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ABSTRACT 

Engineering of Mixed Matrix Membranes for Water Treatment, 

Protective Coating and Gas Separation 

Mohamed Amen Hammami 

 

Mixed Matrix Membranes (MMMs) have received worldwide attention during the last 

decades. This is due to the fact that the resulting materials can combine the good 

processability and low cost of polymer membranes with the diverse functionality, high 

performance and thermal properties of the fillers. This work explores the fabrication and 

application of MMMs. We focused on the design and fabrication of nanofillers to impart 

target functionality to the membrane for water treatment, protective coating and gas 

separation. 

This thesis is divided into three sections according to the application including: 

I- Water Treatment: This part is divided into three chapters, two related to the 

membrane distillation (MD) and one related to the oil spill. Three different nanofillers have 

been used: Periodic mesoporous organosilica (PMO), graphene and carbon nanotube 

(CNT). Those nanofillers were homogeneously incorporated into polyetherimide (PEI) 

electrospun nanofiber membranes. The doped nanoparticle not only improved the 

mechanical properties and thermal stability of the pristine fiber but also enhanced the MD 

and oil spill performance due to the functionality of those nanofillers.  
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II- Protective coating: This part includes two chapters describing the design and the 

fabrication of a smart antibacterial and anti-corrosion coating. 

In the first project, we fabricated colloidal lysozyme-templated gold nanoclusters gating 

antimicrobial-loaded silica nanoparticles (MSN-AuNCs@lys) as nano-fillers in 

poly(ethylene oxide)/poly(butylene terephthalate) polymer matrix. MSN-AuNCs@lys 

dispersed homogeneously within the polymer matrix with zero NPs leaching. The system 

was coated on a common radiographic dental imaging device that is prone to oral bacteria 

contamination. This coating can successfully sense and inhibit bacterial contamination via 

a controlled release mechanism that is only triggered by bacteria.  

In the second project, the coaxial electrospinning approach has been applied to fabricate 

smart core-shell nanofiber for controlled release of anti-corrosion material. Acetal-dextran 

was used as a pH controlled shell of the fibers and polyvinyl alcohol (PVA) as a hydrophilic 

core. Caffeine, as an anti-corrosion inhibitor was encapsulated in the fiber core to test its 

potential application as an anticorrosion coating. The almost negligible release was noticed 

at neutral pH. In acidic pH due to corrosion, the fibers quickly respond by releasing caffeine 

cargo. 

III- Gas separation: We describe the synthesis and application of novel ethylene-

diamine-based PMO. The novel nanoparticles were homogeneously incorporated into 

polydimethylsiloxane to fabricate a MMMs thin layer on a porous polyacrylonitrile 

support.  Our results prove that our PMOs can be used as nanofillers to enhance the CO2 

selectivity of the PDMS polymer. 
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 Chapter 1: Introduction and General Background 
 

 

 Introduction to membranes  

A membrane is a semi-permeable active or passive barrier between two phases, which 

allows the selective transport of species under a certain driving force such as concentration, 

pressure, temperature, or an electrical potential gradient. The barrier separates the feed 

stream into permeate (species passing across the membrane) and retentate or solute 

(rejected species). There are several ways to classify membranes including and not limited 

to nature, morphology (described in next section) and driving force and the physical sizes 

of the separated species (Table 1.1).  

Table 1.1. Membrane classifications 

Membrane 

Application  

Membrane 

Morphology 

Driving Force Solute Size 

Reverse Osmosis (RO) Dense Pressure <1nm 

Nanofiltration (NF) Porous Pressure 0.5-5nm 

Ultrafiltration (UF) Porous Pressure 1-100nm 

Microfiltration(MF) Porous Pressure 0.1-10μm 

Electrodialysis (ED) Porous/dense Electrical potential <1nm 

Fuel cell Porous/dense Electrical potential <1nm 
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Pervaporation Dense Concentration <1nm 

Membrane 

Distillations (MD) 

Porous Temperature  

Gas Permeation Porous/Dense Pressure <1nm 

 

 Type of membranes and morphology 

  Dense and Porous Membranes 

Porous membranes are membranes with defined holes or pores structure classified 

according to their pore diameter: microporous (d < 2 nm), mesoporous (2 nm < d < 50 nm) 

and macroporous (d > 50 nm).1 In porous membranes, the permeation is based on particle 

size and diffusion throw the pores and it is generally known by higher flax and lower 

selectivity compared to the dense membrane. Among the application of porous membrane, 

we can note Membrane Distillation (MD),2 Ultrafiltration (UF)3 and Nanofiltration 

(NF)4… 

Unlike porous membranes, dense membranes consist of a dense structure without pores 

or voids detectable by electron microscopy.5 Dense membrane can be processed by a 

number of techniques related mainly to: 

 Coating Process: Solvent evaporation, immersion precipitation… 

 Phase Inversion Process:  Plasma polymerization, Dip coating, spin coating… 

The efficiency of non-porous membranes is strongly related to the material. Unlike 

porous membranes, it is mainly used to separate component on the same size range but 
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with different chemical nature which separated and transported throw diffusion under 

driving force such pressure and temperature. Compared to porous membranes, dense 

membranes depict lower permeability but higher selectivity and it is commonly used in gas 

separation, pervaporation and reverse osmosis. 

  Symmetric and Asymmetric Membranes 

Membrane morphology can be also categorized to either symmetric (isotropic) or 

asymmetric (anisotropic).1 Within the symmetric membrane, there are several distinctly 

different structures that may be either porous or non-porous. In porous isotropic 

membranes, pore size is uniform across the entire thickness of the membrane. Dense 

membranes are also considered symmetric. The total mass transfer resistant depend on the 

thickness of the membrane. We can enhance the permeability by decreasing the membrane 

thickness. However, thin membranes alone may face some mechanical limitation to face 

handling and the process of separation.6-8 

To overcome this limitation, the concept of composite or asymmetric membrane 

emerge one of the promising solutions where a porous support layer is used to deposit or 

polymerize the thin layer. The support layer should be mechanically stable and generally, 

have large pores to avoid contributing to the separation process. Among the asymmetric 

membrane, there are also integrally skinned membranes where the pore size gradually 

decreases from large to very fine pores forming a skin or dense layer on top of the 

membrane.9-11 
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 Nanofibers  

Nanofibers are generally defined as fibers with a diameter of less than one micron. A 

more academic definition by the national science foundation (NSF) stipulates that a nano-

object must have at least one dimension ,100 nm or less, to meet the definition.12 Figure 

1.113 illustrates the difference in diameter between a nanofiber, a microfiber and an 

ordinary fiber.  

 

Figure 1.1. Classification by fiber diameter 

 

 Nanofiber spinning 

Nanofibers can be processed by a number of techniques such as drawing, template 

synthesis, phase separation, self-assembly and electrospinning.14 A summary of the 
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advantages and disadvantages of each of these methods cited by Ramakrishna et al. 14 is 

shown in Error! Reference source not found..2. 

Table 1.2 Various  methods to make nanofibers 14 

Process  Advantages   Disadvantages  

Drawing Minimum equipment requirement  Discontinuous process 

Template synthesis  Fiber of different  diameters can easily 

achieve by using different templates  

 

Phase Separation  Minimum equipment requirement, 

process can directly fabricate a 

nanofiber matrix, mechanical properties 

of matrix, mechanical properties of the 

matrix can be tailored by adjusting 

polymer concentration 

limited to specific  

Self-assembly  Good for obtaining smaller nanofibers Complex process 

Electrospinning  Cost effective, continuous nanofibers 

can be produced  

Jet instability  

 

 Introduction to Electrospinning  

Among the approaches mentioned above, Electrospinning has for long been the major 

commonly used method to create nanofibers. This method was discovered in 1902 by 

Morton and Cooley, but the first fiber was made in 1934 by Anton Formhals. Early on, the 

process has not been successful due to lack of characterization techniques. Later, during 

the 1990s, researchers discovered that using this technique we can obtain materials with 

interesting structural properties. Since then, numerous researchers and research groups 

began to test the electrospinning solutions of different types and using different types of 

collectors. 
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Electrospinning (Figure 1.2) has for long been the major process to fabricate fibers in 

submicron to nanometers scale.15 It is a relatively simple process to draw very fine fiber16 

from electrically charged polymer solution or melt.17 The polymer solution is pushed to 

create a drop output on the top of the needle where it will undergo a series of disturbances 

throw an electric field applied between the needle and the collector. On contact with air, 

the solvent evaporates leaving only the polymer nanofibers on the collector.18  

 

 

Figure 1.2 Schematic of the electrospinning setup 
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 General description of the Electrospinning 

During electrospinning, we can act on different parameters to obtain regular nanofibers 

because the morphology of the nanofibers produced is influenced strongly by parameters 

such as:12 

 The distance between the needle and the collector: the gap between the needle and 

grounded surface should not be too small to create sparks between the electrodes 

but should be large enough for the solvent to evaporate in time for fibers to form.  

 The choice of solvent: it must be compatible with the polymer.  

 The vapor pressure of the solvent should be suitable so that it evaporates quickly 

enough for the fiber to maintain its integrity when it reaches the target but not too 

quickly to allow the fiber to harden before it reaches the nanometer range. 

 The electrospinning voltage should be adequate to overcome the viscosity and 

surface tension of the polymer solution to make it flow freely from the needle. 

 The properties of the solution, concentration, viscosity and surface tension, play a 

significant role in the electrospinning process and the resultant fiber morphology. 

 The environmental conditions like humidity and temperature: the environment 

around the fiber must allow evaporation of the solvent. 

