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ABSTRACT 

NOVEL MEMBRANE STRUCTURES FOR AIR AND WATER PURIFICATION 

by 

Smruti Ragunath  

 

Membrane separations have undergone rapid developments in recent years. The key 

component in the process is the membrane itself which acts as a selective barrier 

regulating transport of components between the two sections. The main advantage of 

membrane separation process in comparison to other unit operations is its unique 

separation principle, ease of operation, lower energy requirement, and can be easily 

coupled with other downstream processes. Different membrane based applications 

include filtration, osmosis, dialysis, gas separation, pervaporation, membrane extraction 

and membrane distillation (MD). The membranes can be fabricated by a variety of 

processes such as phase inversion, sol-gel, track etching, stretching, interfacial 

polymerization, etc. Much effort has gone into developing methods for enhancing the 

performance of the membranes by modifying membrane surface including 

immobilization of nanoparticles and nano carbons.  

This research work demonstrates different surface modifying techniques to 

enhance the membrane performance for different applications such as extraction of 

volatile organics (VOCs) from air, generation of pure water from sea water via membrane 

distillation, removal of bacterial debris and endotoxin from water via membrane 

distillation. The techniques adapted in this research include immobilization of carbon 

nanotubes (CNTs) on membrane surface to alter the solute membrane interactions; 

hydrophilization of membrane surface to allow partial wetting of the membrane surface, 



 

 

thus enhancing the MD flux for desalination; incorporation of CNTs via phase inversion 

technique to form a composite CNIM layer on top of a porous support layer to enhance 

the membrane in MD application. For bacterial disinfection application, presence of 

CNTs provide anti-bacterial properties that result in effective rejection and removal of 

bacterial contaminants from water.  

Overall the various membrane modification and membrane based separation 

approach results in enhanced removal of VOCs from air, higher salt rejection; better 

permeate flux and also as potential disinfectant for water treatment process.  
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1 

CHAPTER 1 

INTRODUCTION 

 
1.1 Background 

Membranes have been used in many industrial scale separations, such as, gas purification, 

water treatment, desalination, filtration, dialysis, dehumidification, osmosis, reverse 

osmosis, and electro dialysis (Baker, 2000). They have also been used to achieve a variety 

of analytical scale separations that include extraction, concentration and cleanup. Being 

semi permeable, they primarily function as a barrier that allows the selective transport of a 

solute. In analytical applications, this allows the enrichment of the species of interest and 

their removal from the sample matrix. The movement of the analyte of interest may be 

driven by a chemical, pressure or an electrical potential gradient(Patnaik, 2010).  

In recent years, membrane techniques have advanced numerous analytical 

techniques by facilitating separations without the mixing of two phases, thus eliminating 

problems such as emulsion formation and high solvent usage. These techniques can also 

allow the simultaneous extraction and enrichment of analyte, and typically facilitate trace 

level analysis while consuming small amounts of solvents. Membrane extraction has been 

applied to a wide range of analyte including biological molecules(Davarani et al., 2012), 

metals(Pálmarsdóttir et al., 1997,Ndungù et al., 1998) and organic pollutants(Berhanu et 

al., 2006). They have also been successfully used in diverse environmental media that 

include air and water, and at the same time are becoming popular in biomedical 

applications with matrices such as, urine, blood and blood plasma to analyze drugs and 

their metabolites(Halvorsen et al., 2001,Andersen et al., 2003). Such media are complex 

and usually require tedious and multiple sample preparation steps. Additionally, micro  



 

 
 
 
 
 
 
 
 

2 

 
scale sample volumes, particularly in liquid membranes lead to high enrichment in order 

of thousands(Chimuka et al., 2004) and detection limits in the range of sub ppb levels. As 

a result, techniques such as membrane-based micro extraction often referred to as liquid 

phase micro extraction (LPME) are seen as an alternative to solid-phase extraction (SPE), 

solid-phase micro extraction (SPME) or traditional liquid-liquid extraction (LLE). It is also 

worth mentioning that they have also been micro fabricated in MEMS devices.   

Applications of membrane extraction are quite diverse, and encompass different 

types of membranes, module designs as well as the variation in extraction 

chemistry(Hylton et al., 2007). Though it is conceivable that they can be collectively used 

to achieve any sample preparation, the key to their success lies in achieving high selectivity 

and flux at the same time; two parameters that often tend to be divergent. Consequently, 

there is tremendous interest in developing newer membranes to suit diverse applications.   

 In an effort to develop the next generation membrane with high permeability and 

selectivity, much effort has gone into the design of both membrane materials and 

architecture(Kathios et al., 1994) . Of particular recent interests have been in the use of 

nanomaterials and nanostructures which have successfully engineered pore size, surface 

area as well as physical and chemical properties such as sorbent characteristics and 

interactions with solutes(Hussain et al., 2012). A variety of nanomaterials including carbon 

nanotubes (CNTs), zeolites, and gold have been implemented in membrane structures.  

 



 

 
 
 
 
 
 
 
 

3 

1.2 Principles of Membrane Separation 

A membrane is a selective barrier through which different gases, vapors and liquids 

permeate at varying rates. The membrane facilitates the contacting of two phases at the 

membrane interface. Molecules move through membranes by the process of diffusion and 

are driven by a concentration (ΔC), pressure (ΔP) or electrical potential (ΔE) gradient. This 

is demonstrated in Figure 1.1. The interesting aspect of this technique is that both the donor 

and acceptor can flow continuously leading to the development of automated, real-time 

monitoring techniques.  

 

Figure 1.1 Total analytical system by interfacing membrane extraction to pervaporated 
concentration. 
Source:(Wang et al., 2005) 

 
  



 

 
 
 
 
 
 
 
 

4 

This diffusion-based transport can be expressed by Fick’s first law of diffusion: 

𝐽 = −𝐷	
𝑑𝑐
𝑑𝑥 (1.1) 

where J is the flux (g/cm2s), D is the diffusion coefficient (cm2s), and dc/dx is the 

concentration gradient. It is important to note that the diffusion coefficient is a function of 

concentration. Thus, theoretical predictions in analytical applications are a difficult task, 

where concentration varies by orders of magnitude. The enrichment factor (EF) and 

extraction efficiency (EE) are the two major parameters used to evaluate the effectiveness 

of a particular extraction.  The EF may be defined as the ratio of analyte concentration in 

the extract to that in the initial donor: 

𝐸𝐹 = 	 +,
+-

  (1.2) 

where, Cs is the analyte concentration in the final extract and Cw is the analyte 

concentration in the original sample. 

The EE refers to the fraction of analyte that is extracted into the acceptor such that: 

𝐸𝐸 = 	
𝑛/
𝑛0

= 	
𝐶/𝑉/
𝐶0𝑉0

= 𝐸𝐹	
𝑉/
𝑉0

 (1.3) 

where, ns and nw are the analyte mass in the final extract and in the original water sample, 

Vs and Vw are the volume of the concentrated extract and the original water sample 

respectively.  
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1.3 Membranes 

1.3.1 Nanostructured Membranes  

As already mentioned, the two important membrane characteristics are their flux and 

selectivity. These are controlled by chemical and physical characteristics, morphology as 

well the presence of and absence of pores. A broad classification for membranes is that 

between the porous and nonporous. This essentially refers to the presence or absence of 

pores in the membrane. The former has openings through which select molecules pass. 

Movement through these membranes can also be by size exclusion and is used in 

applications such as nanofiltration and dialysis. Separation can also be accomplished by 

hydrophobicity, for example a hydrophobic porous membrane does not allow water to 

permeate. During extraction, two liquid phases meet at the pores, and during pervaporation 

the analyte vaporize at these sites. Non-porous membranes are solid (pore-free) structures 

and the molecules must move through them via diffusion, and therefore the partitioning of 

the analyte is critical.  

The membrane may also have diverse structures. For instance, homogenous 

(isotropic) membranes are uniform throughout while asymmetric (anisotropic) and 

composite thin-films are not. Isotropic membranes include micro porous, nonporous dense 

and electrically charged membranes. Separation in micro porous membranes (pore size 

between 101-104nm) is a function of particle and pore size distribution, and are used for 

processes such as microfiltration. In nonporous dense membranes, transport is via diffusion 

and separation is influenced by partition coefficient as well as diffusivity of components in 
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the membrane. These types of membranes are commonly used for extraction, reverse 

osmosis and pervaporation. Anisotropic membranes refer to those in which the material, 

the porosity and pore size vary throughout the structure and include thin-film composites 

and Loeb-Sourirajan membranes(Baker, 2000). The composite membrane usually consists 

of different polymers where the surface layer determines selectivity, while the porous layer 

serves as a support.  

Homogenous solid membranes such as silicone tend to provide lower fluxes but 

higher selectivity. On the other hand, the porous membranes provide higher flux but lower 

selectivity. Composite membranes are a compromise. The porous part provides for a high 

flux, while the solid layer on top provides selectivity. For example, a one-micron silicone 

layer on top of a polypropylene composite provides high VOCs flux while preventing large 

amounts of water from permeating through. For thin-film composites, the thin surface layer 

represents a small percentage of the overall membrane but is responsible for much of the 

membrane’s selectivity. Scanning electron microscope (SEM) images of porous and 

composite membranes are shown Figure 1.2. 

 

Figure 1.2 SEM of thin-film composite (polyamide surface layer supported by 
polypropylene) and microporous polypropylene.  
Source:(Loeb et al., 1962) 
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An assessment of permeability and selectivity has shown asymptotic limitations on 

the separation capability of pure polymeric membranes. Efforts at improving these have 

looked at the development of novel materials as well as the modification of their structure 

and morphology. Recent interest has been focused on developing strategies for 

incorporation of nanomaterials such as carbon nanotubes, zeolites, carbon black, gold in 

membrane matrix or surface for the generation of nanostructured membranes with higher 

flux and selectivity.  

The rate of mass transport through the membrane, Q, is controlled by the diffusion 

of solute can be estimated under steady-state conditions by use of the following equation: 

𝑄 = 𝐵𝐴𝐷 ∆𝑃 𝐶0/𝑏 (1.4) 

where,  A is the surface area of the membrane, D is the diffusion coefficient in the 

membrane material, DP is the vapor pressure (or concentration) gradient, b is the thickness 

of the membrane, B is a geometric factor defined by the porosity of the membrane and 𝐶𝑤	is 

the inlet concentration.  The presence of nanomaterials can affect several of these 

parameters; B and D are altered by the presence of the nanoparticles, while the partition 

coefficient is affected by the physical/chemical properties of the nanomaterials while their 

high surface area can facilitate greater flux. Therefore, an important consideration 

associated with the incorporation of nanomaterials in the membranes are their chemical 

properties, size distribution, agglomeration, interaction with the membrane matrix, effect 

on porosity, surface area and morphology. Additionally, such nanomaterials can be 
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effective sorbents. Together these can enhance the selective partitioning as well as the 

permeation of the solute of interest.  

 A common approach to the fabrication of nanostructured membrane involves 

adding the filler material to a polymer solution followed by film casting or spinning and is 

referred to as the mixed matrix membrane (MMM). Good polymer-filler adhesion and 

uniform dispersion allows the formation of uniform membranes of submicron thickness. 

Such membranes possess some unique properties that benefit from the polymer as well as 

the nanofillers. Due to their small sizes, the nanoparticles can be implemented within 

micron or submicron thick films to serve as high flux barriers. For example, in fabrication 

of a polymeric layer tightly packed with nanomaterials like zeolite or CNTs form a dense 

mixed matrix region. Incorporation of nanocarbons within polymeric membranes have 

been studied to increase permeate flux in extraction and pervaporation processes(Sholl et 

al., 2006,Hinds et al., 2004). Dense arrays of aligned MWNTs can potentially be used for 

solute transport though the tube pores(Hinds, et al., 2004). These exceptionally high 

transport rates as demonstrated by the CNTs was attributed to the specific pore size of the 

nanotubes, molecular smoothness of the surface and hydrophobicity and has been proposed 

as means for desalination(Gethard et al., 2011) via membrane distillation. Additionally, 

ability to tailor surface properties by chemical and biochemical functionalization of a 

specific nanomaterials is an attractive route for membrane development. Similarly, they 

can be incorporated in porous structures where they alter the shape, size selective nature 

and allow molecular sieving(Arora et al., 2007).  
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Nanostructured membranes (Figure 1.3) are beginning to find applications in 

various fields such as gas separation(Sanip et al., 2011,Kim et al., 2007), extraction(Hylton 

et al., 2008), pervaporation(Peng et al., 2007), and reverse osmosis(Lee, 2011). Some 

recent developments and updated reports in nanostructured membranes are presented here. 

