overall porosity of membranes. With further 
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increase of MWCNTs in M-C8L7, the asymmetric structure totally disappears and only 

macrovoids are observed. So, the tensile strain at break of M-C8L7 was the lowest on 

among these membranes. �

 

Table. 4-5 Surface roughness parameters of L7 membranes. 

Membrane Code Ra (nm) Rq (nm) RMAX (nm) 

M-L7 27.587 32.008 98.944 
M-C2L7 12.084 15.646 67.978 
M-C8L7 110.732 122.916 343.920 

 

 

Fig. 4-6 Pure water VMD performance and LEPw for hybrid nanocomposite membranes with 

high SiO2 content (7%) 
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Fig. 4-7 Salty water VMD performance for for hybrid nanocomposite membranes with high 

SiO2 content (7%) 

 

Fig. 4-6 shows vapor flux when the feed is distilled water and LEPw for the M-N7 and M-

C2N7 membranes and Fig. 4-7 shows the vapor flux when the feed is the salty water and 

the salt rejection. In Fig. 4-6, LEPw increases from M-N7 to M-C2N7.  The flux decreases 

for B, increases for S and nearly the same for L.  M-L7, in which there are many large 

macrovoids (Fig. 4-4), shows very high pure water flux and the loading of MWCNTa do 

not have much effect. As a result, M-L7, M-C2L7 and M-C8L7 all show the highest but 

similar pure water fluxes of 5.7 kg/(m2h). The flux data with the salty feed solution given 

in Fig. 4-7 parallel the pure water permeation fluxes given in Fig. 4-6, except that the fluxes 

in Fig. 4-7 are lower due to the presence of salt in feed. The salt rejection was always more 

than 99.98 %. 
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4.3.3. The effect of SiO2 NPs addition on the aggregate size 

 

Fig. 4-8 summarises the possible mechanism for the change of the pore structure by the 

addition of SiO2 NPs. When the concentration of SiO2 NPs in the dope is as low as 1 %, 

the presence of SiO2 NPs impedes the interaction between MWCNTs and PVDF, leading 

to the increase in the pore size at the surface (Fig. 4-8 above). When the SiO2 NPs 

concentration is as high as 7 % the growth in macrovoids continues, leading to the 

disappearance of asymmetric structure (Fig. 4-8 below).  

 

 

Fig. 4-8 Possible mechanism of change for membrane pores with introduction of SiO2 NPs 
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The effect of SiO2 NPs addition on the MWCNTs aggregation is in order. Pristine 

MWCNTs, with large surface area, easily aggregate in the polymer composite due to van 

der Waals force24, 30-31. The difficulties in dispersing MWCNTs has been considered as a 

major factor which retards the development of MWCNTs composites and their applications 

30-31. Even with high power ultrasonication, the MWCNTs are ready to aggregate in the 

membrane. The most common way to well-disperse MWCNTs into polymer composites is 

the functionalization of MWCNTs. It is proposed by this work that the addition of SiO2 

NPs is an alternative way to alleviate the aggregation of MWCNTs with the following 

evidences.  

 

Fig. 4-9 shows the aggregate size distribution of MWCNTs obtained by the ImageJ analysis 

of the microscopic pictures. In the figure it is clearly shown that the aggregate size 

decreases with the increase in the concentration of S (superhydrophobic)-SiO2. The other 

SiO2 NPs also decrease the aggregate size, but the effect depends on the NPs’ size, i.e. 

aggregate size is the smallest for B (hydrophobic, 15 nm), the largest for L (hydrophilic, 

33 nm) and the intermediate for S (superhydrophobic, 20 nm).  The possible reason for the 

decrease of the aggregate size may be that the introduction of SiO2 NPs provides intensified 

shear forces to break the Van der Waal interaction between carbon atoms. The introduction 

of SiO2 NPs may interact with carbon atom on the MWCNTs which impede the 

aggregation MWCNTs. 
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Fig. 4-9 Effect of SiO2 NPs addition of the aggregate size distribution of CNTs. 

 

Integrated nano-additives of MWCNTs and graphene into nanocomposites are known to 

improve electrical, thermal and mechanical properties of composites21-23, 32-33. The added 

MWCNTs could inhibit the aggregation of graphene nanoplates, leading to the 

improvement of  their intrinsic properties as reinforced materials34. At the same time, the 

graphene nanoplates form a shield structure preventing MWCNTs damage during 

sonication22. The MWCNTs/SiO2 NPs integrated nano-additives may be working by a 

different mechanism as SiO2 NPs do not have plate-like structure. It should be noted, 

however, the improved dispersion of MWCNTs with SiO2 NPs may or may not have a 

positive effect on  the VMD performance because aggregation of MWCNTs has been 

suggested to improve the vapor flux through the membranes13, 16.  

 

The introduction of GO into the membrane could improve the fouling resistance, water 

permeability, selective and other performances of the membrane35-39. Inorganic integrated 

additives incorporated into the nanocomposite membranes have attracted much attention 
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as a promising way to improve the membrane performance in various membrane separation 

processes by enhancing nano-additives dispersion. As shown in Table 4-6 Graphene oxide 

(GO), with its unique structure, such as large surface area and number of reactive sites40-

44, as well as remarkable electrical and mechanical properties, was used as one of the 

additive components in most cases35, 45. Attempting further improvement of membrane 

performance, different inorganic nano-particles have been added to GO. Silicon dioxide 

(SiO2) is one of common particles to be added to GO, showing improvement in 

performance40, 43-44. Similarly, Titanium dioxide (TiO2) and GO integrated nano-additives 

was also proven to be effective 41-42, 46. In order to improve the biofouling resistance for 

membrane, GO also has been decorated by silver and loaded onto the membrane surface47.  