 Coaxial electrospinning 

The coaxial electrospinning (Figure 1.3)19 is a one step-encapsulation system of a feed 

solution (spinnable or non-spinnable) into a different spinnable polymer through spinning 

by using a concentric needle. Coaxial electrospinning is similar to conventional spinning 

and depends on the same parameters with some additional parameter related to the core-

shell interaction such as the miscibility of the two component and their stress-related to the 
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viscosity difference.20 During the spinning, the shell polymer serves as a carrier to the core 

which can be a non-spinnable such as mineral oil to produce hollow nanofibers.21-23 The 

flow rate of both the core and the shell have a significant effect on the final fiber structure. 

At a low flow rate of the core, the core-shell structure may face a discontinuity along the 

fiber. However, the excessive flow rate will defect the Taylor cone and two separate single 

jets will be produced instead of a coaxial jet. The flow rate of the shell is determinant as it 

is the template for the fiber formation.  

The use of monoaxial electrospun nanofiber has been reported for biomedical 

applications to encapsulate cargos for drug delivery and tissue engineering. However, the 

burst release and poor control are major drawbacks. Compared to the conventional 

electrospinning the coaxial step allows the preparation of better encapsulation and release 

profile control system for drug delivery and smart coating. By only changing the 

parameters of the shell we can not only control the release kinetics but also protect the core 

component as well. In the field of tissue engineer, coaxial electrospinning has received 

great interest to avoid the problem of biocompatibility and use biocompatible polymers to 

encapsulate a less-biocompatible polymer and controlling the mechanical properties. 
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Figure 1.3 Coaxial Electrospinning Setup 

 

 

 Applications of the Electrospun nanofibers 

The large specific surface area compared to the microfiber gives the material several 

applications including and not limited to tissue engineering,24 protective textile, 

filtration,24-25 biomedical, pharmaceutical and energy application.26 

 Tissue engineering 

Advancements in nanotechnology in the field of cell biology and materials science have 

led to the emergence of new applications in tissue engineering.27-29 This field of study aims 

to repair, maintain and improve the formation of biological tissues such as blood vessels, 
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cartilage, or bones, using nanoscale fibrous structures.30-33 Several studies have confirmed 

the benefits offered by micro-and nano morphology-based polymers on the adhesion and 

proliferation of cells.34-35 Thus, nanofiber research with application in tissue engineering 

has the potential to achieve major breakthroughs in the treatment of injury and disease.36-

39 

 Protective clothing 

Protective military or first-respondent clothing is primarily intended for effectiveness 

while providing better protection to maximize the chances of survival in extreme 

conditions.40 For this purpose, researchers have explored the use of nanofibers in the 

manufacture of protective clothing with a broad range of functionalities. For instance, 

nanofiber membranes can neutralize various chemical agents and ensure permeability to 

water vapor for clothing due to the high specific surface area of the nanofiber. Other 

examples of protective functionalities include antibacterial fabrics and inherently flame-

retardant nanocomposite fibers.41-43 

 Filtration 

Nanofibers have a high specific surface area compared to microfibers, which makes 

them ideally suited for various filtration applications.44 The filtration efficiency is closely 

associated with fiber diameter and membrane porosity. The smaller fiber diameter results 

in smaller pore sizes in the nanofiber membranes while maintaining high porosity, which 

increases filtration efficiency without increasing the pressure drop at the membrane.45 
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 Energy applications 

Nanofibers are coming in handy for the energy sector too as these can be used to 

increase the surface area of certain absorbents and catalytic materials.46-50 The membranes 

obtained from nanofibers have also good potential for applications such as electrostatic 

dissipation,51 protection against corrosion,52-54 electromagnetic shielding, photovoltaic 

devices, and the manufacture of small electronic devices, sensors actuators, fuel cell55-56 

and water desalination.57 

 Mixed Matrix Membranes  

Mixed Matrix Membranes (MMMs) emerged one of the promising solutions that can 

combine the good processability and low cost of polymer membrane with the diverse 

functionality, high performance and thermal properties of the inorganic fillers. 

 Potential fillers for Mixed Matrix Membranes 

 Zeolites 

Zeolite is a crystalline aluminosilicate solids structures with uniformly sized 

microporous (≤ 2 nm) cage-like structures. The structure with negative charging formed 

by the frameworks composed of [SiO4]
4- and [AlO4]

5- tetrahedral allows water and cations 

to sit in the cavities. Bellow a representative formula of zeolite:  

M2/nO: Al2O: xSiO2: yH2O 

 M: The charge-balance cation 

 n:  The charge of the cation 

 x ≥ 2  
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 Y: The water contained in the voids of the zeolite 

Recently, many other elements have been incorporated into the zeolite framework 

including not and not limited to germanium,58 boron,59-60 titanium 61-62and manganese61... 

The original structure of zeolite gives the material fascinating properties unmatched 

compared to the traditional material. These properties give zeolites many applications, 

including and not limited to liquid/gas separations,63-65 ion exchange,66 catalyses 67-68and 

drug delivery...69-70 

The use of zeolite in MMMs has been intensively reported.71-74 Moore et al75 reported 

to the use of zeolite as nanofillers for in polyamide polymer. In this report, authors showed 

the importance of zeolite to enhance the CO2 affinity toward N2, O2, and CH4 which gives 

zeolite doped MMMs a high potential for CO2 separation applications. However, pore 

blockage, phase separation and stability are major concerns of using of zeolite for 

MMMs.65, 76 

 Graphene  

Graphene is a single two-dimensional layer of carbon atoms arranged in a hexagonal, 

honeycomb lattice, a schematic of which is shown in (Figure 1.4)77. Due to their large 

specific surface area together with high thermal stability, mechanical stiffness, excellent 

electrical conductivity, excellent gas selectivity and anti-biofouling properties gives 

graphene based materials great research interest during the last decades.78-80 

There are several methods of graphene preparation such as scotch tape method 

(mechanical exfoliation), chemical vapor deposition (CVD) and reduction of graphene 

oxide. So far, the reduction method stands the most effective strategy to produce defect-
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free graphene sheets. Graphene Oxide (GO) is obtained throw the oxidation of graphite. 

GO exhibits an asymmetrical sheets structure due to presence oxygen-containing 

functional groups on the sheet plane. This functional group can be easily modified with 

various groups such as carboxylic, carbonyl and epoxied group according to the desired 

application.  

 

Figure 1.4 Graphene and Graphene Oxide 

 

Due to the amazing properties of graphene/GO, nanocomposites material using these 

sheets as nanofiller has gained great interest in recent years for several applications such 

as water desalination and gas separation. Karunakaran et al. reported the successful 

incorporation of GO within the PolyActivetiveTM copolymer (Figure 1.5).81 The 

nanocomposite membrane has been used for CO2/N2 separation. In this report, authors 

claimed that nanofillers oriented at different directions within the polymer matrix served 

as a pathway for gas diffusion and interesting CO2/N2 selectivity has been noted with 

maintaining a high CO2 permeability. In the water desalination, the use of graphene-based 
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material has gained great attention in reverse osmosis, 82-84 nanofiltration,85-86and 

membrane distillation.87-88 By altering the wettability of the membrane and its selective 

sorption properties made graphene and graphene derivative material potential fillers to 

enhance the water desalination performance of the membrane. Researchers didn't limit to 

the performance but they also highlighted the anti-fouling and anti-corrosion effect of those 

materials to enhance the membrane lifetime during operation.89 

 

Figure 1.5 Schematic illustration of possible GO nano-channels for gas transport 

in the PEO–PBT membrane. 

 

 Carbon nanotubes 

Since Iijima discovered carbon nanotube in 1991, great attention has been given to 

those materials.90 Carbon nanotubes (CNTs) are held distinctive structural derived from 

rolled tubes of graphene sheets. CNTs can be categorized into two groups (Figure 1.6)91:  
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 Single-walled CNTs (SWCNTs): having a single cylindrical wall 

 Multi-walled CNTs (MWCNTs): composed of multiple concentric cylinders 

 

Figure 1.6 Schematic diagrams of single-wall carbon nanotube (SWCNT) and multi-

wall carbon nanotube (MWCNT)  

 

The research activities on the application of CNTs have attracted much attention in the 

past decade due to the unique form of CNTs and its outstanding thermal, mechanical and 

electronic, low density and high aspect ratio properties. However, a key challenge for these 

materials is the aggregation due to their van der Walls interaction. In recent years, many 

studies have been performed in enhancing the dispersion and alignment of CNTs in the 

polymer matrix for several application including and not limited to electronic Materials,92-

93 drug delivery,94 Imaging and reinforcements…  
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Polymer/carbon nanotube (CNTs) composites are engineered to have the good 

processability characteristics of the polymer and the excellent functional properties of 

CNTs. Researchers have been very active in their efforts to enhance the CNTs dispersion 

as one of the key challenges within the polymer matrix either by covalent functionalization 

(chemical functionalization) throughout the functional groups available on its backbone 

surface or non-covalently by the physical wrapping of the CNTs with a polymers, lipids or 

surfactants. Jian Zhou et al. reported the use of poly(3,4-ethylene dioxythiophene)-

/poly(styrene sulfonate) (PEDOT/PSS) to coat CNTs.95 In this work, authors claimed that 

they enhanced the electrical properties of the polycarbonate polymer by improving the 

dispersion of CNTs to create a main electrically conductive path and the formation of a 

percolation network. A similar study has been performed in our group by using conjugated 

polyelectrolytes.96 Alaa et al. not only improved the conductivity of PMMA by using 

functionalized CNTs but also claimed the enhancement of thermal and mechanical 

properties of the polymer. The covalent modification of CNTs has been also performed in 

our group using octadecylamine (ODA) (Figure 1.7)97 to produce a uniform dispersion in 

commercial Polyetherimide (PEI) matrix. This composite membrane showed excellent 

mechanical properties and high thermal stability compared to the pristine membrane. 
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Figure 1. 7  The preparation process of (a) c-MWCNT–ODA and (b) n-MWCNT–