 

 

Figure 1.3 Nanostructured membranes. 
Source:(Sanip, et al., 2011,Hylton et al., 2008) 
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1.3.2 Carbon Nanotube Membrane 

Since their discovery in 1991, CNTs have received much attention. Carbon nanotubes 

(CNTs), which are essentially graphene sheets rolled into tubes as single-walled (SWNT) 

or multiple-walled (MWNT) structures, can be interesting materials for membrane 

systems. There has been much interest in these materials because of their excellent thermal, 

electrical and structural properties. In addition, their favorable adsorption properties have 

fostered their use as sorbent materials in many analytical and extraction processes(Huang 

et al., 2012,Fang et al., 2006). They are found to be excellent sorbents for volatile and 

semivolatle organics(Hussain et al., 2008) as well as small molecules such as 

methane(Saridara et al., 2010), water vapors(Ellison et al., 2005) and other gases(Fujiwara 

et al., 2001). Consequently, they have found applications in chromatography as well as air 

and water sampling. They have also been used as effective media in SPE(Bhadra et al., 

2012) and SPME(Hussain et al., 2011). In membranes, they can increase the selective 

partitioning and permeation of the solutes of interest.  

 In typical CNT membrane-based liquid extraction, when the two phases contact at 

the pores, the interactions can take place via rapid solute exchange on the CNTs, thus 

increasing the effective rate of mass transfer and flux. The high aspect ratio of the CNTs 

dramatically increases the active surface area as well which contribute to flux 

enhancement. Fabrication of CNT membranes are discussed in the following section. 
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1.3.2.1 Carbon Nanotube Nanocomposite Membrane.  Initial attempts at 

incorporating CNTs in membranes involved the formation of CNT-nanocomposite by 

solution casting. Peng and coworkers(Peng et al., 2007) fabricated membranes with 

chitosan functionalized MWNTs. Surface decoration/wrapping of carbon nanotubes with 

chitosan biopolymer led to dissolution and dispersion in PVA solution. The mixture was 

subsequently mechanically stirred, ultrasonically agitated and cast onto a glass plate. The 

pristine nanocomposite was dried to form 80 μm thick membrane. The membrane was used 

in pervaporation of benzene/cyclohexane (50/50, w/w) mixture. 

 

1.3.2.2 Aligned Carbon Nanotube Membrane (ACNTs).  Although great deal of 

practical and fundamental studies has been reported on CNT- Mixed Matrix Membrane 

(MMM), related researches in this area did not receive much attention until Hinds et. 

al.(Hinds, et al., 2004) reported aligned carbon nanotubes (ACNTs) membrane using CVD 

on quartz substrate across a polystyrene film. The quartz substrate (2cm x 2cm) with 

aligned multiwalled CNTs was coated drop wise with 50% (by weight) of polystyrene (PS). 

Excess polymer was removed by spin coating at 3000 rpm for 1 minute. Following that, 

neat toluene was poured dropwise onto the sample and allowed to set for 1 minute to further 

dissolve excess polymer covering the tops of CNTs and spin coated for 1 minute at 3000 

rpm. Finally, the sample was dried in a vacuum oven at 70oC for 4-5 days under 25-inch 

Hg pressure to fabricate the aligned CNT/PS composite film which was removed from 

quartz substrate by HF solution (1:2 by volume).  Additionally, plasma oxidation was 
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performed to remove excess polymer as well as open CNT tips. The resulting free standing 

composite films as formed, with the CNT alignment intact from top to bottom were 

accessible to the outer molecule both sides of the formed membrane. Figure 1.4 illustrates 

the fabrication of cross sectional schematic of aligned CNT (ACNTs) membrane 

fabrication steps. 

 

Figure 1.4 Aligned carbon-nanotube (CNT) membrane fabrication steps. 
Source:(Bhadra et al., 2013) 
 

1.3.2.3 Carbon Nanotube Immobilized Membrane (CNIM). Mitra et al.(Sae-Khow 

et al., 2009) immobilized Carbon Nanotubes within the pores of membranes leading to the 

development of unique membrane structure referred to as the CNIM. This was achieved by 
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immobilizing CNT using dispersion in a polymer solution. The dispersion was injected into 

the lumen of a conventional hollow fiber under pressure. This served as the immobilization 

step, and the polymer served as the glue that held the CNTs in place. Such membranes 

were robust, thermally stable and possessed high selectivity. The goal here was to 

immobilize CNTs without covering its active surface with the polymer, or having a thick 

polymeric layer over it. This is advantageous as well as challenging. However, 

accomplishing this is highly desirable so that their surface is free to interact directly with 

the solute. The membrane produced from this method has been used for liquid-liquid 

extractions, membrane distillation and pervaporation(Sae-Khow, et al., 2009,Sae-Khow et 

al., 2010,Sae-Khow et al., 2010,Gethard et al., 2011,Gethard et al., 2011). Typical 

membrane produced by this process is shown in Figure 1.5 (a –b). Additionally, Figure 1.5 

(c – d) shows the typical SEM image of CNIM membrane in comparison to the unmodified 

polypropylene membrane. 
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Figure 1.5 (a) Photograph of carbon-nanotube immobilized membrane (CNIM); (b) 
photograph of pure polypropylene; (c) SEM image of unmodified polypropylene 
membrane; and, (d) CNIM. 
Source:(Sae-Khow, et al., 2009) 
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1.3.3 Application of Nano Structured Membrane 

The nanostructured membranes are relatively new developments and even newer when it 

comes to analytical chemistry. Some applications that show a great deal of promise are 

presented here. In the analytical field, the largest application has been with the 

incorporation of CNTs.  This is an attractive because the CNTs are excellent sorbents that 

can enhance partition coefficients, increase the selectivity and result in enhanced 

enrichment and extraction efficiency. Functionalization of CNTs can also be used to alter 

selectivity because it alters solute solvent interactions.  

 

1.2.3.1 Carbon Nanotube Membranes in Pervaporation.  The outstanding 

sorbent characteristic of CNTs has led to the exploration in pervaporation. Pervaporation 

performance of the resulting MWNTs incorporated polyvinyl alcohol PVA-MMM) was 

carried out by Choi et al.(Choi et al., 2007) where an increase in flux and a decrease in the 

selectivity was reported with the increase in MWNTs content. These were attributed to   

two key factors: the crystallinity of membrane and the molecular transport through the 

nanotubes. Higher amount of MWNTs created strong interaction with PVA and therefore 

prevented the packing of molecules to form crystal, resulting in a decrease in the 

crystallinity of the PVA matrix. Peng et al.(Peng, et al., 2007) studied the pervaporation 

properties of CNT-PVA membranes for the separation of benzene/cyclohexane mixtures. 

The CNTs were dispersed with cyclodextrin by grinding during the formation of MMM in 

order to reduce the aggregation and improve the compatibility of CNTs in the polymer 
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matrix. The resulting MMMs exhibited the highest benzene permeation flux of 61.0 gm−2 

h−2 with separation factors of 41.2 for the mixture with weight percent of 1:1. Upon the 

comparison of pervaporation properties with the PVA and cyclodextrin dispersed PVA 

membranes, the MMMs prepared through the incorporation of CNTs demonstrated 

enhanced mechanical strength properties and pervaporation properties. Mondal and 

Hu(Mondal et al., 2008) have reported the adverse effects of the presence of high MWNT 

content in pervaporation process. Functionalized MWNTs were incorporated into 

segmented polyurethane (SPU) to study the water vapor transport properties. In such 

MMM system, MWNTs were found to influence both crystalline and amorphous regions 

of SPU matrix by imparting stiffness to the polymer matrix, particularly when added in 

excess.   

 

 

Figure 1.6 Mechanism of pervaporation in carbon-nanotube immobilized membrane 
(CNIM). 
Source: (Sae-Khow, et al., 2010)  
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Sae - Khow and Mitra(Sae-Khow, et al., 2010) reported the development of novel 

CNIM using a composite membrane for the pervaporative removal of organics from an 

aqueous matrix. The CNIM demonstrated several advantages including enhancement in 

organic removal and mass transfer by 108 and 95% respectively and also enhanced 

recovery at low concentrations, lower temperatures, and higher flow rates. The nanotubes 

provided additional pathways for enhanced solute transport, affecting both the partitioning 

and diffusion through the membrane as shown in detailed mechanism depicted as Figure 

1.6. 

 

1.3.3.2 Carbon Nanotube Membrane in Membrane Extractions.  The sorbent 

characteristics of the CNT membrane have been exploited in membrane extraction as well. 

Eshaghi et al.(Es’haghi et al., 2010) demonstrated a three-phase supported liquid 

membrane consisting of an aqueous (donor phase), organic solvent/nano sorbent 

(membrane) and aqueous (acceptor phase) system operated in direct immersion sampling 

mode. The MWNTs dispersed in the organic solvent were held in the pores of a porous 

membrane supported by capillary forces and sonication. Their proposed method allowed 

the very effective and enriched recuperation of an acidic analyte into one single extract. 

The method showed good linearity in the range of 0.0001-50 micro g/L, reproducibility 

and detection limits in the pico gram/L with enrichment as high as 2100.    

  Hylton et al. (Hylton, et al., 2008) used CNIM to carry out three-phase supported 

liquid micro extraction (µ-SLME) as well as liquid-liquid extraction (µ-LLME). The 
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immobilization was carried out such that the CNT surface was accessible to 

adsorption/desorption. Several organic compounds including haloacetic acids and non-

polar organics were studied using a hollow fiber CNIM. The incorporation of MWNTs 

improved the extraction efficiency by as much as 144%.  Sae Khow et al.(Sae-Khow, 

et al., 2009) reported the effect of both polar and non-polar compounds as analyte and 

reported that the enrichment factor enhancement by 30-113% using CNIM. O.Sae 

Khow and Mitra(Sae-Khow, et al., 2010) also demonstrated the simulateneous 

extraction and concentration on CNIM, where the CNTs enhanced both these 

phenomenon (Figure 1.7) leading to superior performance in terms of higher 

enrichment factors and extraction efficiency. The CNTs immobilized in the pores of a 

polypropylene hollow fiber, led to nearly 250% enrichment enhancement over the 

unmodified parent membranes. The detections limits for polycyclic aromatic 

compounds were between 0.042 and 0.25 µg/L. This flow through system was designed 

for on-line extraction in automated analysis. 
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Figure 1.7 Carbon-nanotube (CNT)-assisted extraction and enrichment. Triangles 
represent the analyte molecules and the circles represent the solvent molecules 
Source: (Sae-Khow, et al., 2010). 
 

  More recently, Bhadra et al.(Bhadra et al., 2012) demonstrated for the first time 

that Carbon Nanotubes could be immobilized on the surface of solid polymeric 

membranes, which can also lead to enhanced extraction of polar and non-polar 

organics. A polar membrane was used on which nonpolar CNTs were immobilized. 

This CNIM combination showed dramatic enhancement of enrichment factor by 92% 

and solvent retention by as much as 29%.  

 

1.3.3.3 Carbon Nanotube Membranes in Membrane Distillation.  A novel 

analytical method that also used carbon naotube based membranes is membrane 
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distillation (MD). Mitra et. al.(Gethard, et al., 2011,Gethard, et al., 2011)  recently 

reported this real-time, online concentration technique, where the aqueous matrix is 

removed from the sample to enhance analyte enrichment.  Therefore, MD is a universal 

method that cn be used for a wide range of compounds, and is unlike conventional 

membrane extractions that rely on the permeation of the analyte into an extractant 

phase.  An alternate to thermal distillation, here a heated aqueous solution (or polar 

solvent such as ethanol) is passed through the lumen of a hydrophobic hollow fiber, 

which prevents the transport of the liquid phase across the membrane.  However, the 

solution is partially converted to vapor (60-90oC) and MD relies on the net flux of this 

vapor from the warm to the cool side of the membrane. The driving force for the vapor 

transport is determined by the vapor pressure difference across the membrane, which 

depends upon the temperature difference.  

MD provides a complimentary approach to conventional membrane extraction 

which relies on the selective permeation of the analyte, and is often a challenge because 

selective membranes for diverse analytes are not always available. MD with CNIM 

(Figure 1.8(a)) has shown great promise because the CNTs were instrumental in 

increasing water vapor as well as solvent flux . The mechanism of MD with CNTs is 

shown in Figure 1.8(b) for removing polar solvents for concentrating pharmaceutical 

compounds. Comparison between MD performance with and without CNTs is shown 

in Figure 1.8(c). Enrichment using CNIM(Gethard, et al., 2011) doubled compared 

to membranes without CNTs, while the methanol flux and mass transfer coefficients 
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increased by 61% and 519%,  respectively. Additionally, the carbon nanotube enhanced 

MD process showed excellent precision (RSD of 3–5%), and the detection limits for 

pharmaceutical compounds were in the range of 0.001 to 0.009 mg L−1.Overall, it was 

postulated that the CNTs served as sorbent sites thereby providing additional pathways 

for enhanced solvent vapor transport, thus enhancing preconcentration.  
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Figure 1.8 (a) Membrane distillation (MD) as an on-line preconcentration technique; (b) 
membrane device; (c) MD performance on unmodified membrane and carbon-nanotube 
immobilized membrane (CNIM) 
Source: (Gethard, et al., 2011). 
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1.4 Objectives 

The objective of this research is to develop nanostructured membranes for air and water 

treatment applications. Different surface modification techniques were adapted to modify 

the surface properties of membranes to enhance membrane flux for various membrane 

based applications such as membrane extraction of VOCs from air, membrane distillation 

for desalination and removal of bacterial debris. This work is presented in four parts.  