 

Table. 4-6 Related studies about hybrid nano-additives on membrane 

Reference 
Integrated 
additives 

Membrane type Membrane application 
Main effects on 

membrane 

Synthesize method 

40 GO/SiO2 
Polysulfone 

(PSf) 
filtration 

a. Improved 
antifouling 
capacity; b. 
improved 

hydrophobicity 
(Contact angle 

decrease) a 

41, 46 GO/TiO2 PVDF ultrafiltration 
42 GO/TiO2 PSf ultrafiltration 

43-44 GO/SiO2 PVDF ultrafiltration 

47 GO/AgNPs 
film composite 

membrane 
Forward osmosis 

Directly blending method 

24, 35, 48 
GO/ 

MWCNT 
PVDF ultrafiltration b 

49 Two TiO2 PVDF Membrane distillation 
Increased vapor 

permeation 
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a For all the ultrafiltration membrane, integrated additives could enhance water permeation through 

membrane. 

b Blending method for GO/MWCNT additives has similar effects on membranes like synthesize method 

above. 

 

It is obvious from Table 4-6 that this work stands out by its own uniqueness, i.e. there has 

been no work so far where the MWCNTs/SiO2 NPs was used as integrated nano-additives, 

particularly for VMD. 

 

4.4. Conclusions 

 

The effect of adding integrated MWCNTs/SiO2 nano-particles into PVDF nanocomposite 

membrane on the membrane’s properties and VMD performance was investigated. At low 

SiO2 NPs loading ratio to MWCNTs, the integrated additive exhibited a synergic effect on 

the VMD performance of the membrane. MWCNTs increase in overall porosity of the 

membrane (Chapter 3), while SiO2 NPs increase the size of the macrovoids. As a result, 

the VMD flux with the salty feed increased 292 % and 55 %, respectively, from the pristine 

PVDF membrane and the MWCNTs blended membrane, even though LEPw slightly 

decreased and the tensile properties of the membrane were negatively affected.  

 

When the SiO2 loading ratio to MWCNTs was further increased the asymmetric structure 

of the membrane gradually disappeared, resulting in low porosities with compressed 

macrovoids. Thus, membranes of highest SiO2 loading to MWCNTs (M-CN7), LEPw and 

the mechanical strength were too low despite their high VMD fluxes. Thus, M-C2L7 

membrane with a VMD artificial salty water flux of 4.55 kg/(m2∙h), a very high salt 
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rejection of >99.98 % and improved LEPw, seems the best among the membranes prepared 

in this work.  
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5. Conclusions  

 

PVDF membranes blended with MWCNTs were fabricated by the phase inversion method 

in Chapter 3. With 2 wt. % MWCNTs loading, the maximum vacuum membrane 

distillation (VMD) performance was achieved, reaching 5.64 kg/(m2∙h) with distilled water 

feed and at 50 ºC. Comparing with pristine PVDF membrane, the vapor flux of this 

particular membrane increased 151%. The main reason for the improved VMD 

performance was the increase in porosity of the membrane. But the higher porosity at the 

same time caused the low LEPw and the weak tensile properties. Beside the increasing 

porosity, MWCNTs had significant impacts on the porous structure such as the reduction 

in surface pore size and elongation of finger-like pores.  

 

In order to further improve the VMD flux, different SiO2 NPs were integrated with CNTs 

as additives in chapter 4 which based on the result in Chapter 3. 2 wt. % MWCNTs 

concentration blended PVDF membrane was chose to further combine with SiO2 different 

particles. Two SiO2 concentrations in the dope were studied, one was 1 wt.% and the other 

7 wt. %. When a smaller amount of SiO2 (1 wt.%) was integrated with CNTs, further 

improvement in vapor flux was observed, i.e. the flux could reach 2.55 kg/(m2∙h) with 35 

g/L sodium chloride solution as feed and at 30 ºC. Salt rejection higher than 99.97% could 

be maintained. This is due to a synergic effect of MWCNTs and SiO2 NPs on the VMD 

flux. MWCNTs increase the overall porosity of the membrane, while SiO2 NPs increase 

the size of the macrovoids. LEPw is lowered by the SiO2 NPs addition.  
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With the addition of 7 wt. % SiO2 NPs, the membrane showed the highest flux of 5.69 

kg/(m2∙h) with distilled water feed and at 30 ºC. But the asymmetric structure of the 

membrane gradually disappeared, resulting in low porosities with compressed macrovoids. 

Thus, LEPw and the mechanical strength were too low despite their high VMD fluxes. 

Especially when the CNTs concentration was increased to 8 wt%, asymmetric structure of 

membrane completely disappeared. It was concluded from these results that the membrane 

performance is better improved by the integration of 1 wt.% SiO2 with MWCNTs than the 

integration of 7 wt.% SiO2.  

 

In Chapter 4, it was also concluded that the SiO2 NPs addition to CNTs reduces the size of 

CNTs aggregates. The larger the amount of SiO2 NPs added the smaller the aggregate size.  

 

Based on this study, it can be firmly concluded that blending of MWCNTs in PVDF with 

(different SiO2 in Chapter 4) or without (only MWCNT in Chapter 3) integrating with other 

additives can improve the VMD flux. With relatively high production cost, CNTs blended 

membranes still could not compete with other mature MD membranes. In order to fully 

exploit the potential of CNTs as additives, functionalization of CNTs, fabrication methods 

other than nonsolvent induced phase inversion, integration of nano-additives other than 

SiO2 NPs have to be thoroughly investigated.  

 