ODA; And (c) dispersion results of c-MWCNT–ODA, n-MWCNT–ODA, and pristine 

MWCNT–COOH 

 

 Mesoporous silica  

Silica is one of the most abundant elements on the earth. Due to its stability and flexible 

properties, silica has been for long used for wide range of material. Since the discovery of 

mesoporous silica by Kresge et al. porous silica-based nanomaterial have attracted 

widespread interest in many potential applications such as catalyst, drug delivery, 

adsorption and membrane… These applications are made possible because of tunable pore 

sizes (20 - 50 nm), high surface areas,98 flexibility of chemical modification and thermal 

stability.99   

Periodic mesoporous organosilica (PMO) nanoparticles100 are high organic content 

(30-70 wt%) organosilica nanocomposites obtained from the sol-gel process of 
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organically-bridged silanes, typically of the following formula: (RO)3Si-R’-Si(OR)3 where 

R is a methyl and an ethyl group and R’ corresponds to the organic bridges present in the 

final material (e.g. CH2-CH2, C5H6, etc).101-103 Unlike conventional mesoporous silica and 

organosilica (Figure 1.8)100, the external and internal surface of PMO are extensively 

covered with organic functions which generate pores with tunable 

hydrophilicity/hydrophobicity along with many other properties and applications 

according to the type of organic bridges.104-107 Additionally, as for mesoporous silica 

materials, sol-gel science allows the precise tuning of the nanomaterial size, shape, surface 

functionalities, as well as pore size and geometry.100 

 

 

Figure 1.8 Schematic representation of MSN (a), organically-doped MSN (b), and 

PMO NPs (c) 

 

Incorporating of mesoporous silica as nanofillers into a wide range of membranes has 

been recently heavily pursued to impart functionalities to membranes. Unlike microporous 
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nanofillers, the use of mesoporous silica can limit the problem related to the polymer-fillers 

interface and pore blockage. Various studies have demonstrated the possibility of using 

MMMs doped with mesoporous silica for a wide range of applications such as water 

desalination, gas separation and protective coating. The high loading capacity together with 

the ability to modify the surface chemistry, mesoporous silica has been used to develop 

intelligent protective coating systems which are able to release protective inhibitors upon 

demand based on external triggers such as pH,108-109 light110-111 and temperature112… 

Organically-modified silica nanoparticles have also been used to impart functionalities to 

the membrane for water desalination. Li et al. studied the incorporation of different sizes 

of superhydrophobic silica nanoparticles in the PVDF nanofibers. In this paper, authors 

claim that the composite nanofiber has higher flux and lifetime for direct membrane 

distillation compared to pure PVDF nanofibers.113 In another paper as a way to improve 

the hydrophobic properties of the PEI hollow fiber membranes, authors used fluorinated 

silica nanoparticles.114 Many other studies have been also investigated and performed on 

reverse osmosis and nanofiltration. Most of the studies claimed good performances 

obtained by using those nanofillers.115 The relatively large pore compared to the 

microporous material may give the silica NP an advantage in terms of the filler–polymer 

contact for gas separation application.116 MMMs for gas separation using mesoporous 

silica have been heavily reported in the last decade.117 
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 Applications and Advantages of Mixed Matrix Membranes  

  Water treatment 

In the past few years, several studies have been reported in incorporating nanomaterials 

in membranes for water treatment industry to boost the overall process efficacy such as 

enhancing permeability, selectivity, anti-fouling properties and removal of specific 

contaminants. Francis et al118 reported the use of hydrophobic silver nanoparticles to 

functionalize the PVDF hollow fibers. The incorporation of nanoparticles not only 

improved the hydrophobicity of the hollow fiber membrane but also improved the 

mechanical properties of the membrane and the MD performance. In a recent work,119 

researchers use surface modifying macromolecules with hydrophilic or hydrophobic 

properties to make triple layer membrane with a highly hydrophobic selective layer in the 

feed side and hydrophilic support layer in the coolant side to prevent pore wetting and to 

improve the MD flux. Organically-modified silica nanoparticles have also been used to 

impart functionalities to fiber membranes as well. Li et al 113 studied the incorporation of 

different sizes of superhydrophobic silica nanoparticles in the PVDF nanofibers. Many 

other studies have been also performed to enhance the membrane performance for RO, NF 

and UF.  

  Smart coating  

Protective coating materials have thus been designed to protect surfaces prone to 

destructive attack such corrosion and bacteria. Hybrids of silver nanoparticles (AgNPs) and 

amphiphilic hyperbranched macromolecules constitute effective antibacterial surface 

coating agents.120-123 Chromate conversion coating has been used widely as an efficient 

self-healing coating that has the ability to restore the structural integrity of the coating in 
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the case of micro-damage.124 However, leaching of undesirable material such as the 

carcinogenic hexavalent chromium and silver from those coating can have harmful 

environmental impacts and major health concerns.108 To overcome these limitations, the 

concept of MMMs using smart nano-containers that can encapsulate inhibitors and release 

it upon demand by the response to stimuli present a promising solution for protective 

coating.125 Stimuli-responsive mesoporous silica nanoparticle (Figure 1.9)108 has been used 

by JiaJun Fu et al to encapsulate anti-corrosion inhibitors and respond to pH stimuli. 

Authors claimed that the smart silica responds to the local acidification and local 

alkalization due to corrosion propagation and release caffeine to prepare damage.108 Many 

stimuli-responsive nanofillers have been also used to encapsulate inhibitors and respond to 

many external stimuli such as light,126-127 pH108, 128-129 bacteria and biofilm formation.130-

131. Most of the study proved that MMMs smart system could be easily scaled up and used 

as a promising platform for stimuli-responsive membranes that could be used in industrial 

protective coating applications.  
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Figure 1.9 Representative Scheme of Smart Silica Nanocontainer 

 

 Gas separation  

Polymer membrane is a promising technology for gas separation due to its lightness, 

simple operation, high mechanical properties, environment-friendly properties and low 

cost.132-134 However, one of the challenges it’s facing is the tradeoff between permeability 

and selectivity, the so-called Robeson’s upper bound.135-137 To overcome these problems, 

MMMs emerged one of the promising solutions to obtain a high-performance membrane 

with high both permeability and selectivity. Metal-Organic Frameworks (MOFs), zeolite, 

carbon molecular sieve, mesoporous silica and many fillers have been intensively used as 

the filler for MMMs. 138-139 MMMs can combine the good processability and low cost of 

polymer membrane with high separation performance and thermal properties of the 

inorganic fillers.140-143 
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Engineering of Mixed Matrix Membranes for Water Treatment 

 
 



 Chapter 2: Engineering Hydrophobic Organosilica Nanoparticle 

Doped Nanofibers for Enhanced and Fouling Resistant  

Membrane Distillation 

 

 

ABSTRACT: Engineering and scaling-up new materials for better water desalination are 

imperative to find alternative fresh water sources to meet future demands. Herein, the 

fabrication of hydrophobic polyetherimide composite nanofiber membranes doped with 

novel ethylene-pentafluorophenylene-based periodic mesoporous organosilica 

nanoparticles is reported for enhanced and fouling resistant membrane distillation. Novel 

organosilica nanoparticles were homogeneously incorporated into electrospun nanofiber 

membranes depicting a proportional increase of hydrophobicity to the particle contents. 

Direct contact membrane distillation experiments on the organosilica-doped membrane with 

only 5 % doping showed an increase of flux of 140 % compared to commercial membranes. 

The high porosity of organosilica nanoparticles was further utilized to load the eugenol 

antimicrobial agent which produced a dramatic enhancement of the anti-biofouling 

properties of the membrane of 70 % after 24 h. 

 

Keywords: nanofibers, periodic mesoporous organosilica, nanocomposite, biofouling, 

membrane distillation. 
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  Introduction  

Fresh water shortage is considered one of the most critical problems nowadays. The 

majority of the world population lacks drinking water according to the world health 

organization (WHO).1 Seawater is widely available and composes the majority of the world 

resources. The growing importance of water desalination encouraged the renewed focus on 

existing technology for water desalination. Reverse osmosis (RO) and multistage flash 

(MSF) are the major and most commonly used technologies for seawater desalination.2 

However, the evolutionary improvement of RO membranes solely prepared from 

polymeric materials seems to be approaching saturation especially pertaining to improving 

flux and reducing energy consumption.3-5 Furthermore, biofouling is a key limitation of 

commercial RO membranes which require extensive pretreatment and excessive pressure 

to overcome the resistance arising from fouled membranes.4, 6-7 

To overcome these limitations, researchers sought methods with lower capital and 

operational expenditures such as membrane distillation (MD), which is a thermally driven 

membrane based water desalination process. MD can produce high purity water without 

hydraulic pressure and it runs at low temperatures which make it a relatively low-cost 

desalination process.8-9 Although MD is a promising technology, one of the challenges 

facing its development is the fabrication of efficient membranes with specific 

characteristics such as high hydrophobicity, optimum pore size, high porosity, and low 

thermal conductivity.10-12 Furthermore, biofouling is also one of the major challenges for 

MD and has a critical impact since it decreases the MD performances by reducing the 

membrane flux and lifetime or by deteriorating the product water quality due to increased 

pore wetting and blockage.13-15 The conventional phase inversion technique has been 



58 
 

mainly used for MD membrane preparation. However, membranes derived from this 

technique have several limitations in terms of permeate flux performance due to their low 

porosity. The membrane hydrophobicity and liquid entry pressure (LEP) are critical 

parameters in MD, which reduce membrane pore wetting during the process. 