 

1.4.1 Removal of VOCs from Air  

Membrane extraction of volatile organics from air was evaluated as a real-time VOC 

removal technique where VOCs from are removed from air stream and simultaneously 

analyzed using a gas chromatograph. This technique was aimed to explore a possibility of 

more greener approach for VOC removal/extraction from polluted or effluent air stream. It 

was demonstrated that CNT immobilized membrane performed better in comparison to 

unmodified membrane.  

 

1.4.2 Permeate Surface Modification for Desalination 

Oxidation of permeate surface was performed to introduce polar groups on membrane 

surface to allow partial wetting of permeate surface that would facilitate rapid condensation 

of diffused vapors. This results in better flux in membrane distillation process for 

desalination.  
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1.4.3 CNIM for Desalination 
 
Carbon nanotube immobilized membranes (CNIM) are fabricated via phase inversion 

technique using a controlled approach for carbon nanotube (CNT) incorporation which 

provides additional pathways for water vapor diffusion. Surface morphology differed for 

membranes fabricated with varying PVDF concentrations which altered the CNT 

distribution and its interaction with water vapor. 

 

1.4.4 Removal of Endotoxin via Membrane Distillation  
 
Generating endotoxin free water is a challenge in the health care industry where the 

maximum allowable endotoxin level for sterile water for injection are set between 0.25 and 

0.5 EU/mL. Conventional approach to generating endotoxin free water comprise of a 

combination of thermal distillation and reverse osmosis. In this approach, we use direct 

contact membrane distillation technique for removal of endotoxins from water.  
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CHAPTER 2 

CARBON NANOTUBE IMMOBILIZED COMPOSITE HOLLOW FIBER 
MEMBRANES FOR EXTRACTION OF VOLATILE ORGANICS FROM AIR 

  

 
2.1 Introduction  

 
Volatile organic compounds (VOCs) have numerous industrial applications and have been 

a source of air pollution for decades(Król et al., 2010,Król et al., 2010). Conventional, 

control technologies for VOCs include thermal incineration, catalytic combustion, 

photocatalysis, adsorption, and air stripping. Each technology has its own merits and 

limitations, and the applicability is situation-dependent on factors such as background 

matrix as well as concentration. Some of these processes are energy intensive, expensive 

for dilute streams, and may also lead to the formation of secondary pollutants(Dewulf et 

al., 1999,Khan et al., 2000,Ruddy et al., 1993). Some are multistep processes, for example 

adsorption requires not only expensive sorbents but also regeneration(Barro et al., 

2009,Harper, 2000,Urashima et al., 2000,Ghoshal et al., 2002,Ras et al., 2009). Membrane 

separation can be an effective VOCs control alternative in which the organics are not 

exposed to high temperatures, there is no requirement of additional chemicals, the process 

can have small instrument footprint, and the compounds can be recovered(Kimmerle et al., 

1988,W. Baker et al., 1987,Sohn et al., 2000,Paul et al., 1988,Baker et al., 1994). Other 

advantages of membrane methods are low energy requirements, high selectivity, and the 

ability to handle high levels of moisture. These methods can be cost-effective with the 
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development of novel membranes that provide higher performance in terms of flux and 

selectivity. 

Membrane separation has undergone rapid developments in recent years with diverse 

applications in air and water treatment such as desalination, dialysis, ultrafiltration, gas 

separation, dehumidification, electro dialysis, and pervaporation(Baker, 2000,Ho et al., 

1992). Membrane separation can provide high selectivity and enrichment factors which 

can be used for capturing VOCs from dilute air stream(Badjagbo et al., 2007,Panek et al., 

2009,Ketola et al., 2002). Various porous, non-porous as well as composite polymeric 

membranes made from polymers such as polyimide, polyethylene, polypropylene, 

polytetrafluoroethylene, polyvinylidene fluoride, polyvinyl chloride, 

polydimethylsiloxane have been used for separating VOCs from air as well as water(Noble 

et al., 1995). Recent efforts for enhancing selectivity and permeability have led to the 

development of thin film composite membranes(Koops et al., 1993,Smitha et al., 2004) 

and mixed matrix membranes consisting of interpenetrating polymeric materials with solid 

fillers(Jiang et al., 2007,Kittur et al., 2005). The fillers often comprise of nanomaterials 

that can enhance membrane performance.  

The unique sorbent properties of CNTs have been utilized in different membrane 

separations where they offer several alternative mechanisms of solute transport(Hylton, et 

al., 2008,Hussain et al., 2008). Theoretical studies have shown that the permeation rate of 

certain liquids and gases through CNTs surpass that expected from classical diffusion 

models (Hinds, et al., 2004,Hummer et al., 2001) which has been attributed to the smooth 
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CNT surface, frictionless rapid transport, molecular ordering (Noy et al., 2007) and 

increase in diffusivity(Holt et al., 2006,Chen et al., 2006).  

Recently, we have reported the development of novel polymeric membranes by 

immobilizing CNTs on the membrane surface(Sae-Khow, et al., 2010,Gethard, et al., 

2011,Sae-Khow et al., 2010). Referred to as carbon nanotube immobilized membrane 

(CNIM), where the CNTs serve as a nano-sorbents or mediator for solute 

transport(Gethard, et al., 2011,Sae-Khow et al., 2010,Gethard et al., 2010,Gethard et al., 

2012). The objective of this research is to study the extraction of VOCs from air streams 

using CNIM. This would have applications in air purification as well as concentrating the 

VOCs. 

 

2.2 Experiment 

2.2.1 Chemicals, Materials and Membrane Modules 

Analytical grade toluene, dichloromethane, ethanol and acetone used in the experiments 

and were obtained from Sigma Chemicals (St. Louis, MO). High purity N2 (Air Gas, NJ) 

and deionized water (Barnstead 5023, Dubuque, Iowa) was used in all experiments. The 

raw multiwalled CNTs were purchased from Cheap Tubes Inc., Brattleboro, VT. The CNTs 

were further purified in our laboratory(Chen et al., 2008,Chen et al., 2007). The average 

diameters of the CNTs were ∼30 nm and the length was as long as 15 µm. 

The base membrane used was a 0.260 mm OD and 0.206 mm ID hollow fiber 

composite membrane (Applied Membrane Technology, Minnetonka, MN) with 1-µm thick 
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homogenous siloxane as the active layer deposited on microporous polypropylene as the 

support. The membrane module was constructed using ten 30-cm long hollow fibers in a 

0.318 cm OD stainless steel casement. The membranes were held in the casing using ‘T’ 

connectors (Component and Controls, NJ) and sealed at both ends using fast setting epoxy 

(Loctite epoxy, Henkel Corporation, CT). This prevented the mixing of the two counter 

current streams. The effective surface area of the module was calculated 19.4 cm2. 

2.2.2 Fabrication of CNT Immobilized Membrane  

Effective dispersal of CNTs and immobilization on the membrane surfaces were essential 

for CNIM fabrication. Ten mg of CNTs was dispersed in acetone and sonicated for 3 hr. 

while 0.2 mg polyvinylidenedifluoride (PVDF) was dissolved in acetone and mixed with 

the CNTs dispersion. The mixture was then sonicated for another 30 min. CNIM composite 

membrane was fabricated by coating the siloxane layer with CNT mixture. The PVDF 

served as a binder that held the CNTs in place. Later, the membrane was washed with 

acetone to remove the excess PVDF. The original hollow fiber membrane was sonicated 

with PVDF solution without the CNTs and to serve as a control.  
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2.2.3 Experimental Procedure 

 

Figure 2.1 Schematic diagram of membrane separation system. 

The schematic diagram for the experimental system used for VOCs removal is 

shown in Figure 2.1. Air stream containing VOCs was flown into the hollow fiber 

membrane module. The feed was mixed with a dry air stream to deliver pre-specified 

concentrations of VOCs. The feed flow rates were varied between 2 to 10 mL/min and the 

VOCs concentrations was maintained between 20 to 200 ppm. A countercurrent gas flow 

was used on the permeate side to transport the permeated VOCs from the membrane to a 
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6-port injection valve (Valco Instruments Co.Inc., TX) and injected at regular intervals into 

a Gas Chromatograph (GC).   

Sample analysis was carried out using a portable SRI 8610 GC (SRI Instruments, 

CA) equipped with a flame ionization detector. A 0.53 mm ID, 30m long, 3.0 µm thick 

open tubular capillary column (Rxi-624 Sil MS, Restek Corporation, USA) was used for 

separation. A Peak simple version 3.72 for Windows platform (SRI Instruments, CA) was 

used for data acquisition and analysis.  

 

2.2.4 Membrane Characterization 

Characterization of both unmodified composite membrane and the CNIM were carried out 

using scanning electron microscopy (SEM) (Leo 1530 VP, Carl Zeiss SMT AG Company, 

Oberkochen, Germany). The membranes were cut into 0.5 cm long pieces and coated with 

carbon film before SEM analysis. Thermogravimetric analysis (TGA) was used to 

investigate the thermal stability of the membrane. TGA was carried out using a Perkin-

Elmer Pyris 7 TGA system at a heating rate of 10° C/ min in air.  
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2.3. Results and Discussion 

2.3.1 Membrane Characterization 

The SEM images of the CNIM and unmodified membranes are shown in Figure 2.2. The 

outer surface of the unmodified membrane was a dense homogenous siloxane layer which 

is shown in Figure 2.2 (a). The CNTs were coated on the siloxane layer. It is clear from 

Figure 2.2 (b) that the CNTs were uniformly distributed on the membrane surface. 

 
(a) 

 

  
(b) 

 
Figure 2.2 SEM images of (a) unmodified membrane (b) CNIM membrane.  
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Figure 2.3 TGA for CNIM and unmodified membrane  

Figure 2.3 shows the thermogravimetric analysis of the membranes. The addition 

of CNTs to the membrane surface somewhat enhanced the thermal stability of the 

membranes. It is seen from the figure that the unmodified membrane degraded in the range 

of 212ºC – 315ºC while CNIM degradation started at the same temperature, it was a little 

slower and continued to nearly 373ºC. On basis of the TGA analysis, the CNT content of 

the membrane was estimated to be 0.1 wt. %.  
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2.3.2 Extraction of VOCs from Air 

The rate of transport of the analytes through the membrane or flux can be expressed by 

Fick’s law of diffusion,  

𝐽 =
𝑃(𝑝= − 𝑝>)

𝑙  (2.1) 

where J (gm-mol/m2.sec) is the flux, P is the permeability (gm-mol.m/m2.sec.Pa), 	𝑝=and 

𝑝> are the partial pressure of the VOCs at the inlet and permeate sides of the membrane, 

and 𝑙 is the membrane thickness. Permeability is dependent on thermodynamics and 

kinetics of membrane/solute interactions and can be expressed as a product of solubility 

(S) (or partition coefficient) in the membrane and diffusivity (D). Since CNTs are excellent 

sorbents as well as molecular transporters, together these properties can increase both 

selectivity and permeability. During membrane extraction, interactions can take place via 

rapid solute exchange on the CNTs thus increasing the effective rate of mass transfer and 

flux. The high aspect ratio of CNTs can also dramatically increase the active surface area, 

which may contribute to enhanced flux.  

Extraction efficiency (EE) of VOCs for the membrane was determined as follows:  

𝐸𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛	𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦	 % =
𝐶𝑜 ∗ 𝑉𝑜
𝐶𝑖 ∗ 𝑉𝑖 	𝑥	100 (2.2) 
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where 𝐶𝑜, Ci are concentration of solute in the permeate and feed side, 𝑉𝑜	𝑎𝑛𝑑	Vi are the 

volume of permeate and feed streams respectively. Performance of CNIM was determined 

based on the overall flux and extraction efficiency. 

 

2.3.2.1 Effect of Feed Temperature on VOCs Removal. Figure 2.4 (a) and (b) 

demonstrate the effect of feed temperature on VOCs removal and its enhancement in 

CNIM. It is clear from the figure that all of the VOCs exhibited an increment in flux with 

increase in temperature. Dichloromethane showed highest flux among the ones studied 

here, followed by toluene and ethanol. However, at higher temperature the ethanol flux 

was found to be higher than toluene. This may be due to the higher diffusion rate of low 

molecular weight ethanol at elevated temperature. It was observed from Figure 2. 4 (b) that 

the enhancement in CNIM decreased with increase in temperature. This is because the 

effects of enhanced partition coefficient and faster desorption in the presence of CNTs was 

less pronounced at higher temperatures. 
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(a) 

	

(b) 

Figure 2.4 Effect of temperature on (a) VOCs flux, and (b) enhancement (%) with CNT 
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2.3.2.2. Effect of Feed Flow Rate on VOCs Removal. Figures 5 (a) and (b) show the 

VOCs removal and its enhancement in CNIM as a function of feed flow rate. The feed flow 

rate was varied from 2 to 10 mL/min at 25°C while the permeate stripping gas flow rate 

was maintained constant at 5 mL/min.		It was observed from Figure 2.5(a) that the VOC 

flux increased with the increase in feed flow rate. This may be attributed to the fact that the 

increase in feed flow rate led to reduction in boundary layer formation on the membrane 

surface. The increase in enhancement was observed at higher flow rate indicating better 

mass transfer in the presence of CNTs (as shown in Figure 2.5(b)). The enhancement for 

toluene was found to be as high as 92% which were followed by ethanol (44%) and 

dichloromethane (20%). It is evident from the results that CNIM showed the highest 

enhancement for toluene which was nonpolar and was somewhat similar to the aromatic 

structure of CNTs and is known to interact with the latter by Π - Π interactions.   
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Figure 2.5 Effect of feed flow rate on (a) VOC flux and (b) enhancement with CNIM. 
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2.3.2.3. Extraction Efficiency as a Function of Temperature. Figure 2.6 (a) shows 

extraction efficiency of the different VOCs as a function of temperature in the range of 25-

70°C. The increase in temperature increased extraction efficiency for all VOCs.  However, 

the rate of increment is not very high as the diffusion coefficient increases with 

temperature, but the partition coefficient shows the opposite trend.  

Figure 2.6 (b) exhibits the enhancement in extraction efficiency with CNIM in 

comparison with unmodified membrane. It was observed from the figure that the 

enhancement obtained with CNIM membranes were much higher at lower temperatures 

and decreases with increase in temperature. This was attributed to the fact that at lower 

temperature with relatively low diffusion coefficient of VOCs, the CNTs had a more 

pronounced effect in enhancing the partition coefficient and VOCs transport. The 

maximum enhancement for toluene was obtained 80% followed by ethanol and 

dichloromethane which were 26% and 17%, respectively. The highest enhancement for 

toluene compare to other VOCs attributed to its non-polar nature and structural symmetry 

with CNTs. The attainment of higher extraction efficiency at lower temperature allowed 

lower temperature operation with CNIM that generates less carbon foot print for the overall 

extraction process.   
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Figure 2.6 Effect of temperature on (a) extraction efficiency, and (b) enhancement with 
CNIM.  
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2.3.2.4. Extraction efficiency as a function of concentration. Figure 2.7 shows the 

extraction efficiency of CNIM and unmodified membrane in the concentration range of 

25–200 ppm for toluene at constant temperature (25oC) and feed flow rate (6mL/min). The 

extraction efficiencies for both membranes increased with decrease in concentration.  For 

example, with 200 ppm of toluene, CNIM showed an enhancement in extraction efficiency 

as high as 57%. At 50 ppm, the CNIM showed an extraction efficiency of 22% while the 

unmodified membrane reached the same efficiency at four times that concentration. Higher 

enhancement in the CNIM opens up the possibility of extracting VOCs from low 

concentration streams.   

 

Figure 2.7 Extraction efficiency of toluene as a function of feed concentration. 
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2.3.3 Mass - transfer Coefficient 

Vapor permeation through the membrane is known to follow a solution-diffusion model 

which involves sorption of the VOCs onto the membrane followed by diffusion through 

the polymer matrix and finally desorption into the permeate side. The overall mass-transfer 

coefficient is calculated as follows, assuming concentration of the permeate side to be 

zero(Vane et al., 1999), 

𝑘 =
𝐽R>S
𝐶R>S

 (2.3) 

where 𝐶R>S is the feed concentration of individual VOC. 

Table 2.1 Mass Transfer Coefficient of Different VOCs for Varying Flow Rate at 25ºC 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
  

Flow rate 
(mL/min) 

Dichloromethane Toluene Ethanol 

k (m/s) Enhancement 
(%) 

k (m/s) Enhancement 
(%) 

k (m/s) Enhancement 
(%) 

2 1.68E-06 8.69 1.26E-06 36.59 1.54E-07 29.36 

4 3.58E-06 13.57 1.96E-06 47.92 2.33E-07 34.79 

6 4.80E-06 16.60 2.52E-06 80.65 2.63E-07 40.54 

8 5.19E-06 19.05 3.17E-06 88.91 2.81E-07 43.46 

10 5.56E-06 22.68 3.84E-06 92.22 3.16E-07 44.25 



 

 
 
 
 
 
 
 
 

42 

Table 2.2 Mass Transfer Coefficient of Different VOCs for Varying Temperature at 6 
mL/min Flow Rate  
 

Temp 
 (oC) 

Dichloromethane Toluene Ethanol 

k (m/s) Enhancement 
(%) 

k (m/s) Enhancement 
(%) 

k (m/s) Enhancement 
(%) 

25 4.80E-06 16.60 2.52E-06 80.65 2.63E-07 40.54 

35 5.45E-06 11.92 2.67E-06 74.54 3.96E-07 22.79 

45 5.64E-06 6.40 2.99E-06 67.78 9.48E-07 14.44 

60 - - 3.05E-06 60.43 1.84E-06 11.08 

70 - - 3.11E-06 56.98 2.02E-06 8.95 

 

Tables 2.1 and 2.2 represent the mass-transfer coefficients obtained at different 

flow rates and at different temperatures, respectively. The overall mass transfer is usually 

controlled by diffusion through the boundary layer at low flow rates. With increase in flow 

rate, turbulence increases which reduces the boundary layer at the membrane interface. It 

was observed that as flow rate increased from 2 to 10 mL/min, overall mass transfer co-

efficient with CNIM increased 231, 205 and 105% for dichloromethane, toluene, and 

ethanol, respectively. The mass transfer coefficient in CNIM was also enhanced with flow 

rate. Similarly, increase in temperature led to higher diffusion coefficient and lower 

boundary layer resistance, thereby increasing the overall mass transfer coefficient. 

However, the increment in mass transfer coefficient with increase in temperature was not 

very significant for toluene and dichloromethane because the partition coefficients tend to 
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be lower at elevated temperature. The effect of CNTs also reduced as the temperature 

increased. 

 

2.3.4 Proposed Mechanism 

The mechanism underlying enhanced mass transport is shown in Figure. 8. The CNTs are 

known to be excellent sorbents for VOCs and served as active sorption sites to enhance the 

partition coefficient. They also show rapid adsorption and desorption properties which 

enhances mass transfer coefficient. Immobilization of CNTs into the selective siloxane 

layer altered the VOCs-polymer interactions, which is one of the major physicochemical 

factors affecting the selectivity and diffusivity of the membrane. The CNTs also provide 

an alternative route for faster mass transfer via its frictionless smooth surfaces.  

 
Figure 2.8 Mechanism of membrane separation process. 
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2.4 Conclusions 

Membrane extraction of volatile organics from air is demonstrated using CNIM.  Presence 

of CNTs showed significant enhancement in membrane performances in terms of 

extraction efficiency and flux. Overall, enhancement for both temperature and flowrate 

variation was observed for all volatile organics under study. CNIM membrane exhibited 

about 80% enhancement at 25 ºC and nearly 92% enhancement at 10mL flowrate for 

toluene. Thus, CNIM exhibited improved performance at lower temperatures and at higher 

flow rate, which implies that the presence of CNTs leads to higher permeation and faster 

mass transfer rate.  
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CHAPTER 3  

CARBON NANOTUBE IMMOBILIZED MEMBRANE BY PHASE INVERSION 
FOR DESALINATION VIA MEMBRANE DISTILLATION  

 

3.1 Introduction 

Rapid climate changes and other factors have increased the demand for fresh water and 

consequently the need for desalination technologies for pure water generation(Service, 

2006). Relatively lower energy requirements, cost and smaller foot prints make membrane 

based techniques like reverse osmosis (RO), forward osmosis (FO) and membrane 

desalination (MD) attractive desalination approaches (Shannon et al., 2008,Wade, 2001). 

MD is a membrane based thermal evaporative process which operates at relatively low 

temperatures, can provide high salt rejection and handle high salt concentrations 

(Alkhudhiri et al., 2012,Lawson et al., 1997,Lei et al., 2005). MD has the potential to 

generate pure water using low grade heat such as waste heat from power plants and solar 

power(Banat et al., 2002,Ding et al., 2005,Koschikowski et al., 2003,Dow et al., 2017). 

The major challenge facing MD is cost reduction to make it commercially viable. 

Consequently, a major consideration in MD is the membrane itself because it determines 

both flux and selectivity. Hence fabrication of membranes that can provide enhanced 

performances is of great interest (Alklaibi et al., 2005).  

Conventional MD membranes include those made of polypropylene (PP), 

polyvinylidene difluoride (PVDF), polytetrafluoroethylene (PTFE) where techniques such 

as graft and plasma polymerization have been used to modify surface characteristics (Kong 
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et al., 1992,Ulbricht, 2006). A variety of more complex membranes with hydrophobic and 

hydrophilic surface coatings, or hydrophobic layer sandwiched between two hydrophilic 

layers have been reported (Khayet et al., 2003,Qtaishat et al., 2009,Khayet et al., 2003). 

Recent developments have reported fabrication of MD membranes with zeolite, clay 

nanoparticles, modification with porous alumina and nano carbon like carbon nanotubes 

and graphene (Das et al., 2014,Kim et al., 2010,Zhou et al., 2008,Musico et al., 

2014,Ragunath et al., 2016,Bhadra et al., 2016). This includes, self-supporting CNT-Bucky 

paper membrane prepared by interfacial polymerization and vertically aligned CNT 

membranes for reverse osmosis (RO) process have been reported(Dumée et al., 

2010,Dumée et al., 2011,Drioli et al., 2015). 

We have reported the development of carbon nanotube immobilized membrane 

(CNIM) with different functionalized forms where the CNTs have been incorporated into 

the membrane with the help of polymer to serve as an immobilizing agent (Bhadra, et al., 

2016,Bhadra et al., 2013,Roy et al., 2014). These techniques have been extended to other 

nano-carbons such as graphene and nano-diamond as well (Bhadra et al., 2014).   CNTs 

incorporated on the membrane surface act as nano-sorbent and provide additional pathways 

for solute transport. These novel membranes have demonstrated superior performances in 

diverse applications such as solvent extraction, pervaporation (Hylton, et al., 2008,Sae-

Khow, et al., 2010,Sae-Khow, et al., 2010), desalination (Bhadra, et al., 2013,Roy, et al., 

2014), volatile organic extraction from air, micro extraction(Sae-Khow, et al., 

2010,Ragunath et al., 2015), concentration of pharmaceutical waste (Gethard, et al., 2012), 
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and dehumidification (Roy et al., 2013). While these membranes have shown excellent 

performance, there is no way to control the surface morphology.  

 

In an effort to develop the next generation of CNIM, it is important to explore other 

methods of CNT incorporation where the surface morphology and CNT distribution can 

be controlled. Phase inversion is a well-known membrane fabrication technique for 

preparing porous membranes where a polymeric layer can be incorporated via solvent 

evaporation, precipitation from vapour phase, thermal precipitation, immersion 

precipitation and dry-wet phase inversion(Ulbricht, 2006,van de Witte et al., 1996). A 

selective layer can also be created using solvent/non-solvent evaporation approach where 

a polymer is uniformly dispersed in a solvent/non-solvent mixture and casted on a support. 

Upon evaporation, the solvent creates a continuous polymeric phase while the non-solvent 

part creates the voids resulting in a porous layer36-38. The objective of this research was to 

synthesize CNIM using solvent/non-solvent type phase inversion where the surface 

morphology and consequently membrane performance can be varied.    

   

3.2 Experiment  

3.2.1 Materials  

Hydrophobic polypropylene (PP) membranes with nominal pore size of 0.45 µm were 

purchased from Sterlitech Corp., (WA, USA). Multiwall carbon nanotubes (MWNT) were 

purchased from Cheap Tubes Inc., (Brattleboro, VT, USA). Other chemicals which 
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includes polyvinylidene fluoride (PVDF), acetone and methanol were purchased from 

Sigma Aldrich (PA, USA).  

 

3.2.2 Membrane Fabrication 

Surface modification of polypropylene membrane was carried out by creating a porous 

selective layer on the surface of the support membrane via solvent/non-solvent evaporation 

type phase inversion approach(Zhao et al., 2008,Qian et al., 2008,Van de Witte et al., 

1996). Here we used a volatile solvent (acetone) with desirable dispersibility for both 

polymer and CNTs. Methanol was used as the non-solvent to facilitate pore formation as 

it had comparatively lower vapour pressure and was immiscible with the PVDF-CNT 

mixture. Uniform dispersion of casting solution was prepared with pre-weighed amount of 

PVDF and CNT in acetone followed by the addition of methanol. PVDF-CNT mixture was 

cast on polypropylene substrate using a casting knife. The cast membrane was allowed to 

dry at 60°C in a vacuum oven. After initial trial and error, the acetone to methanol volume 

ratio was optimized to be 80:20 for fabrication of membranes with different polymer 

loading. Membranes were cast with well dispersed solution containing varying amount of 

PVDF from 0.001 – 0.03 wt.% while the CNT concentration was fixed at 0.01% based on 

preliminary trial error experiments.   
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3.2.3 Membrane Characterization 

Surface morphology of the membranes was characterized using scanning electron 

microscope (SEM) (Leo 1530 VP, Carl Zeiss SMT AG Company, Oberkochen, 

Germany). The membrane samples were cut to 0.5 cm long pieces and carbon coated 

for SEM imaging. The elemental composition of the membranes was analysed using 

energy dispersive x-ray spectroscopy (EDX).  The surface topography and 

roughness of the membranes was determined using atomic force microscopy (Park 

NX10 AFM, Park Systems, USA) under ambient conditions. Measurements were 

obtained in non-contact mode (Park SmartScanTM) using silicon-nitride cantilever 

containing silicon probe with resonant frequency of 50kHz, tip radius 2-5 nm for a 

scan area of 5µm and average surface results has been reported. Furthermore, 

thermal gravimetric analysis (TGA) to study the thermal stability of modified and 

unmodified membranes using PerkinElmer Pyris 7 TGA system at isothermal 

heating rate of 10°C/min in air.  