Cost-effective membranes are characterized by high hydrophobicity to generate a self-

cleaning effect and reduce the adhesion of bacteria.16-17 To enhance the surface 

hydrophobicity, researchers reported the use of materials with low surface energy18 or 

increased surface roughness.19 Other techniques used for improving hydrophobicity 

included self-assembly,20-21 chemical vapor deposition22 template synthesis,23 chemical 

modification24 and more recently electrospinning.25 Electrospinning has been used to 

fabricate highly porous and hydrophobic nanofiber membranes. Compared with the 

traditional MD membranes, the electrospun nanofiber membranes (ENM) promise more 

interesting advantages for MD application to obtain higher permeate flux. Since Feng et 

al.26 first explored the polyvinylidene fluoride (PVDF) nanofiber for MD and claimed over 

99 % of salt rejection and a competitive permeate flux, several studies have been done on 

exploring PVDF and modified PVDF nanofibers for MD applications to enhance the 

permeate flux and stability.27-30 Few studies have been done using polymers other than 

PVDF including Matrimid®,31 polyoxadiazoles24 and poly(trimethyl hexamethylene 

terephthalamide).32 Polyetherimide (PEI) is a commercially available and cost effective 

polymer, but MD applications were only reported on PEI flat sheet membranes. 33-34  

Incorporating NPs into electrospun nanofibers or hollow fibers has been recently 

heavily pursued to impart functionalities to membranes.35-38 Metallic NPs such as silver 

and gold have been employed as antimicrobial agents to reduce biofouling of 
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membranes.39-42 Silica NPs were also successfully used to improve the hydrophobicity and 

the lifetime of membranes.43-46 The major practical challenges for the incorporation of NPs 

into membranes are the high cost, poor reproducibility, and difficulty in scaling up nano-

membrane manufacturing processes for commercial use. Furthermore, health and safety 

issues around the use of nanomaterials have to be addressed in the domestic water industry, 

particularly with respect to the use of NPs.  

In this work, a facile and scalable fabrication of composite nanofiber membrane for 

simultaneously enhanced MD and anti-biofouling is described. The engineered system 

comprised PEI nanofiber doped with novel ethylene-pentafluorophenylene bridged 

periodic mesoporous organosilica (PMO) NPs to enhance the hydrophobicity of the 

composite membrane (Scheme 2.1). PMO NPs are hybrid nano-objects with very high 

organic content (~30-70 wt%) and have thus higher properties than organically-doped 

silica NPs which have lower organic content (~1-30 wt%).47-50 Although scalable and 

relatively cheap to produce, PMO NPs differ from conventional mesoporous silica by their 

tunable hydrophilicity/hydrophobicity along with many other properties that are associated 

with the type of organic bridges chosen for the design.51-54 The PMO doped nanofiber (PEI-

PMO NPs) showed resistance to bacterial attachment mainly due to the increased surface 

roughness and low surface energy. Loading PMO NPs with the eugenol 

antioxidant/antimicrobial agent55 boosted the antibiofouling properties by 70 % after 24 h, 

as the nanofiber membranes released antimicrobial agents in the presence of bacteria 

(Scheme 2.1). This fouling resistant composite membrane showed excellent thermal 

properties with more than 140 % flux increase. This is the first report on PMO-doped PEI 
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nanofibers composite membranes that are superior to the commercially available PTFE 

membranes in flux and anti-biofouling enhancement. 

 

 Experimental section  

 Materials 

Commercial polyetherimide (PEI) of molecular weight of 55 000 g mol-1 was supplied by 

SABIC Innovation Plastics under the trade name of Grade PEI ULTEM™ 1000P. N-

Methyl-2-pyrrolidone (NMP), cetyltrimethylammonium bromide, sodium hydroxide, 

ammonium nitrate, bis(triethoxysilyl)ethane and (pentafluorophenyl)triethoxysilane were 

purchased from Sigma-Aldrich. The polyester nonwoven support was purchased from 

Hirose Paper Mfg Co Ltd Japan. The commercial PTFE membrane was utilized to compare 

the performance of the seawater desalination with the functional PEI nanofibrous 

membranes presented in this study.  

 Preparation of PMO NPs 

A mixture of CTAB (500 mg, 1.37 mmol), distilled water (240 mL), and sodium 

hydroxide (1.75 mL, 2 M) was stirred at 80 °C for 1 h at 700 rpm in a 500 mL three neck 

round bottom flask. The sol-gel process was then started by a quick addition of 

bis(triethoxysilyl)ethane (600 µL, 1.62 mmol) and (pentafluorophenyl)triethoxysilane (200 

µL, 0.75 mmol). The solution was stirred at 1000 rpm at 80 °C for 3 h. Afterward, the 

solution was cooled to room temperature while stirring; fractions were gathered in 

propylene tubes and collected by centrifugation during 15 minutes at 21 krpm. The as-

prepared sample was sonicated twice with an alcoholic solution of ammonium nitrate (6 g 

L-1) at 45 °C for 30 minutes and washed three times with ethanol, water, and ethanol. Each 
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washing was followed by centrifugation collection in propylene tubes during 15 minutes 

at 21 krpm. The as-prepared CTAB-free PMO NPs were dried under vacuum for few hours. 

 Preparation of the PEI nanofiber membranes 

 The PEI polymer was dissolved in the NMP solvent (15 to 17 wt%) under magnetic 

stirring at 50 °C for 24 h. A fraction of this PEI solution (6 mL) was electrospun at 25 °C 

using a 10 mL syringe with a “21 Gauge” needle at a mass flow rate of 1 mL h-1. A high 

voltage, (20 kV) was applied between the needle and the plate collector, and an automatic 

system was used to move the collector in a zig-zag direction to obtain a uniform membrane. 

The nanofibers were collected on the highly porous polyester support mounted on the 

grounded collector plate and the thickness of the membrane was controlled by experimental 

time 

  Preparation of PEI-PMO nanofiber membranes 

In order to make the nanocomposite membranes (Scheme 2.1), PMO (5 or 10 wt% of 

the polymer weight) was dispersed in (NMP) followed by ultrasonication and then PEI was 

added up to 17 wt% to 20 wt% of the total weight and dissolved by using a magnetic stirrer 

at 50°C for 24 h.  A fraction of this PEI-PMO solution (6 mL) was electrospun at 25 °C 

using a 10 mL syringe with a “21 Gauge” needle at a mass flow rate of 1 mL h-1.The 

experiment was then carried out in the manner as that of PEI nanofiber membranes.  
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Scheme 2.1. Representation of the design and antioxidant/antimicrobial loading of 

PMO NPs (A) for the preparation of PEI-PMO NPs feed solution (B) for 

electrospinning PMO-doped PEI nanofiber membrane (C). 

 

 

 Apparatus and methods 

The surface morphologies of the PMO NPs and the electrospun nanofibrous membrane 

were investigated by field emission scanning electron microscopy (FE-SEM) using SEM 

Quanta 600 and Nova Nano 630 FEG. For SEM analysis nanofibers were collected on 

aluminum foil. Prior to SEM analysis, the electrospun membranes were sputter coated with 

iridium. The average fiber diameter was measured from the SEM image using an image 

analyzer Image J software. HRTEM was obtained using Titan ST (FEI Company) operating 

at 300 kV and equipped with a 4×4 k CCD camera (Gatan). Standard (TEM) images were 

collected using a Tecnai G2 Spirit TWIN 20−120 kV/LaB6. The PMO NPs were dispersed 

in ethanol and drop cast on a lacy copper grid and dried for 1 h prior to the analysis. The 
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electrospun nanofibers were directly spun on the copper and subjected to TEM imaging. 

The chemical composition of the PMO NP was measured by FTIR spectrometer in the 

range of 500 to 4000 cm-1. The X-ray powder diffraction (XRD) patterns were obtained for 

PMOs by a Bruker D8 Advance at a scanning rate of 2 deg min-1 in the 2θ range of 2 to 80 

degrees. XPS analysis was utilized to analyze the surface composition of the PMO NPs 

and the electrospun nanofiber.The nanofiber membrane topography was measured by an 

(AFM) using Agilent 5400 SPM instrument (USA). The decomposition behavior of the 

composites was studied using a thermogravimetric analyzer (TGA) (TG 209 F1 Iris, 

Netzsch, Germany) under nitrogen from 30 to 1000 °C at a ramping rate of 10 deg min-1. 

The wettability of the membrane was determined by water contact angle technique (WCA). 

The membrane porosity was measured by a mercury porosimetry. Sorption-desorption 

analyses were performed with a Micromeritics ASAP 2420 instrument. 

 Desalination performance using DCMD 

All the membranes were cut into 7 × 12 cm pieces to fit into the DCMD module. 

Seawater was preheated to the desired temperature (45, 55, 65 and 75 °C) and circulated 

through the active side of the membrane, whereas the pure cold water was maintained at 

20 °C (coolant) and circulated through the other side of the membrane. The salt 

concentration of both feed and coolant were determined by a conductivity meter 

(OaktonEutech Instruments, Malaysia). 

 Antioxidant/antimicrobial agent loading and release procedure 

PMO NPs (25 mg) were dispersed in ethanol solution. Then, eugenol (100 mg) was 

added to the solution and stirred overnight. After centrifugation, the supernatant was dried 

in a vacuum oven. Eugenol release from the PMOs and the nanofiber were conducted by 
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placing PMO NPs (2 mg) and nanofiber (20 mg) in deionized water and sea water. At 

predetermined time interval, the solution was centrifugated and 3 mL were taken from the 

solution and studied by UV-VIS spectrophotometer (Varian Cary 5000) at 282 nm for 

eugenol. 

 Adhesion assay 

One isolated colony of the E. coli Top 10 (Invitrogen) transformed with a plasmid 

giving an ampicillin resistance was put in culture in LB media containing ampicillin (50 

g mL-1) at 37 °C. The commercial PTFE, PEI, PEI-PMOs and cargo-loaded PEI-PMOs 

nanofibers specimen were incubated with 1 mL of the culture (OD600nm = 0.6-0.8) for 1 h 

and 24 h and washed 3 times with PBS. The different membranes were then put in culture 

in LB media containing ampicillin at 37 °C overnight. A serial dilution of the obtained 

cultures was performed and used to spread on the surfaces LB-agar plates containing 

ampicillin to evaluate the CFU mL-1. 