The effective surface porosity over the effective pore length was measured 

by gas permeation tests previously reported in other similar studies (Wang et al., 

1999). The total molar flux per unit trans membrane pressure difference across the 

porous PP membrane can be described as  

JU
Dp = 	

2
3	

8RT
pM

]._ 1
RT

re
Lb
+	

p
8µRT	

reε
Lb

 (3.1) 
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where ε is surface porosity, r is mean pore radius of the membrane,	µ is gas viscosity, 

R is gas constant, p is the average feed and permeate pressure, M is molecular weight 

of gas, Lb is effective pore length and T is temperature (k). The first term of the 

equation represents the Knudsen flow and the second term the Poiseuille flow. The 

gas permeation flux per unit of driving force (gh
Db

) can be calculated as,  

JU
Dp =

𝑁j,0
𝐴  (3.2) 

where, Nl,U	 is total molar gas permeation rate (mol s-1), Dp is the trans membrane 

pressure difference across the membrane area A. The total gas permeation rate 

through the membrane at difference pressure was measured using a bubble flow 

meter.  By plotting nitrogen flux (gh
Db

) as a function of mean pressure  p, the effective 

surface porosity over pore length was calculated from the slope (S]) and intercept 

(I])  as follows:  

r = 	
16
3

S]
I]

8RT
πM

]._

µ (3.3) 

ε
Lb
= 	
8µRTS]
re  (3.4) 
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The overall membrane porosity was calculated from the ratio of the pore 

volume to the total volume of the membrane. The membrane pore volume was 

determined by measuring the increment on the membrane mass before and after 

being fully impregnated with butanol. The porosity of the membrane was calculated 

as follows(Edwie et al., 2012),  

ℇ = 		
𝑉s
𝑉t

 (3.5) 

where 𝑉s	𝑎𝑛𝑑	𝑉t	are the pore volume and total volume of the membrane 

respectively and average results for both unmodified and the best performing 

membrane has been reported.  

Surface hydrophobicity of the membrane was estimated by contact angle 

measurements.  Water droplets (measured volume of about 2µL) were dropped on 

membrane surface using Hamilton micro-syringe (0 – 10 µL) on both modified and 

unmodified membranes. Droplet position was recorded using a stage mounted video 

camera. Minimum of five reading were recorded and average contact angle 

measurements are reported.   

 

3.2.4 Experimental Setup 

The schematic membrane distillation experimental setup is shown in Figure 3.1 

Typical setup consisted of PTFE membrane cell having an effective membrane area 
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of 14.5 cm2, Viton O-rings, PTFE tubing, PFA and PTFE connectors, feed and 

permeate flow pump. Constant temperature heating water bath (Neslab Water Bath 

Model GP 200, NESLAB Instruments, Inc., Newington, NH, USA) was used to 

maintain constant feed temperature and a low temperature bench top chiller unit 

(Polyscience LS5, Cole-Parmer, USA) was used to maintain the permeate 

temperature between 15-20 °C. Feed and permeate solutions were circulated in a 

cross flow mode. Both feed and permeate flow passing through the membrane 

modules were recycled from their respective reservoirs using peristaltic pumps 

(Cole-Parmer, USA). The inlet and outlet membrane temperatures were monitored 

using temperatures control probes (Four-channel Data Logging Thermometer, RS-

232, Cole-Parmer, USA). 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 Schematic diagram of the experimental setup.  
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3.3 Results and Discussion 

3.3.1 Membrane Characterization  

Table 3.1 presents the different membranes that were fabricated, their characteristics and 

surface PVDF composition estimated from EDX analysis. The atomic weight percent of 

fluorine on the membrane surface that was estimated from EDX analysis was as high as 

23.9% for 0.03 wt.% polymer loading. A corresponding increase in contact angle was 

observed indicating a rise in hydrophobicity of the membrane surface. Surface 

characterization by SEM, EDX and AFM analysis are shown in Figure 2(a-c). The figure 

presents the membrane characterization of unmodified (M0), and modified membranes 

with 0.001 (M1), 0.01 (M4) and 0.03 (M6) wt.% PVDF respectively. 

Formation of uniform layer of CNIM by phase inversion are seen from the SEM 

images. However, distribution of CNTs on the surface varied with PVDF concentration.  

For instance, the selective layer formed in M1 was a continuous porous CNT layer due to 

minimal presence of polymer content. Whereas at` higher polymer loading a decrease in 

pore size was observed in both SEM and AFM images presented in Figure 3.2 – 3.4.  EDX 

mapping images of both unmodified membrane and modified membrane confirmed the 

increase in surface fluorine concentration for membranes which are identified as red and 

green for carbon and fluorine respectively. Surface roughness(Ra) measured from AFM 

analysis for the modified membranes increased from 75.1 to 156 and finally to 177nm for 

membranes M1, M4 and M6 respectively. Surface characterization of other membranes are 

not presented for brevity 
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Table 3.1 Summary of Different Phase Inversion Membrane Fabrication and 
Characterization.  
 

 

 

. 

Membrane 

Amount 
of PVDF 

in solution 
(wt.%) 

EDX –Analysis 
(% of Fluorine 

atom) 

Amount of 
PVDF on 
membrane 

surface 
(wt.%) 

Contact Angle 
Measurement 

M0 0 0 0 93º 

M1 0.001 0.9 1.5 100º 

M2 0.003 1.6 2.7 102º 

M3 0.004 2.6 4.3 104º 

M4 0.01 7.7 12.8 110º 

M5 0.02 13.8 23.0 111º 

M6 0.03 23.9 39.8 116º 
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Figure 3.2 SEM characterization of modified membranes M0, M1, M4, M6. 

 

Figure 3.3 SEM - EDX characterization of modified membranes M0, M1, M4, M6. 
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Figure 3.4 AFM characterization of modified membranes M0, M1, M4, M6. 
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Figure 3.5 Thermal gravimetric analysis of unmodified and modified membranes.   
 
 

The TGA analysis is presented in Figure 3.5. which shows that the modified 

membranes were quite stable in comparison to unmodified membranes. The modified 

membranes degraded in range of 185 – 324 ° C for M1, 185 – 322 ° C for M4, and 180 – 

314 ° C for M6, respectively. Whereas the unmodified membrane degradation took place 

between 168° to 297°C leading to complete degradation at 418 °C. This implies, the 

modification process enhanced overall thermal stability of the membranes. The CNT 

concentration in the membranes were estimated to be around 1.1 (± 0.02) wt.%. 
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The average pore size of unmodified membrane was calculated to be 0.40 µm with 

80.0 % porosity and ratio of porosity over pore length ( u
vw

) was 2.15 x 107. The pore size 

for modified membranes ranged between 0.39 – 0.37 µm, with porosity of 80.0 – 77.8 % 

and ratio of porosity over pore length was calculated to be between 2.25 – 2.55 x 107. As 

expected the modification process altered the membrane morphology, however the change 

in pore size and porosity were minimal.   

 

3.3.2 DCMD Performance of CNIM Fabricated by Phase Inversion   

Performance of the CNIMs was compared with that of the original membrane by 

determining the flux at different flow rates, temperatures and salt concentrations. 

The MD experiments were performed for a duration of 3 hours upon attaining 

equilibrium, the flux was monitored every 30 minutes and averaged. All experiments 

were repeated three times and the relative standard deviation for the experiments 

was estimated to be within 1%. The water vapour flux, Jw, across the membrane can 

be expressed as:  

JU =
Wb

t	.		A	 
(3.6) 

where, wp is the total mass of permeate, t is the permeate collection time and A is 

the membrane surface area. Also, Jw can be denoted as: 
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JU = k(P| 	−	Pb) (3.7) 

where, k is the mass transfer coefficient, Pf and PP is the water vapour concentration 

in feed and permeate side(Schofield et al., 1987,Qtaishat et al., 2008,Phattaranawik 

et al., 2001).  

 

Figure 3.6  MD performance for different phase inversion membranes as a function of 
temperature. 
 

MD performance for CNIM fabricated via phase-inversion with varying 

PVDF content as a function of temperature is presented in Figure 3.6. Operating 

temperatures were varied from 60 – 80 °C, at constant feed and permeate flow rates 
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of 150 mL/min. MD flux increased with increasing temperature for different 

membranes, due to increased vapour pressure gradient(Mengual et al., 2004). From 

figure 4(a), flux for CNIM membrane with 0.01 wt.% PVDF content increased from 

31.4 l/m2 h at 60°C to 51.4 l/m2 h at 80°C. Alternately, unmodified membrane 

exhibited relatively lower flux ranging between 17.9 – 30.0 l/m2 h in the same 

temperature range. Further increase of PVDF content to 0.03 wt.% reduced the 

permeate flux to 27.9 l/ m2 h at 60°C and 45.0 l/m2 h. at 80°C. The initial increase 

in permeate flux was attributed to enhanced adsorption and rapid desorption 

provided by the unique surface properties of CNTs(Gethard et al., 2011).  However 

further increase in PVDF concentration reduced the surface CNT: PVDF ratio which 

altered the membrane morphology and availability of active sites for water vapour 

diffusion, thus reducing overall permeate flux. 

Enhancement for water vapour flux attained by phase inversion membrane 

over unmodified membrane was calculated as follows,  

𝐸𝑛ℎ𝑎𝑛𝑐𝑒𝑚𝑒𝑛𝑡 = 	
𝐽+������ −	𝐽��t>�=�=��

𝐽��t>�=�=��
	×	100 (3.8) 

where 𝐽+������ was flux by phase inversion membrane (l/ m2 h) and 𝐽��t>�=�=��  

was the flux from the unmodified membrane.  

Figure 3.7 presents the enhancement attained as a function of temperature for 

membranes M1, M4, and M6. Enhancement decreased with increasing temperatures 
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for all the membranes presented. For instance, enhancement reduced from 76% at 

lower feed temperature to 71.4% at maximum operating temperature of 80°C. This 

was because, higher temperature results in higher vapour pressure gradient resulting 

in higher water vapour diffusion and enhancement with CNIM layer was less 

pronounced(Gethard, et al., 2011). Maximum enhancement was obtained for 

membrane M4 with 0.01 wt.% PVDF concentration. The enhancement attained 

where higher for membrane M4 (76.0%), followed by M6 (56.0%) and M1(20.0%) 

for a feed temperature of 60°C. From the results, it is evident that membrane M4 

exhibited superior performance in comparison to other membranes in consideration. 

Reduced performance by M6 was due to reduced availability of diffusion sites by 

masking CNTs between the PVDF layer which is evident from SEM images 

presented in Figure 3.2. 

 

Figure 3.7 Enhancement attained as a function of temperature for different phase 
inversion membranes. 
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Figure 3.8 shows the MD flux attained as a function of varying feed flowrate 

for membranes M0, M1, M4 and M6. The flow rates were varied between 100 to 

200 mL/min at a constant temperature of 70°C and permeate flow of 150 mL/min. 

Increase in water vapour flux was observed with increase in flow rates for all 

membranes under study. For instance, flux increased from 35.7 to 50.0 l/m2.h for 

0.01 wt.% PVDF concentration, whereas in the unmodified membrane the flux 

increased from 23.6 to 30.7 l/m2. h. The increase in permeate flux with increased 

flow rate could be attributed to reduced boundary layer effect along the membrane 

interface as an effect of increased turbulence at higher flow velocities. Additionally, 

higher flowrates reduced the contact time of the feed with the membrane surface 

which led to higher average bulk temperatures, resulting in higher driving force for 

MD(Gryta, 2002). Enhancement attained were higher for membrane M4 (62.8%), 

followed by M6 (51.1%) and M1(16.3%) for feed flow of 200mL/min at 70°C.  
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Figure 3.8 MD Performance for different phase inversion membranes as a function 
of feed flowrate. 

 

Figure 3.9 presents the effect of feed concentration on DCMD flux at a 

constant flow rate of 150 mL/min and feed temperature of 60°C. Higher salt 

concentration is known to reduce mass transport across the membrane interface.  As 

expected, overall water vapour flux decreased for all membranes with increase in 

feed concentration(Cath et al., 2004,Martínez-Díez et al., 2001,Wirth et al., 

2002,Schofield et al., 1990). For the modified membrane, the flux decreased from 

33.8 l/m2 h for pure water to 30.8 l/m2 h for feed concentration of 35000 ppm, and 
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that of unmodified membrane decreased from 19.2 to 15.4 l/m2h. The reduction in 

flux for unmodified membrane was 25.0 % compared to 9.7 % for phase inversion 

membrane.  Permeate conductivity measured for both membranes showed no 

significant leakage with increase in feed concentration and the conductivity 

measured after each experiment was between 1 and 3 µS, which is equivalent to 

distilled water. 

 

Figure 3.9 MD Performance for different phase inversion membranes as a function 
of feed concentration. 
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3.3.3. Study of Mass Transfer Co-efficient 

The rate of mass transfer across the membrane is given as: 

κ =
𝐽𝑤

(	𝑃� 	−	𝑃s)
 (3.9) 

where 𝐽𝑤 is the water vapor flux of the system,	κ	is the mass transfer coefficient,	𝑃� and 

𝑃s	 are partial vapor pressure of average feed and permeate temperatures. The mass transfer 

coefficients calculated were found to be significantly higher for CNIM with phase 

inversion as compared to the unmodified membrane.  

 
Table 3.2 Effect of Feed Concentration on Mass Transfer Co-efficient at Constant 
Temperature and Flow Rate 

 
 
 
 
 
 
 

 

 

 

 

 

  

Flow rate: 150mL/min; 
Temperature: 60 °C 

Mass-transfer Coefficient, κ 
(kg/m2.sec.Pa) x 10-07 

Feed Concentration M4 M0 

0 5.84 3.16 

3500 5.44 3.11 

10000 5.33 2.70 

20000 5.09 2.78 

35000 4.69 2.40 
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Table 3.2 summarizes the effect of varying feed concentration on mass transfer 

coefficient.  Both membranes showed decrease in mass transfer coefficients with increase 

in feed salt concentration due to reduced vapour pressure at higher salt concentrations. 

Overall mass transfer coefficients decreased from 5.84 x 10-07 to 4.69 x 10-07 for CNIM 

membrane, and 3.16 x 10-07 to 2.40 x 10-07 for unmodified membrane. The overall mass 

transfer co-efficient reduced by 31.6% for unmodified membrane, whereas the reduction 

was only 16.8% for modified membranes. The enhanced performance by phase inversion 

membranes are similar to what has been reported before(Bhadra, et al., 2013,Ragunath, et 

al., 2015,Gethard, et al., 2011). The CNTs provided selective sorption of water vapour 

while repelling liquid brine. This enhances overall water vapour transport(Dumée et al., 

2013). What phase inversion provides was a way of controlling the amount of PVDF and 

CNTs on the surface which could alter hydrophobicity, pore size and thus water vapour 

permeation.   

 

3.4 Conclusion  

We demonstrate phase-inversion as an effective method for modifying surface 

properties of CNIM. Membranes with varying surface PVDF concentrations where 

the CNT concentration remained fixed were studied for DCMD. The selective 

PVDF-CNT layer on the feed side of the membrane surface led to enhanced flux at 

lower temperature, thus making the overall process more energy efficient. Optimum 

polymer content provided maximum flux and enhancement over an unmodified 
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membrane reached as high as 76%. Higher polymer concentrations reduced the 

membrane performance.  Overall, the phase inversion approach provides an 

effective way to incorporate CNTs on membrane surfaces for different applications, 

and this can be extended to other nanomaterials as well. 
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CHAPTER 4 

SELECTIVE HYDROPHILIZATION OF PERMEATE SURFACE TO ENHANCE 
FLUX IN MEMBRANE DISTILLATION 

 
 
 

4.1 Introduction 

Desalination of sea and brackish water is commercially carried out by methods such as 

multi stage flash distillation (MSF), multiple effect desalination (MED), and reverse 

osmosis (RO). These techniques have their limitations such as high energy consumption 

and equipment cost (Banat, et al., 2002,Wade, 2001). At this point, there is a need to 

develop cost effective low temperature processes that can utilize industrial waste heat and 

solar energy to desalinate water.   

Recent studies (Goh et al.) show that membrane distillation (MD) as a promising 

alternative that involves the transport of vapors through a micro porous, hydrophobic 

membranes (Ding, et al., 2005,Koschikowski, et al., 2003). The driving force is provided 

by the vapor pressure gradient across the membrane (Lawson, et al., 1997,Lei et al., 2005). 

The advantage of MD is that it can be operated at relatively lower temperatures, does not 

require large vapor space as in MSF, is less prone to fouling than RO, can generate high 

purity water and can handle water with high salt concentrations. All of these advantages 

make it attractive for the production of high purity water where low quality industrial heat 

is available in the form of boiler blow downs, flue gasses, or low pressure steam (Calabrò 

et al., 1991,El-Bourawi et al., 2006,Calabro et al., 1994). MD has also been used with 
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thermally sensitive food and pharmaceutical products (Cassano et al., 2015). Various 

modes of MD have been developed where the condensing medium varies from cold 

distillate to a sweep gas or vacuum (Lawson, et al., 1997).  

MD is carried out using hydrophobic micro porous membranes to facilitate 

selective water vapor transport. Different membranes in flat-sheet or hollow fiber forms, 

made of  polytetrafluoroethylene (PTFE), polypropylene (PP), and polyvinylidene-di-

fluoride (PVDF) have been used in MD  (Fujii et al., 1992,Kesting, 1985). Several 

techniques such as phase inversion and stretching of dense films have been used to make 

MD membranes, and hydrophilic membranes have been surface treated to enhance 

hydrophobicity (Kim et al., 2016). Composite membranes consisting sandwiched 

hydrophobic/hydrophilic layers has also been reported (Kong, et al., 1992,Lloyd et al., 

1991,Lloyd et al., 1990,Kim et al., 1991,McGuire et al., 1993,Wu et al., 1992,Lim et al., 

1991).   

Despite various advantages, the potential of MD is yet to be fully realized. MD 

performance can be negatively affected by increased heat loss, mass transfer resistance, 

trapped air within membrane pores, pore wetting and temperature polarization (Martínez 

et al., 2007,Martı́nez-Dı́ez et al., 1999). Much effort has gone into developing methods for 

enhancing the performance of the membranes by modifying membrane surface including 

immobilization of nanoparticles and nano carbons (Vatanpour et al., 2014,Bet-moushoul 

et al., 2016,Bonyadi et al., 2007,Cho et al., 2011,Prince et al., 2012). An important 

consideration is the fast removal of water vapors in the permeate side of the membrane to 
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increase the concentration gradient for mass transfer.  This is applicable for all types of 

MD [6]. As the water vapor comes through, it needs to be rapidly condensed and removed. 

While the feed side of the membrane needs to be highly hydrophobic to prevent pore 

wetting, it is feasible to have a more hydrophilic permeate surface so that it would have 

higher affinity to the water vapor, and consequently facilitate its rapid removal. The 

objective of this research is to enhance MD flux by selective hydrophilization of the 

permeate side of the membrane. A more specific objective is to study this phenomenon in 

direct contact membrane distillation (DCMD) where pure water is used to collect the 

permeated water vapors. 

 

4.2 Experimental 

4.2.1 Materials and Methods  

 

Figure 4.1 Experimental setup for direct contact membrane distillation using 
hydrophilized membrane. 
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MD experiments were carried out in the DCMD mode (Bhadra et al.).  The schematic 

diagram of the experimental setup is shown in Figure 4.1. Typical setup consists of a PTFE 

membrane cell having an effective membrane area of 14.5 cm2. The membrane holder had 

Viton O-rings, PTFE tubing, PFA and PTFE connectors, as well as pumps for feed and 

permeate flow. The system has been described before (Roy, et al., 2014). Constant 

temperature water bath (Neslab Waterbath Model GP 200, NESLAB Instruments, Inc, 

Newington, NH, USA) was used to maintain steady feed temperature and a bench top 

chiller (Polyscience LS5, Cole-Parmer, USA) was used to maintain the permeate 

temperature around 15-20°C. Feed and permeate solutions were contacted in the membrane 

module in a counter current flow. Both the feed and permeate were recycled from their 

respective reservoirs using Master Flex Easy Load peristaltic pumps (Cole-Parmer, USA). 

The inlet and outlet membrane temperatures were monitored using temperature sensors 

(Four-channel Data Logging Thermometer, RS-232, Cole-Parmer, USA). Hydrophobic 

PTFE membrane of 0.2 µm pore size and 130 µm overall thickness with polypropylene 

support was obtained from Advantec (Toyo Roshi Kaish, Ltd, Japan).  

 

4.2.2 Membrane Hydrophilization 

The membrane under study was a highly hydrophobic Teflon membrane with 

polypropylene support. Surface modification via chemical treatment of the polypropylene 
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backing was carried out to enhance the hydrophilicity of the permeate side. The process 

was initiated with treatment with chromic acid solution which was prepared by mixing 

potassium dichromate (K2Cr2O7), sulfuric acid and water in a ratio of 1:20:30 (Roy, et al., 

2013). After preliminary wetting in acetone, the membrane was treated with the chromic 

acid solution for 1 min in an oven maintained at 60o C. The membrane was then washed 

with distilled water.  

The hydrophilization was characterized by measuring the contact angle of water 

droplet on membrane surface, Fourier transform infrared (FTIR) spectroscopy (Magna IR 

System 560, Nicolet Instrument Corporation, Wisconsin, USA) and Scanning Electron 

Microscope with Energy Dispersive X-ray (SEM-EDX) Spectroscopy (Leo 1530 VP, Carl 

Zeiss SMT AG Company, Oberkochen, Germany). All characterization was performed 

three times and average was reported. Performance of the hydrophilized membrane was 

compared with that of the unmodified membrane by determining the flux at different flow 

rates, temperature and salt concentration. After attaining equilibrium, the MD experiments 

were performed for a duration of 3 hours, the flux was monitored every 30 minutes. All 

experiments were repeated three times and the relative standard deviation for the 

experiments was estimated to be within 1%.  
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4.2.3 Gas Permeation Test 

The effective surface porosity over the effective pore length was measured by gas 

permeation tests reported in the literature (Wang, et al., 1999). The total molar flux per unit 

trans membrane pressure difference across the porous PTFE membrane can be described 

as  

𝐽0
D𝑝 = 	

2
3	

8𝑅𝑇
p𝑀

]._ 1
𝑅𝑇

𝑟e
𝐿s
+	

𝑝
8𝜇𝑅𝑇	

𝑟e𝜀
𝐿s

 (4.1) 

 
 

where 𝜀 is surface porosity, 𝑟 is mean pore radius of the membrane,	𝜇 is gas viscosity, 𝑅 is 

gas constant, 𝑝 is the average feed and permeate pressure, 𝑀 is molecular weight of gas, 

𝐿s is effective pore length and 𝑇 is temperature (k). The first term of the equation represents 

the Knudsen flow and the second term the Poiseuille flow. The gas permeation flux per 

unit of driving force (�-
Ds

) can be calculated as,  

 

𝐽0
D𝑝 = 	

𝑁j,0
𝐴  (4.2)                      

 
where, 𝑁j,0	 is total molar gas permeation rate (mol s-1), D𝑝 is the trans membrane pressure 

difference across the membrane area 𝐴. The total gas permeation rate through the 

membrane at difference pressure was measured using a bubble flow meter.  By plotting 
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nitrogen flux  (�-
Ds

) as a function of mean pressure  𝑝, the effective surface porosity over 

pore length was calculated from the slope(𝑆]) and intercept (𝐼])  as follows:  

𝑟 = 	
16
3

𝑆]
𝐼]

8𝑅𝑇
𝜋𝑀

]._

𝜇 (4.3) 

 

𝜀
𝐿s
= 	
8𝜇𝑅𝑇𝑆]
𝑟e  (4.4) 

 

4.3 Result and Discussion 

4.3.1 Membrane Characterization 

Effective porosity over pore length of the membrane was calculated form Eq. (4.4) and was 

calculated to be 2.1 ´ 10-5 m-1 for unmodified membrane. The value obtained for 

hydrophilized membrane had no significant change compared to the unmodified 

membrane, confirming the modification process did not alter membrane porosity.  

The membrane was characterized using Scanning Electron Microscopy (SEM) 

along with Energy Dispersive X-ray (EDX) Spectroscopy (Xu et al., 2009,Tylkowski et 

al., 2015,De los Rios et al., 2007).  Figure 4.2 (a) shows the SEM image of the membrane 

permeate side while Figures 4.2 (b) and (c) show EDX images of the permeate side before 

and after hydrophilization. The EDX analysis of permeate side of the membrane showed 

an increase in oxygen content from 1.5 to 7% after hydrophilization.  
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(a) 

 
                                 (b)                                                           (c) 

 
Figure 4.2 SEM image and EDX analysis: (a) SEM of the permeate side of membrane, 
(b) EDX of unmodified permeate side and (c) EDX of hydrophilized membrane. 

 

 
(a)                                                        (b) 

Figure 4.3 Water contact angle measurement for (a) Hydrophilized membrane, (b) 
Unmodified membrane. 
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The hydrophilicity of the modified membrane was also studied by contact angle 

measurements. A low contact angle on the permeate side can lead to the pore wetting of 

the membrane by increased surface energy (Dumée, et al., 2013). After hydrophilization, 

the contact angle was found to decrease from 94º±2 to 73º±2. Lowering contact angle via 

partial hydrophilization in the permeate side of the membrane was expected to have 

positive effect on the membrane performance. The photographs of the contact angle 

measurements performed at the permeate side of both the hydrophilized and unmodified 

membrane are shown in Figure 4.3 (a) and (b). 

 

Figure 4.4 FTIR spectra of unmodified and hydrophilized membrane. 