 Inhibition growth assay 

 One isolated colony of the E. coli Top 10 (Invitrogen) transformed with a plasmid 

giving an ampicillin resistance was put in culture in LB media containing ampicillin at 

37 °C overnight. A fraction of this culture (100 µL) was spread on the surface of LB-agar 

plates containing ampicillin and the commercial PTFE, PEI, PEI/PMOs and cargo-loaded 

PEI/PMOs nanofibers specimen were placed on the surface of the plates in triplicates and 

incubated at 37 °C overnight. 
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 Results and discussions  

 

 
 

Figure 2.1. TEM micrographs of PMO NPs (A). SEM micrographs of PEI (B), and 

PEI-PMO nanofibers with 5 % (C), and 10 % (D), of PMO NPs. Statistical analyses 

of the diameter distributions of PMO NPs (E), PEI (F), PEI-PMO nanofibers with 

5 % loading (G), and PEI-PMO nanofibers with 10% loading (H), of PMO NPs. 

AFM micrographs of PEI-PMO nanofibers with 5 % (I), and 10 % (J), of PMO 

NPs. 

 

 Fabrication and characterization of PMO NPs 

A templated aqueous solution of cetyltrimethylammonium bromide with sodium 

hydroxide was stirred at 80 °C for 1 h followed by a quick addition of 

bis(triethoxysilyl)ethane and (pentafluorophenyl)triethoxysilane to start a 3 h sol-gel 
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process (Scheme 2.1A). The particles were then surfactant-extracted, vacuumed-dried and 

then characterized. Transmission electron microscopy (TEM) analysis of PMO NPs 

showed uniformly distributed non-aggregated spherical nano-objects of 100 to 200 nm with 

cubic-ordered porosity (Figures 2.1A, S1, and 2E). X-ray diffraction (XRD) at low and 

wide-angle confirmed the mesoporosity by the intense peak at 1.8 deg and the amorphous 

nature of the siloxane network with the broad peak from 16 to 35 deg, respectively (Figure 

S2.2). Based on the sorption analysis presented hereafter yielding 772 m2 g-1 of surface 

area, pore sizes of ca. 2.9 nm and the pore to pore distance of 4.9 nm determined by the 

Bragg’s law, the corresponding PMO pore thickness averages 2 nm. The FTIR spectrum 

of PMO NPs confirmed the high condensation degree of the siloxane network with the Si-

O in the 1100 to 1040 cm-1 region as well as the incorporation of the ethane and 

pentafluorophenylene moieties with the C-H aliphatic around 2990 cm-1 and the Csp2-F from 

790 to 680 cm-1 (Figure S2.3). The presence of silicon, oxygen, carbon, and fluorine atoms 

in PMO NPs was further demonstrated by elemental mapping coupled with electron 

microscopy (see Figure2.2A). 
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Figure 2.2. STEM-EELS analysis of PMO NPs (A). Representative spectrum image 

(SI) of NPs with the silicon, oxygen, carbon, and fluorine elemental mappings. STEM 

(B-D) and TEM (E) images of PEI-PMO nanofibers with 10 % of PMO NPs. EDS 

spectra of PEI-PMO nanofibers with 10 % of PMO NPs acquired on the PEI 

nanofiber (F) and the PMO NP (G) grafted onto it, see numbers 1 and 2, respectively 

on the corresponding STEM image (D). 

 

 Fabrication and characterization of PMO-doped nanofiber membrane 

 In order to study the electrospinnabilty of the bare PEI polymer, we initially tested 

three different concentrations of PEI polymer into the NMP solvent. At low concentration 

(15 wt%), the chain overlap was not sufficient and beaded fibers were observed by SEM 
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(Figure S2.4A). Upon increases of the concentration to 17 wt%, the better macromolecule 

entanglement allowed a satisfactory control of the electrospinning jet producing smooth 

beads-free PEI nanofibers (Figure S2.4B). 

 
Figure 2.3 Water contact angle measurements of PEI flat sheet membrane (FSM), 

PEI and PEI-PMO electrospun nanofiber membranes (ENM). 

 

The doping of fluorinated PMO NPs into PEI nanofibers was then carried out and 

investigated with various techniques. The incorporation was successfully performed with 

different particle contents as displayed by SEM micrographs depicting the surface 

morphologies of the pristine PEI nanofibers and of the PEI/PMOs with 5 % and 10 % of 

PMO NPs (Figure 2.1B-D). The surfaces of both the pristine and the composite nanofibers 

were smooth and uniform. Relatively narrow diameter distributions were calculated via the 

Image J software for PMO NPs and for the various nanofibers (Figure 2.1E-H). The doping 

of the particles increased the diameter distribution of the nanofibers. This phenomenon can 
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be explained by the increase of the dope solution viscosity. The viscosity was measured at 

25 °C and indeed increased from 818 mPa·s without particles to 948 and 1115 mPa s with 

5 and 10 wt% of PMO particle dopings, respectively (Table S1). Atomic force microscopy 

(AFM) micrographs confirmed that the PMO NPs were attached to the surface of the 

nanofibers (Figure 2.1I-J). AFM also qualitatively suggested an increase of the surface 

roughness of the nanofiber membranes. TEM and scanning transmission electron 

microscopy (STEM) further confirmed the uniform dispersion of PMO NPs in the PEI 

nanofiber (Figure 2.2B-E). The PMO NPs appeared to be very well intercalated within the 

fiber matrix (see Figures 2.2B-E and S4C). Using both 5 and 10 wt% of particle 

concentration, homogenous PEI-PMO nanofibers could be obtained (Figure S2.5), though 

PMO concentrations higher than 5 wt% generated increasing amount of particle 

aggregations (e.g. severe aggregation at 20 wt%, data not shown). Note that the application 

of a high electric potential to the dope solution during the electrospinning process causing 

the ultrafast ejection of the dope solution, accounts for to the orientation of the majority of 

NPs on the surface of nanofibers. Using spatially-resolved energy-dispersive spectroscopy 

(EDS) on a segment of particle-free nanofibers and on a grafted particle (1 and 2, 

respectively in Figure 2.2D), the incorporation of PMO NPs onto PEI nanofibers was 

demonstrated (Figure 2.2F-G). This assertion was confirmed on a large area of the 

membranes via x-ray photoelectron spectroscopy (XPS) measurements (Figure S2.6). The 

XPS spectrum of the pristine PEI nanofiber reflected the polymer composition, while the 

incorporation of PMO NPs generated the appearance of Si atoms (Figure S2.6C-D). In 

addition, by increasing the loading amount of particles from 5 to 10 wt%, the ratio between 

the nitrogen over silicon ratio (Si/N) consistently increased in the membranes.  
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The evaluation of other physico-chemical properties of the membrane was then 

performed. The thermal stability of membrane was first studied by thermogravimetric 

analysis (TGA) studies. TGA analyses were performed on PEI fibers, PMO NPs, and on 

PEI/PMO composite nanofibers (Figure S2.7). All membranes showed a first weight loss 

(< 5wt%) from 100 to 200 °C corresponding to solvent evaporation and a second weight 

loss from ca. 500 to 700 °C corresponding to the degradation of the polymer. TGA thus 

showed that PMOs NPs did not affect significantly the thermal properties of the composite 

membranes. The hydrophobicity of the membrane was then studied via water contact angle 

(WCA) measurements. First, the electrospun PEI membrane showed a higher 

hydrophobicity than that of the PEI membranes obtained via the casting technique, as 

shown by the important increase of the WCA from 64 to 123 degrees (Figure 2.3). This 

was attributed to the rough topology associated with the nanofiber structure. Besides, 

experimental results showed an increase of the WCA from 123 to 142 degrees by 

increasing the percent of PMO NPs doping from 5 to 10 wt% due to the hydrophobic 

ethylene-pentafluorophenylene-based particle composition (Figure 2.3). Previous 

studies56-58 combined with the increase of liquid entry pressures (Table S2.2) suggested 

that the increase of the WCA was also correlated to the enhanced roughness associated 

with the presence of PMO NPs. The porosity of the membrane was then analyzed the by 

sorption analyses. Using nitrogen sorption and the Brunauer-Emmett-Teller (BET) theory 

was used to calculate surface areas of PMO NPs and of the different membranes. The PMO 

NPs showed a typical type IV isotherm characteristic of mesoporous materials (Figure 

2.4A), the BET surface area was of 772 m2 g-1 and the BJH (Barrett-Joyner-Halenda) pore 

size distribution was centered at 2.5 nm (Figure 2.4E). The pristine PEI nanofiber exhibited 
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a BET surface area of 68.7 m2 g-1, and after the addition of 5 and 10 wt% of PMO NPs the 

surface area rose to 70.1 m2 g-1 and 78.1 m2 g-1, respectively. A wide distribution was 

noticed for the pristine PEI nanofiber from 5 nm to 65 nm, and the pore size corresponding 

to the PMO NPs appeared in the analysis of the PEI-PMO samples. Mercury porosimetry 

was also performed to study the effect of membrane thickness on the macroporosity of the 

system. All ENMs with different thicknesses and the composite PEI-PMO ENM displayed 

high porosities on the order of 77 to 86 % with mean pore sizes at around one micron 

(Figure S2.8).  
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Figure 2.4 Nitrogen sorption isotherms of PMO NPs (A), PEI (B), and PEI-PMO 5 % 

(C) and 10 % (D) of particles. BJH pore distribution of PMO NPs, PEI and PEI-PMO 

ENM (E) 
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 Membrane distillation studies 

 
Figure 2.5. Direct contact MD flux as a function of the feed temperature (coolant 

temperature 20 °C) for the commercial membrane, PEI and PEI-PMO ENM. The 

membrane thickness is 60 µm. 

 

 The engineered PEI-PMO composite ENM showed the desired characteristics to be 

employed as a suitable membrane for MD. Figure 2.5 shows the water vapor flux data 

observed during direct contact membrane distillation (DCMD) process using different 

electrospun membranes and one commercial polytetrafluoroethylene (PTFE) membrane 

(see properties in Table S2.3). The results were compared with the pristine PEI ENM and 

the commercial PTFE membrane at different feed inlet temperatures and under the same 
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operating conditions. Red Sea water was used as the feed solution for all experiments. 

Different membranes showed vapor flux productions at different rates and the observed 

trend was as follows: PEI-PMO (5 %) ENM > PEI-PMO (10 %) ENM > PEI ENM > 

commercial PTFE. For example, at a 65 °C feed inlet temperature, the pristine PEI ENM 

showed more than a 100 % increase in the water vapor flux compared to the commercial 

PTFE membrane. Furthermore, under the same operating conditions, PEI-PMO (5 %) 

ENM and PEI-PMO (10 %) ENM showed 140 and 130 % increases in the vapor flux 

compared to the commercial PTFE membrane, respectively (Figure 2.5). The increase of 

the hydrophobicity of the PEI-PMO ENM at the surface compared to the PEI ENM could 

have provided more resistance to water penetration and the partial pore blockage to ensure 

higher flux compared to the pure PEI ENM. The minor fraction of PMO aggregates for 

PEI-PMO with 10 wt% of particle doping may have been the reason for the lower 

performance compared to the PEI-PMO 5 wt%. All the experimental results were 

reproduced three times and error bars were within the acceptable range (Figure 2.5). SEM 

analyses of the PEI-PMO membrane after MD applications for 24 h confirmed the stability 

of the PMO particle incorporation (Figure S2.9). 

 Biofouling studies  

To evaluate the bacterial adhesion as well as the potential biofilm formation, ampicillin 

resistant E. coli strains were used (see ESI). PEI, PEI-PMO and eugenol-loaded PEI-PMO 

ENMs were incubated in LB cultures of ampicillin resistant E. coli. The membranes were 

then put in contact with the surfaces of LB-agar plates containing ampicillin. The counting 

of the colony forming units (CFUs) was performed in order to evaluate the bacterial 

adhesion onto the membranes. As shown in Figure 2.6, the adhesion of E. coli was 
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significantly reduced (around 40 %) by using PEI-PMOs versus the pristine PEI nanofiber. 

In addition, higher anti-biofouling properties could be obtained with PEI-PMO membranes 

with PMO NPs loaded with the eugenol antimicrobial agent, which yielded a reduction of 

70 % in the bacterial attachment after 24 h of bacterial exposure. 

 

 
Figure 2.6 Comparison of the anti-biofouling efficiencies of PEI-PMO and PEI-PMO-

Eugenol. The biofouling corresponds to the percentage reduction of the bacterial 

attachment compared to the PEI ENM. 

 

The antibacterial activity of the eugenol-loaded composite membranes was further 

evaluated using ampicillin resistant E. coli Top 10 bacteria strain to detect only the added 

bacteria. The conditions used promoted a rapid bacterial growth on surfaces. Ampicillin 

resistant E. coli cultures were spread on the surface of LB-agar plates containing ampicillin 



76 
 

and PEI-PMO or eugenol-loaded PEI-PMO ENMs. No bacterial killing was detected in the 

case of PEI-PMO ENM, however, in the case of eugenol-loaded PEI-PMO ENM a clear 

bacterial killing was observed directly after adding the composite membrane (Figure 2.7). 

Note that, eugenol is insoluble in seawater, hence no release was detected over 60 days of 

testing, which ensured the long-term anti-microbial activity of the composite membranes. 

This result demonstrated that eugenol-loaded PEI-PMO membrane was able to effectively 

inhibit the bacterial growth which is promising for long-term MD. 

 
 

Figure 2.7. Biofouling experiment with PEI-PMO (A) and PEI-PMO loaded with 

Eugenol (B) demonstrating the controlled release property imparted to the 

membrane through the use of porous PMO. 

 

 Conclusion  

In summary, novel ethylene-pentafluorophenylene-based periodic mesoporous 

organosilica nanoparticles were doped into PEI composite nanofiber membranes for 
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enhanced and fouling resistant membrane distillation. The organosilica particles possessed 

hydrophobic ethane and pentafluorophenyl moieties which enhanced the hydrophobicity 

of the membrane and allowed the loading of antimicrobial and antioxidant agents. The 

resulting nanofiber membrane depicted a high porosity of up to 84 % with a homogeneous 

and stable incorporation of the nanoparticles as shown by multiple techniques. The 

composite membranes were successfully employed for the production of fresh water from 

the Red Sea. The prepared membranes showed enhanced water vapor production as high 

as 31 L m2 h-1 with a 140 % increase compared to the commercial PTFE flat sheet 

membrane. Furthermore, a dramatic decrease of 70 % of the bacterial attachment was 

observed via antimicrobial agent-loaded nanoparticles doped into the membrane. The facile 

and scalable fabrication of these nanofiber membranes coupled the potential of 

environment-friendly mesoporous silica-based nanocontainers have great potential to 

provide innovative mixed-matrix membranes that can drastically improve industrially 

valuable processes such as membrane distillation. 
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  Supporting Information 

 

 

Figure S2.1. TEM micrographs of ethenylene-pentafluorophenylene-bridged PMO 

NPs. 
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Figure S2.2. Low (A) and wide (B) angle XRD diffractograms of PMO NPs 

demonstrating the mesoporosity of the particles. The pores of the NPs have an 

average thickness of 2.2 nm with amorphous siloxane, ethenylene-, and 

pentafluorophenylene-bridged networks. 

 

 

 

 
Figure S2.3. FTIR spectrum of PMO NPs confirming the presence of the condensed 

siloxane network and the organically-bridged structure of the particles. 
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Figure S2.4. SEM micrographs of PEI ENM obtained from PEI concentrations of 15 

wt% (A) and 17 wt% in NMP solvent without PMO NPs (B), and from 17 wt% of PEI 

in NMP solvent with 10 wt% of PMO NPs (PEI-PMO NPs) (C). 

 

 

 

 

Figure S2.5. TEM micrographs of PEI-PMO ENM with 5 wt% (A) and 10 wt% of 

PMO NPs (B), confirming the successful incorporation of PMO NPs into the 

nanofibers. 
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Figure S2.6. XPS analyses of PMO NPs (A), PEI (B), and of PEI-PMO ENM (C-D) 

supporting the incorporation of PMO NPs into the nanofibrous membrane. 
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Figure S2.7. TGA analyses of PMO NPs, PEI, and PEI-PMO ENM supporting the 

incorporation of PMO NPs into the nanofibrous membrane. 

 

 
Figure S2.8. Pore size distribution measurements by mercury porosity on PEI ENM 

with of thicknesses of 130 (A) and 60 µm (B), and (C) on PEI-PMO 10 wt% ENM with 

a thickness of 60 µm. 
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Figure S2.9. SEM micrographs of the PEI-PMO (10 wt%) composite membrane after 

24 h of membrane distillation, confirming the stability of the incorporation of PMO 

particles (white arrows) for its proposed applications. 
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Table S2.1. The viscosity measurements of the solution used for the membrane 

preparation. 

Content of PMO NPs (wt %) 0 5 10 

Viscosity at 25oC (mPa·s) 818 948 1115 

 

Table S2.2. Liquid entry pressure measured for the different membranes 

Membrane PEI PEI-5%PMOs PEI-10%PMOs 

LEP (bar) 1.6 2.4 2.5 

 

Table S2.3. Properties of the PTFE commercial membrane. 

Membrane Thickness 

(µm) 

Mean flow 

Pore(µm) 

Porosity 

(%) 

Contact 

angle (deg) 

Commercial 

Polytetrafluoroethylene 

100 0.26 63±3 140±3 
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 Chapter 3: Reduced Graphene Oxide Doped Polyethermide 

Nanofibers for Membrane Distillation 
 

 

 

ABSTRACT: This study demonstrates the fabrication of polyetherimide composite 

nanofiber membranes doped with reduced graphene oxide for enhanced and fouling 

resistant membrane distillation. RGO were homogeneously incorporated into 

electrospun nanofiber membranes depicting a proportional increase of hydrophobicity 

to the particle contents. Direct contact membrane distillation experiments on the RGO-

doped membrane with only 1 % doping showed an increase of flux of 150 % compared 

to commercial membranes. The hydrophobicity is not the only parameter that can 

enhance the membrane distillation and further work are in progress to prove the 

effectiveness of the adsorption-desorption properties of nanofiller for MD. 
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 Introduction  

In recent years, the worldwide problem of water shortage is no longer an emerging 

issue, but an immediate reality. To overcome this issue, Reverse Osmosis (RO) is the major 

and most commonly used technology for converting seawater into fresh water for human 

consumption and irrigation. However, the evolutionary improvement of RO membranes 

solely prepared from polymeric materials seems to be approaching saturation especially 

pertaining to improving flux and reducing energy consumption. Furthermore, biofouling is 

a key limitation of commercial RO membranes where (i) extensive pretreatment and (ii) 

excessive pressure to overcome the resistance arising from fouled membranes are always 

required.1-2 To overcome these limitations, researchers sought methods with lower capital 

and operational expenditures such as membrane distillation (MD), which is a thermally 

driven membrane-based water desalination process. MD can produce high purity of water 

without hydraulic pressure and it runs at low temperatures which makes it a relatively low-

cost desalination process. Although MD is a promising technology, one of the challenges 

facing its development is fabrication of efficient membranes with specific characteristics 

such as high hydrophobicity, optimum pore size, high porosity, and low thermal 

conductivity.3-5 

To enhance the MD performance, electrospinning has been used to fabricate highly 

porous and hydrophobic nanofiber membrane. Compared with the traditional MD 

membranes the superhydrophobic electrospun nanofiber membranes (ENM) promise more 

interesting advantages for MD application such us the high hydrophobicity and porosity to 

obtain higher permeate flux in the MD process. Since Feng and co-authors6 first explored 

the PVDF nanofiber for MD and claimed over 99% of salt rejection and a competitive 
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permeate flux, several studies have been done on exploring ENM7-14 for MD applications 

to enhance the permeate flux and stability.   