Chemical hydrophilization on the permeate side introduced polar functionalities 

such as carbonyl and hydroxyl groups on the surface, which were confirmed using FTIR 

analysis. Figure 4.4 shows the presence of strong C-H stretch at 2800–3000 cm-1 and C-H 

bending around 1350 – 1480 cm-1 which were attributed to polypropylene backbone. The 
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presence hydroxyl stretch between 3200–3600 cm-1 and at 3500–3700 cm-1 were observed 

after hydrophilization along with the carbonyl stretch between 1670 – 1820 cm-1. There 

was also slight shift in the C-H to 2820 – 2850 cm-1.  

 

4.3.2 Effect of Hydrophilization on Membrane Performance 

The overall permeate flux was calculated as follows:    

𝐽 =
𝑤s
𝑡. 𝐴 (4.5) 

where 𝑤s is the total mass of the permeate, t is the permeate collection time and A is the 

membrane surface area. The performance of the membranes was studied as a function 

temperature, flow rate and salt concentration.  

As seen in Figure 4.5 (a), the water vapor flux increased with temperature in both 

of the membranes. This was attributed to the exponential increase in vapor pressure with 

temperature (Mengual, et al., 2004,Criscuoli et al., 2013). It was seen that the hydrophilized 

membranes exhibited higher water vapor flux compared to the unmodified membrane. 

Maximum water vapor flux of 61.4 L/m2.hr was attained at 80°C feed temperature at a 

permeate flow of 200 mL/min for the hydrophilized membrane. The effect of 

hydrophilization of the permeate side was quite dramatic with an enhancement as high as 

52% at 60° C. Figure 4.5 (b) presents a plot of vapor pressure gradient as a function of 

temperature gradient at a constant feed flow rate. As expected an increase in vapor pressure 
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difference was observed when the temperature gradient was raised. This was true for both 

membranes.  

 
(a) 

 

 
(b) 

 
Figure 4.5 (a) Effect of temperature on water vapor flux at a feed flow rate of 200 mL/min; 
(b) Plot of temperature gradient versus vapor pressure gradient. 
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(a) 

 

 
(b) 

 
Figure 4.6 (a) Effect of feed flow rate variation on water vapor flux at feed temperature of 
60º C; (b) Effect of permeate flow rate variation on water vapor flux at operating 
temperature of 60º C. 
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Figure 4.6 (a) shows the effect of varying feed flow rate at 60° C at a constant 

permeate flow rate of 200 mL/min, while Figure 4.5 (b) shows the effect of varying 

permeate flow rate at the same temperature but at constant feed flow rate of 200 mL/min. 

Higher flux were observed in both cases. Nearly 73% enhancement was attained at 100 

mL/min and 60°C for hydrophilized membrane at constant feed flow rates. The increase in 

permeate flux with flow rate was attributed to increased turbulence and reduced boundary 

layer effect at elevated flow rates. Additionally, higher flow rate led to lower residence 

time resulting in higher outlet temperature as well as higher average bulk temperature 

which lead to an increased the driving force for MD (Gryta, 2002).  

 

Figure 4.7 Effect of varying feed concentration on water vapor flux at a feed flow rate of 
200mL/min and operating temperature of 70º C. 
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Figure 4.7 shows the effect of varying feed concentration on permeate flux. The 

higher salt concentration decreased the water activity at the membrane interface and 

formed additional boundary layer which reduced the driving force across the membrane. 

These led to a small decrease in permeate flux similar to what has been reported before 

(Cath, et al., 2004,Martínez-Díez, et al., 2001,Wirth, et al., 2002,Schofield, et al., 1990).  

The overall water vapor flux decreased at 10000 ppm from 46.2 to 42.7 L/m2.hr for the 

hydrophilized membrane and 31.7 to 28.3 L/m2.hr for the unmodified membrane. The 

permeate conductivity did not change with feed salt concentration implying that there was 

no significant increase in salt leakage with concentration. The permeate conductivity 

measured was between 2 – 3 µS which was almost the equivalent to distilled water.    

The rate of mass transfer across the membrane is given as: 

𝐽𝑤 	 = 𝑘(	𝑃� − 𝑃s) (4.6) 

where 𝐽 is the water vapor flux of the system, 𝑘 mass transfer coefficient,𝑃� and 𝑃s	 are 

partial vapor pressure of average feed and permeate temperatures. The mass transfer 

coefficients were found to be significantly higher for hydrophilized membrane as compared 

to unmodified membrane.  
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Table 4.1(A) Effect of Varying Feed Flowrate on Mass Transfer Coefficient at Constant 
Temperature; (B) Effect of Varying Permeate Flowrate on Mass Transfer Coefficient at 
Constant Temperature 
 

A k (kg/m2.s. Pa) x 10 -07 

Feed flowrate 
(mL/min) 

Hydrophilized 
Membrane 

Unmodified 
Membrane 

100 4.2 2.9 
150 5.2 3.0 
200 6.1 3.9 

   
B k (kg/m2. s. Pa) x 10 -07 

Permeate flowrate 
(mL/min) 

Hydrophilized 
Membrane 

Unmodified 
Membrane 

100 5.5 3.3 
150 5.7 3.7 
200 6.1 3.9 

 

Table 4.1 summarizes the effect of varying flow rate and permeate flow rate on 

mass transfer coefficient respectively. At lower flow rates, overall mass transfer was 

controlled by diffusion through the boundary layers. However, with increase in flow rates, 

turbulence increased, thereby reducing the boundary layer resistance and significantly 

increasing the mass transfer coefficients. Both membranes exhibited similar phenomena 

with increase in flow rate. Overall mass transfer coefficients in the hydrophilized 

membrane increased from 4.1 x 10-07 to 6.1x 10-07 with increase in feed flow rate, and 5.5 

x 10-07 to 6.1 x 10-07 with increase in permeate flow rate. The enhancements attained were 

as high as 58% over the unmodified membrane.  
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4.3.3 Proposed Mechanism  

Permeation in DCMD depends upon vapor pressure gradient across the membrane which 

acts as driving force for water vapor diffusion.  A boundary layer is formed on the feed 

side comprising probably of both liquid and vapor phases. This layer is unaffected by 

hydrophilization of the permeate side (shown in Figure 4.8(a)) (Dumée, et al., 2013,Nejati 

et al., 2015,Sheng et al., 2011,Li et al., 2010). A similar boundary layer comprising of the 

vapor layer is also formed on the permeate side. As shown in the Figure 4.8(b), the 

hydrophilization on permeate side allowed rapid condensation, destabilized the vapor-gap 

and reduced the mass transfer barrier between the membrane surface and bulk permeate 

(Dumée, et al., 2013,Khayet et al., 2005). This is the equivalent of shrinking the boundary 

layer on the permeate side as shown in Figure 4.7(b). Together these led to an increased 

temperature gradient across the membrane thus increasing the overall flux .    
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(a) 

 
(b) 

Figure 4.8 Proposed mechanism for (a) Unmodified Membrane (b) Hydrophilized 
membrane MD system. 
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4.4 Conclusion 

Enhanced flux in DCMD using a hydrophilized membrane is reported. It was evident that 

hydrophilization was effective in rapid permeate removal thus enhancing mass transfer 

coefficients. The membrane distillation performance was consistently higher in case of 

hydrophilized membranes at all flow rates, temperature and salt concentrations. Flux 

enhancement reached as high as 73%. 
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CHAPTER 5 

BACTERIAL DISINFECTION OF WATER USING DIRECT CONTACT 
MEMBRANE DISTILLATION 

 

5.1 Introduction 

Endotoxins are lipopolysaccharides (LPS) are essential components of cell membranes of 

gram-negative and cyanobacterial species and comprise of polysaccharides, 

oligosaccharide and acylated glycolipids (Shands Jr et al., 1967,Anderson et al., 

2002,Stewart et al., 2006,Raetz, 1990,Prescott et al., 2002). The hydrophilic 

polysaccharides, hydrophobic lipids, and the long O-antigen in endotoxins forms different 

structural aggregates that are 100 nm to 3µm in size (Richter et al., 2011). Since bacteria 

growth is rampant under normal ambient conditions, LPS are a common water contaminant 

that are stable at high temperatures over 100°C and most pH (Almeida et al., 2016,Berthold 

et al., 1994). Excessive or systematic exposure to endotoxins, can result in inflammatory 

reactions in human (Rylander et al., 1978,Muittari et al., 1980,Wolff, 1973,Zhang et al., 

2016,Morrison et al., 1978) and its contamination is a major concern in high purity water 

needed for pharmaceutical, biologicals and medical device industries because they show 

pathophysiological effects associated with both bacterial growth and lysis(Rietschel et al., 

1992). The maximum allowable endotoxin limit for in pharmaceutical products used in 

intravenous injections is set at 5 EU/kg body weight per hour (Daneshian et al., 2006) while 

United States Pharmacopeia’s endotoxin limit for sterile water for injection are 0.25 and 

0.5 EU/mL(Williams, 2007). Reported endotoxin concentrations in natural waters across 
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the world ranges anywhere from 10 to thousands of EU/mL (Mokhtar et al., 2012), for 

instance one such study on Finland measured as high as 38000 EU/mL (Anderson et al., 

2002).  

Conventional water treatment process such as UV and oxidative inactivation, use 

of carbon filters, ceramic membranes, chlorination, ultrafiltration (UF), microfiltration 

(MF), nanofiltration (NF), reverse osmosis (RO) are not effective in endotoxin removal 

and efficiency depends on the sample concentration and its composition. For example, 

chlorination works at lower concentration, but is ineffective at higher concentration and 

increases the endotoxin levels in presences of bacterial cells (Huang et al., 2011), and UV 

and ozonation show reduction in the range of 30 to 50%. radiation. Commercial approach 

for generating water for injection (WFI) includes distillation and reverse osmosis (RO), 

where distillation is considered to be the most reliable method for endotoxin removal but 

can be prone to subsequent contamination and effectiveness of RO depends on initial 

concentration of the sample(Osol, 1976). Therefore, generating endotoxin free water is a 

challenge and is especially of great interest to downstream processing in healthcare 

industries (Xue et al., 2016,Uribe, 2007).  

MD is a membrane based relatively low temperature (60 - 90°C) thermal 

evaporative process where selective diffusion of water vapor occurs through a microporous 

hydrophobic membrane (Alkhudhiri, et al., 2012,Lawson, et al., 1997,Lei, et al., 2005). 

Typical MD membranes includes polypropylene (PP), polytetrafluoroethylene (PTFE), 

polyvinylidenefluoride (PVDF). The ability of MD to produce highly pure water at low 



 

 
 
 
 
 
 
 
 

88 

temperatures makes this an attractive alternative in many applications such as food 

processing, desalination, purifying volatile compounds etc. The objective of this research 

is to study the effectiveness of MD in the removal of both bacterial cell debris and 

endotoxins from water.  

 

 
5.2. Experiment 

5.2.1 Materials and Methods 

Limulus Amebocyte Lysate (LAL), reagent water (LRW) free of endotoxins, 

depyrogenated borosilicate dilution tubes, depyrogenated soda lime glass for gel - clot 

assay, Pyrotell Gel - Clot formulation multi test vial of 0.25 EU/mL detection limit and 

LAL reagent buffer for pH adjustments were purchased from Associates of Cape Cod Inc., 

(MA, USA). Sterile Eppendorf tips (20 – 300 µL), automatic pipette (100 -1000µL), CP 

Vortex Mixer, VWR Digital heat block for water bath were purchased from Cole Parmer 

(IL, USA).  

 

5.2.2 Preparation of Bacterial Culture 

 E.coli AG1 cells containing plasmid pCA24N with chloramphenicol antibiotic resistance 

was used for the following experiments. The frozen stock of the cells was streaked on an 

LB-Agar plate containing 50 g/ml chloramphenicol antibiotic and incubated overnight for 
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single colonies. A single colony was used to inoculate a 15ml bacterial culture containing 

the above E.coli cells grown in LB medium with 50 g/ml antibiotic shaken at 250 rpm, 

37oC. This culture was used to inoculate the M9 minimal medium.  

 

5.2.3 Preparation of M9 Minimal Medium 

M9 salt solution (5x) was first prepared in 1L, having the following components: Na2HPO4, 

7H2O (64g/L), KH2PO4 (15g/L), NaCl (2.5g/L), NH4Cl (5 g/L). This solution was 

autoclaved and stored. 100ml of the M9 salt solution was used to prepare the final media. 

We made a 500ml media with additional supplements 2mM MgSO4 and 0.1mM CaCl2. 

These were added from pre-sterilized 1M stock solutions. The medium was prepared in a 

2L flask with 50 g/ml Chloramphenicol. 15 ml of the overnight culture was used for 

inoculation. The bacterial culture was shaken at 250 rpm, 30oC for 12hrs and used for the 

subsequent steps. This method was developed after optimizing the growth time and the 

medium of choice, for the maximum number of viable cells at the start of the 

experimentation. 
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5.2.4 Bacterial Cell Quantification 

Samples were collected before the start and at different stages of the experimentation. To 

quantify the concentration of live cells in the samples, we prepared LB-agar plates 

containing 50 g/ml chloramphenicol. The method is to track the amount of E.coli cells that 

were able to survive the experimentation and this is effective reducing the chance of a 

contamination because the cells we used already have an antibiotic resistance in them. 

Different amount of the samples was plated and the plates were incubated overnight at 

37oC. The number of single colonies were counted the following day using a 

AlphaImager® EP gel dock and the AlphaImager software. The number of colony forming 

unit per microliter (CFU/µL) of samples gave us a direct measure of concentration or the 

number of cells that were alive.  

 

5.2.5 LAL Assay and Endotoxin Quantification  

Endotoxin quantification was carried out by LAL gel-clot method where the tubes 

containing the LAL reagent and sample were placed in a water bath at 37°C. After an hour 

of incubation, the tubes were flipped upside down to verify formation of firm gel which 

indicates a positive reaction. Endotoxin samples for analysis were prepared by spiking 
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pyrogen free water with control standard endotoxins (CSE) of Escherichia coli strains 

O113:H10 of 125µg/vial potency. CSE with potency of 0.5µg/vial was used for standards 

and positive control tests.  

All test samples were optimized to an acceptable pH range of 5.5 – 7.5 using LAL 

reagent buffer for performing the assay. LAL tests were performed by adding 0.1 mL of 

untreated sample to depyrogenated gel – clot assay soda lime reaction tubes. Samples were 

subjected to two-fold serial dilution using LAL reagent water. To the reaction tubes 0.1 

mL of reconstituted pyrotell gel-clot formulation with 0.25 EU/mL detection limit was 

added. Upon thoroughly mixing all reaction tubes were incubated at 37 ± 1° C for 60	± 2 

minutes. After incubation, formation of gel is considered as positive end point for 

formation of endotoxin.  Each test assay was performed along with series of endotoxin 

standard dilutions, positive control and negative control. The amount of endotoxin in the 

sample specimen was quantified as  

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛	 𝐸𝑈 𝑚𝐿 = l ×(𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛	𝑓𝑎𝑐𝑡𝑜𝑟) (5.1) 

where l - Pyrotell sensitivity (0.25 EU/mL). 
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5.2.6 Experimental Setup  

 

Figure 5.1 Schematic Experimental Setup for MD Process  

 

Removal of endotoxin was studied using direct contact membrane distillation (DCMD) 

setup as shown in Figure 5.1. This has been described before(Ragunath, et al., 2016). 

Typical setup consisted of PTFE membrane cell having an effective membrane area of 14.5 

cm2, Viton O-rings, PTFE tubing (M-Flex C- Flex #17), PTFE connectors, feed and 

permeate flow pumps. Constant temperature heating water bath (Neslab Water Bath Model 

GP 200, NESLAB Instruments, Inc., Newington, NH, USA) was used to maintain constant 

feed temperature and a low temperature bench top chiller unit (Polyscience LS5, Cole-

Parmer, USA) was used to maintain the permeate temperature between 15-20 °C. Feed and 

permeate solutions were circulated in a cross flow mode. Both feed and permeate flow 

passing through the membrane modules were recycled from their respective reservoirs 
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using peristaltic pumps (Cole-Parmer, USA). The inlet and outlet membrane temperatures 

were monitored using temperatures control probes (Four-channel Data Logging 

Thermometer, RS-232, Cole-Parmer, USA). Hydrophobic polytetrafluorethylene (PTFE) 

membranes with pore sizes of 0.2, 0.5, 1.0 µm purchased from Advantec Mfc Inc., (CA, 

USA) was chosen for out study.  

 All experiments were performed using Milli – Q water (pH ~ 6.8) generated by 

Millipore Direct Q3 water purification system. The Milli-Q water was spiked with known 

concentration of endotoxins for experimental purpose. Glassware was depyrogenated at 

250°C for 30 mins. Samples collected after each experiment was duly preserved at lower 

temperatures (~ 4°C) before analysis and tested within 24 hours. All experiments were 

repeated three times and average results are reported.  

 

5.3 Results and Discussion 

The MD experiments were performed for a duration of 3 hours upon attaining equilibrium. 

The flux was monitored every 30 minutes and average was reported. All experiments were 

repeated three times and the relative standard deviation for the experiments was estimated 

to be within 1%. The water vapor flux  Jw, across the membrane was expressed as (Lawson, 

et al., 1997):  

JU =
Wb

t	.		A	 
(5.2) 
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where, wp is the total mass of permeate, t is the permeate collection time and A is the 

membrane surface area. The removal of endotoxins from feed water was estimated as  

Rejection	 % =
F� −	P�
F�

	×	100 (5.3) 

where F� and Pc were the initial feed and the final permeate concentrations, respectively.   

 

5.3.1 MD Performance for Endotoxin Removal  

Figure 5.2 shows the effect of varying membrane pore size on distillate endotoxin 

concentration. Nominal pore size of membrane was varied between 0.2 to 1.0 µm, and MD 

experiments were performed at a temperature of 70°C, sample velocity of 100 mL/min and 

feed concentration of 1024 EU/mL. MD flux increased from 28.5 kg/m2. Hr. for the 0.2µm 

to 39.2 kg/m2. hr for the 1.0 µm membrane; a nearly 38% increase in flux. The water vapor 

flux was directly proportional to pore size and this was in agreement with previously 

reported studies (Khayet et al., 2004). Typically, endotoxin aggregates in water suspension 

are in the size range of 0.1µm (Petsch et al., 2000), which was smaller than the nominal 

pore size of the membranes under consideration. Since only the vapors permeate through, 

the endotoxin rejection in a 0.2 and 1 µm pore size were 99.5 and 96.9% respectively. At 

larger pore sizes, distillate endotoxins levels increased due to reduced liquid entry pressure. 

The permeate endotoxin levels in Figure 5.2 increased from 5.2 to 31.4 EU/mL or 83%. 



 

 
 
 
 
 
 
 
 

95 

 

Figure 5.2 Effect of varying membrane pore size. 
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Figure 5.3 Effect of temperature at constant feed concentration of 1024EU/mL and 
flowrate of 50mL/min on MD performance. 
 

Based on the results obtained, PTFE membrane with 0.2 µm was used for further 

MD experiments. Figure 5.3 presents permeate flux and endotoxin concentration in the 

permeate as a function of temperature at constant flow rate of 50 mL/min and feed 

concentration of 1024 EU/mL. As expected, the permeate flux increased with temperature 

because of the vapor pressure gradient (Phattaranawik et al., 2003). The flux increased 

from 21.5 Kg/m2. hr at 60 ° C to 37.7 kg/m2. hr at 90° C. The increase in temperatures also 

reduced the permeate endotoxin concentration from 13.5 EU/mL at 60 ° C to 2.0 EU/mL 

80° C. Nearly 99.8 % rejection in endotoxin levels were observed at feed temperature of 



 

 
 
 
 
 
 
 
 

97 

80° C. This is because at high temperatures the hydration layer around the endotoxins are 

weakened leading to the formation of larger aggregates (Li et al., 2013). Additionally, the 

higher flux results in larger permeate volumes that dilute the endotoxins in the permeate. 

The effect of sample flowrate on removal of endotoxins at constant temperature 

and feed concentration is presented in Figure 5.4. Sample flow velocity was varied between 

50 to 100 mL/min at constant operating temperature of 70°C and feed concentration of 

1024 EU/mL. As expected, the permeate flux increased as a function of flow rate which 

was attributed to the reduced boundary layer effect at higher flowrates (Banat et al., 1994). 

With increase in flowrate the permeate endotoxin concentration decreased from 10.2 

EU/ml at 50 mL/min to 2.3 EU/mL at 100 mL/min. Reduced endotoxin levels at higher 

flow rates was attributed to decreased in contact time that restricted the diffusion of 

endotoxins through the membrane.   
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Figure 5.4 Effect of feed flowrate at constant feed concentration of 1024EU/mL and 
temperature of 70°C, on MD performance and permeate endotoxin concentration 

 

Figure 5.5 shows the effect of varying endotoxin concentration from different water 

samples with varying endotoxin concentrations. Different water samples such as tap water, 

minimal media bacterial culture, water spiked with known endotoxin concentration were 

used, and the concentration of the samples ranged between 32 to 4096 EU/mL. MD 

experiments were performed at constant feed temperature of 70°C and sample flow rate of 

100 mL/min. Overall flux decreased as a function of feed concentration; from 35.4 kg/m2. 

hr for water with 32 EU/mL to 20 kg/m2. hr. for water spiked with 4096 EU/mL. The 43% 

reduction in MD flux was attributed to the increased concentration polarization and the 

formation of larger vesicles (Petsch, et al., 2000,DePamphilis, 1971). At higher feed 
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concentrations, the endotoxins formed larger aggregates that adhered to the membrane 

surface increasing the mass transfer resistance (Czermak et al., 2010).  

 

Figure 5.5 Effect of Sample Concentration on MD Performance and Permeate Endotoxin 
Concentrations at Constant Temperature of 70°C and Flowrate of 100 mL/min. 
  

 The endotoxin levels in the final distillated increased as a function of feed 

concentration. Overall, permeate concentration increased from 2.3 EU/mL at a feed 

concentration of 256 EU/mL to 28.4 EU/mL at a concentration of 4096 EU/mL. Increase 

in feed concentration brought more endotoxins to the membrane surface leading to 

permeation across the membrane. However, the endotoxin rejection rate was consistently 

above 99.0 % for all samples studied including those at high levels. The tap water studied 
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here had an initial endotoxin concentration of about 32 EU/mL, but there were no 

detectable endotoxins at final distillate. No detectable amount of endotoxin was observed 

with experiments performed with Milli-Q water was considered as blank.  

 

5.3.1 MD Performance for Bacterial Cell Removal  

The effect of membrane distillation in presence of both unmodified and CNT modified 

membrane was studied for both rejection in permeate side and reduction of bacterial cells 

on the feed side at constant flow and feed temperature of 50°C is shown in Figure 5.7 The 

bacterial cell rejection estimated were 100% for both modified and unmodified membrane 

indicating presence of no viable cells on distillate stream as an effect of the membrane 

distillation technique. Similarly, quantification of feed stream after the treatment process 

indicated significant difference. Percentage reduction of viable cells was comparatively higher 

for CNIM membrane with 98.6% and 65.9 % for unmodified membrane. Significant decrease 

in viable cells with CNIM membrane can be attributed to its antibacterial effect where the cell 

wall of bacterial cells is damaged in presence of CNTs, making this membrane a potential anti-

bacterial membrane for disinfection(Kang et al., 2008). This was further confirmed by the SEM 

analysis conducted on the membranes after the process, presented in Figure 5.6. From the SEM 

images, it is evident that bacterial cells tend to adhere to the membrane surface, whereas with 

CNIM significant damage in bacterial cells are evident and presence of agglomerates of 

bacterial cell debris indicates the anti-bacterial property of CNTs. 
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(a)                                                               (b) 

Figure 5.6 Membrane characterization after MD process (a) Unmodified (b) CNIM 

 

 

Figure 5.7 Effect of MD on bacterial cell rejection and reductions in feed & distillate 
respectively at 50°C.  
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5.4 Conclusion 

 

Figure 5.8 Schematic Representation of the Purification Process of Endotoxin Water  
 

We demonstrate successful removal of endotoxins via membrane distillation. Via 

DCMD, using PTFE membranes as shown in Figure 5.8. Various operating parameters 

such as temperature, sample flowrate, feed concentration and membrane pore size were 

studied. The permeate flux attained showed a trend that is similar to what was obtained in 

conventional DCMD, implying that the endotoxins did not alter permeation characteristics. 

Larger pore size lead to reduced liquid entry pressure leading to higher permeation of 

endotoxins. Endotoxin levels in the permeate water depended on the feed concentration but 

removal efficiency was over 99% even at low temperatures as low as 60oC. Average 

endotoxin rejection of about 99.4% was recorded by MD process. Due to the low energy 

requirement of the process, this approach can be potentially applied for purification of 

different water samples containing endotoxins and can be potentially used for 

depyrogenation technique.  
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CHAPTER 6 

SUMMARY 

In summary, this research presents novel membranes and membrane based approaches for 

air and water treatment applications. Carbon nanotube immobilized membranes were 

successful in extracting VOCs and in desalination via membrane distillation technique. 

CNT immobilized membrane was efficient in extracting VOCs from air and had enhanced 

performance in particular for toluene sample due to its non-polar interactions. With due 

functionalization of CNTs, the membranes can be used for selective extraction of other 

volatile organics with different polarities. In case of membrane distillation for desalination 

applications, CNT immobilized membrane had enhanced flux in comparison to unmodified 

membrane. Fabrication of CNIM by phase inversion provided a controlled approach for 

CNIM fabrication which can alter the water vapor interaction with the membrane interface, 

and resulting in higher flux.  

 Likewise, permeate surface modification by hydrophilization reduced the 

resistance imposed by boundary layer effect on membrane interface, in turn addressing 

polarization impact on MD process and allowing rapid condensation of diffused vapor 

which resulted in enhanced MD flux for desalination. The final part of this research focuses 

on extrapolating the advantages of membrane distillation to other application where the 

process simultaneously eliminates contaminants and generate pure water in microbial 

disinfection application. Overall, membrane based techniques with due advancement in 

novel membrane fabrication can be a possible solution for various air and water treatments.  
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