In the past few years, several studies have been reported in incorporating nanoparticles 

in electrospun nanofibers or in hollow fibers for membrane distillation to impart 

functionalities to the membrane.12, 15-18The incorporation of nanoparticles not only 

improved the hydrophobicity of the fiber membrane but also improved the mechanical 

properties and the MD performance of the membrane.19 However, most of the studies were 

limited to the effect of hydrophobicity of nanofillers to enhance the MD performance and 

the best to our knowledge no study has been done on using the selective sorption of 

nanofillers for MD.20-22 

Graphene is a two-dimensional material that has been intensively used as promising 

nanofiller for membranes science and technology.23-24 21, 25 Its high specific surface area 

together with high thermal stability, mechanical stiffness, selective sorption of water vapor 

and anti-biofouling properties make RGO suitable nanofiller for enhanced MD.26-28  In this 

work, a facile and scalable fabrication of composite nanofiber membrane for 

simultaneously enhanced MD and anti-biofouling is described. The engineered system 

comprised PEI nanofiber doped with Reduced Graphene Oxide (RGO) to enhance the 

hydrophobicity and the adsorption-desorption of the composite membrane (Figure 3.1). 

GO will be reduced following our previously reported solvothermal method29 to enhance 

the hydrophobicity of the nanofiller and then blended with PEI to produce PEI-RGO 

nanofibers. This study focuses on the adsorption-desorption of RGO properties30 to 

enhance the MD performance rather than limiting to the hydrophobicity. Furthermore, 

RGO will be used as anti-biofouling nanofiller for a long time MD.31 The RGO doped 
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membrane showed excellent MD properties by only 1% loading. Further studies should be 

performed to complete this project. 

 Experimental section  

 Materials 

All materials were purchased from Sigma Aldrich and used as received unless 

mentioned otherwise. 

 Preparation of RGO 

The RGO sheets were obtained by a simple one-step reduction approach according to 

our previous report.29 GO (1, 2, 3, 5 or 10 wt% of the polymer weight) was dispersed in 

(NMP) followed by ultra-sonication for 1h. The graphene oxide solution was heated in a 

sand bath at 180°C with stirring for 2 h. RGO solution with black color was then 

successfully obtained. 

 Preparation of PEI-RGO nanofiber membranes 

PEI was added up to 15 wt% to 20 wt% of the total weight and dissolved by using a 

magnetic stirrer at 50°C for 24 h in the previous RGO prepared solutions (Figure 3.1).  A 

fraction of this PEI-PMO solution (6 mL) was electrospun at 25°C using a 10 mL syringe 

with a “21 Gauge” needle at a mass flow rate of 1 mL h-1.The experiment was then carried 

out in the manner as that of PEI nanofiber membranes. 
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Figure 3.1 Scheme representative 

 

 Apparatus and methods 

The surface morphologies of the electrospun nanofibrous membrane were investigated 

by field emission scanning electron microscopy (FE-SEM) using SEM Quanta 600 and 

Nova Nano 630 FEG. For SEM analysis nanofibers were collected on aluminum foil. Prior 

to SEM analysis, the electrospun membranes were sputter coated with iridium. The 

decomposition behavior of the composites was studied using a thermogravimetric analyzer 

(TGA) (TG 209 F1 Iris, Netzsch, Germany) under nitrogen from 30 to 1000 °C at a ramping 

rate of 10 deg min-1. The wettability of the membrane was determined by water contact 

angle technique (WCA).  
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 Desalination performance using DCMD 

All the membranes were cut into 7 × 12 cm pieces to fit into the DCMD module. 

Seawater was preheated to the desired temperature (45, 55, 65 and 75 °C) and circulated 

through the active side of the membrane, whereas the pure cold water was maintained at 

20 °C (coolant) and circulated through the other side of the membrane. The salt 

concentration of both feed and coolant were determined by a conductivity meter 

(OaktonEutech Instruments, Malaysia). 

 Results and discussion  

 Fabrication and characterization of RGO-doped nanofiber membrane 

 

Figure 3.2. (a) SEM micrographs of PEI (15%), (b) PEI-RGO nanofibers with 1%, 

(c) 2 % of RGO, (d) 3% of RGO and (e) 5% of RGO 

 

In order to study the electrospinnabilty of the bare PEI polymer, we initially tested 

different concentrations of PEI polymer into the NMP solvent. At low concentration (15 
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wt%), the chain overlap was not sufficient and beaded fibers were observed by SEM 

(Figure 3.2a). Upon loading of RGO, the viscosity of the polymer solution increases and 

the better macromolecule entanglement allowed a satisfactory control of the 

electrospinning jet producing smooth beads-free PEI nanofibers (Figure 3.2 b-e).  

 

Figure 3.3. Cross-section SEM image the PEI-RGO (1%) ENM 

Figure 3.3 shows the cross-sectional morphologies of the composite electrospun 

nanofibers. We can see clearly that there is two layer which is related to the polyester 

support with fiber diameter around 10µm and the nanofiber that forms a continuous 

overlapping of the nanofibers forming a thin layer of fibers forming interconnected pores 

throughout the depth of the membrane. 
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Figure 3.4. TGA analyses of PEI, and PEI-RGO ENM 

 

The evaluation of other physicochemical properties of the membrane was then 

performed. The thermal stability of membrane was studied by thermogravimetric analysis 

(TGA) studies. TGA analyses were performed on PEI and PEI/RGO composite nanofibers 

(Figure 3.4). All membranes showed a first weight loss (< 5wt%) from 100 to 200 °C 

corresponding to solvent evaporation and a second weight loss from 500 to 700 °C 

corresponding to the degradation of the polymer. As shown in Figure 3.4, the 

decomposition temperature was increased by adding RGO into PEI matrix. The thermal 

stability could be improved by adding RGO, because of its excellent thermal stability, and 

this can slow down the materials volatilization or decomposition.  

The hydrophobicity of the membrane was then studied via water contact angle (WCA) 

measurements. As shown in figure 3.5, experimental results showed an increase of the 

200 400 600 800

40

50

60

70

80

90

100

 Pure PEI

 PEI/1% rGO

 PEI/2% rGO 

 PEI/3% rGO

 PEI/5% rGO

S
a

m
p
le

 w
e

ig
h

t 
(%

)

Temperature (
o
C)



98 
 

WCA from 124 to 140 degrees by increasing the percent of RGO NPs doping from 1 to 5 

wt% due to the hydrophobic and also attributed to the rough topology associated with the 

structure of RGO in nanofiber surface. 

 

 

Figure 3.5. Water contact angle measurements of PEI and PEI-RGO ENM 

 

 Membrane distillation studies 

The engineered PEI-RGO composite ENM showed the desired characteristics to be 

employed as a suitable membrane for MD. Figure 3.5 shows the water vapor flux data 

observed during direct contact membrane distillation (DCMD) process using different 

electrospun membranes and one commercial polytetrafluoroethylene (PTFE) membrane. 

The results were compared with the pristine PEI ENM and the commercial PTFE 
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membrane at different feed inlet temperatures and under the same operating conditions. 

Red Sea water was used as the feed solution for all experiments. Different membranes 

showed vapor flux productions at different rates and the observed trend was as follows: 

PEI-PMO (2 %) ENM >= PEI-PMO (1 %) > ENMPEI-PMO (3 %) ENM > ENMPEI-PMO 

(3 %) ENM > PEI ENM > commercial PTFE. For example, at a 75 °C feed inlet 

temperature, the pristine PEI ENM showed more than a 100 % increase in the water vapor 

flux compared to the commercial PTFE membrane. Furthermore, under the same operating 

conditions, PEI-RGO (1 %) ENM and PEI-PMO (2 %) ENM showed 150 % increase in 

the vapor flux compared to the commercial PTFE membrane, respectively (Figure 3.5). 

The increase of the hydrophobicity of the PEI-RGO ENM at the surface compared to the 

PEI ENM couldn't be the mean reason for ensuring the higher flux compared to the pure 

PEI ENM. The pure WCA of the pure PEI was 124o compared to the 1% loaded ENM 134o, 

this difference is not that significant to ensure such increase of MD performance. The 

adsorption-desorption of RGO could be the more significant reason for the MD 

enhancement. This project still under progress and further characterization should be 

performed to prove our claim the RGO aggregates for the composite ENM with 3 wt% and 

more of particle doping may have been the reason for the lower performance compared to 

the PEI-RGO 1 and 2 wt%. All the experimental results were reproduced three times and 

error bars were within the acceptable range (Figure 3.5). 
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Figure 3.6. Direct contact MD flux as a function of the feed temperature (coolant 

temperature 20 °C) for the commercial membrane, PEI and PEI-RGO ENM. 

 

 Conclusion  

In summary, PEI/RGO were fabricated for enhanced and fouling resistant membrane 

distillation. The composite membranes were successfully employed for the production of 

fresh water from the Red Sea. The prepared membranes showed enhanced water vapor 

production as high as 35 L m2 h-1 with a 150 % increase compared to the commercial PTFE 

flat sheet membrane. Furthermore, we showed that the hydrophobicity is not the only factor 

to enhance the MD performance and selective sorption of water vapor by the nanofiller 

could have a significant effect. Further characterizations should be performed to prove our 

claims such as adsorption-desorption isotherm or gas permeability.  
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 Future Work  

 Further SEM and TEM should be performed to study the morphology of the 

nanocomposite membrane.   

 Adsorption-desorption isotherm or gas permeability for membranes. 

 Anti-algae studies 
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17. Puigmartí‐Luis, J.; Pérez del Pino, Á.; Laukhina, E.; Esquena, J.; Laukhin, V.; 
Rovira, C.; Vidal‐Gancedo, J.; Kanaras, A. G.; Nichols, R. J.; Brust, M. Shaping 
Supramolecular Nanofibers with Nanoparticles Forming Complementary Hydrogen 
Bonds. Angew. Chem. Int. Ed. 2008, 120, 1887-1891. 
18. Han, E.; Wu, D.; Qi, S.; Tian, G.; Niu, H.; Shang, G.; Yan, X.; Yang, X. Incorporation 
of Silver Nanoparticles into the Bulk of the Electrospun Ultrafine Polyimide Nanofibers 
Via a Direct Ion Exchange Self-Metallization Process. ACS Appl. Mater. Interfaces 2012, 
4, 2583-2590. 
19. Zhang, Y.; Wang, R. Fabrication of Novel Polyetherimide-Fluorinated Silica 
Organic–Inorganic Composite Hollow Fiber Membranes Intended for Membrane 
Contactor Application. J. Membr. Sci. 2013, 443, 170-180. 
20. Hammami, M. A.; Croissant, J.; Francis, L.; Alsaiari, S. K.; Anjum, D. H.; Ghaffour, 
N.; Khashab, N. M. Engineering Hydrophobic Organosilica Doped Nanofibers for 
Enhanced and Fouling Resistant Membrane Distillation. ACS Appl. Mater. Interfaces 
2017. 
21. Woo, Y. C.; Tijing, L. D.; Shim, W.-G.; Choi, J.-S.; Kim, S.-H.; He, T.; Drioli, E.; Shon, 
H. K. Water Desalination Using Graphene-Enhanced Electrospun Nanofiber Membrane 
Via Air Gap Membrane Distillation. J. Membr. Sci. 2016, 520, 99-110. 
22. Tijing, L. D.; Woo, Y. C.; Shim, W.-G.; He, T.; Choi, J.-S.; Kim, S.-H.; Shon, H. K. 
Superhydrophobic Nanofiber Membrane Containing Carbon Nanotubes for High-
Performance Direct Contact Membrane Distillation. J. Membr. Sci. 2016, 502, 158-170. 
23. Guerrero-Contreras, J.; Caballero-Briones, F. Graphene Oxide Powders with 
Different Oxidation Degree, Prepared by Synthesis Variations of the Hummers Method. 
Mater. Chem. Phys. 2015, 153, 209-220. 
24. Zhang, Y.-H. Phenomenological Analogies in Tev Blazars and Black Hole X-Ray 
Binaries in Low State. Chinese Journal of Astronomy and Astrophysics 2005, 5, 201. 
25. Perreault, F.; De Faria, A. F.; Elimelech, M. Environmental Applications of 
Graphene-Based Nanomaterials. Chem. Soc. Rev. 2015, 44, 5861-5896. 
26. Cohen-Tanugi, D.; Grossman, J. C. Water Desalination across Nanoporous 
Graphene. Nano Lett. 2012, 12, 3602-3608. 
27. Li, D.; Kaner, R. B. Graphene-Based Materials. Nat. Nanotechnol. 2008, 3, 101. 
28. Celebi, K.; Buchheim, J.; Wyss, R. M.; Droudian, A.; Gasser, P.; Shorubalko, I.; Kye, 
J.-I.; Lee, C.; Park, H. G. Ultimate Permeation across Atomically Thin Porous Graphene. 
Science 2014, 344, 289-292. 



104 
 

29. Chen, Y.; Tao, J.; Hammami, M. A.; Hoang, P.; Khashab, N. M. Self‐Assembly of 
Single‐Crystal Silver Microflakes on Reduced Graphene Oxide and Their Use in 
Ultrasensitive Sensors. Advanced Materials Interfaces 2016, 3. 
30. Karunakaran, M.; Shevate, R.; Kumar, M.; Peinemann, K.-V. Co 2-Selective Peo–
Pbt (Polyactive™)/Graphene Oxide Composite Membranes. Chem. Commun. 2015, 51, 
14187-14190. 
31. Li, J.; Wang, G.; Zhu, H.; Zhang, M.; Zheng, X.; Di, Z.; Liu, X.; Wang, X. 
Antibacterial Activity of Large-Area Monolayer Graphene Film Manipulated by Charge 
Transfer. Scientific reports 2014, 4. 



 Chapter 4: ODA-CNT/ Polyethermide Nanofiber for Oil-Water 

Separation 
 

 

 

ABSTRACT 

Herein, the fabrication of polyetherimide composite nanofiber membranes doped with 

ODA modified CNT for oil-water separation. ODA-CNTs were homogeneously 

incorporated into electrospun nanofiber membranes depicting a proportional increase of 

the mechanical properties compared to the pristine PEI. Oil-water separation experiments 

on the CNTs-PEI composite membrane with only 1 % doping showed an increase of oil 

absorption of 50% compared to pristine membranes due to the superoleophilic properties 

of the CNTs. The composite membrane can be recycled and reused many times without 

defects. This composite system could be easily scaled up and used as a promising platform 

for separation membranes that could be used in industrial oil spill applications. 
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 Introduction 

Since decades, oil emerged as the first and largest source of energy. However, this 

source of energy can have many significant harmful impacts on the environment such as 

air and water pollution due to the oil spill.1-3 The oil spill is one of the most important 

concern during the transportation of oil or waterflooding and this can cause water pollution 

and damage natural ecosystems.4 

 The large surface of contact and high porosity of electrospun nanofiber is a great 

advantage compared to the conventional nonwoven and polymeric membranes in 

particulate oil sorption and oil-water separation.5-6 However, The poor nanofiber strength 

and resiliency after oil sorption is a major problem for reusability.7  Incorporating NPs into 

electrospun nanofibers has been recently heavily pursued to enhance the mechanical 

properties.7-9 

Carbon nanotubes (CNTs) have attracted much attention in the past decade due to their 

unique properties.10-12 CNTs are considered to be the ideal reinforcing fibers due to their 

exceptional mechanical properties, low density, and high aspect ratio.13-15  However, a key 

challenge for these materials is the aggregation due to their van der Walls interaction. In 

recent years, many studies have been performed in enhancing the dispersion and alignment 

of CNTs in the polymer matrix.16 Polyetherimide (PEI) is a commercially available and 

cost-effective polymer.17 PEI has found extensive use in high-performance engineering 

thermoplastic due to its high thermal stability, flexibility, good mechanical and radiation 

resistance, which made it a potential application in membrane separation materials.18-21 
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In this chapter, we report the fabrication of porous PEI and PEI/MWCNTs nanofibers 

through solution electrospinning. A long-chain molecule chemical, octadecylamine 

(ODA), was used to modify MWCNTs with grafting method to improve the solubility of 

MWCNTs in PEI solution. This composite membrane showed excellent mechanical 

properties with more than 150 % modulus storage increase compared to the pristine PEI. 

A further increase has been also noticed after applying hot press to the nanofiber 

membrane. The engineered membrane have been successfully used for oil-water 

separation. 

 Experimental section  

 Materials 

Polyetherimide (PEI) in fine powder was supplied by SABIC Innovative Plastics under 

the trade name of Grade ULTEM 1000P. Carboxyl group functionalized MWCNTs 

(MWCNT-COOH, the diameter is 15±5 nm, length is 1-5 μm and purity >95%) were 

purchased from Nanolab Inc. Octadecylamine (ODA) was purchased from Sigma and used 

as received. The organic solvents, chloroform, oxalyl chloride, N-Methyl-2-pyrrolidone 

(NMP), tetrahydrofuran (THF), dichloromethane (DCM) and methanol were all purchased 

from Sigma-aldrich and used without further purification. 

 Preparation of ODA-CNT 

A mixture of 300 mg MWCNT, 40 mL oxalyl chloride and 3 drops of DMF was stirred 

at 70oC for 24 hours, and then it was centrifuged at 4000 rpm for 5 min followed by cooling 

down. The extra oxalyl chloride was decanted and the remaining solid was washed with 

THF, and the supernatant was decanted after centrifugation. After repeating this step with 
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THF for four times, the remaining solid was dried at 60 oC in an oven overnight. The 

product, MWCNT-COCl, was obtained and further treated with mixing with ODA (6g) at 

100 oC for 5 days. After cooling down, the solid was washed with a mixture of 

dichloromethane (DCM) and methanol (1:1). The supernatant was decanted after 

centrifugation. After repeating this step with the mixed solvent for four times, the c-

MWCNT-ODA was obtained after drying the remaining solid at 60oC in an oven for 24 

hours. 

 Preparation of ODA-CNT/PEI nanofiber membranes 

PEI was completely dissolved into DCM or NMP or a mixture of DCM or NMP and 

stirred overnight (Figure 4.1). The functionalized MWCNT of c-MWNT-ODA was 

dispersed into a mixture of DCM or NMP under bath-type sonication for 1h to form a 

homogeneous suspension, and then it was mixed with the PEI solution. The mixture was 

stirred first for 1h at room temperature and then treated under bath-type sonication for 1h. 

The obtained solution and PEI solution were used directly in electrospinning process to 

make composite and pure PEI membrane at room temperature. 

The electrospinning apparatus which consists of a high voltage power supply, a syringe 

infusion pump, and a collector. The polymer solution is loaded into a syringe and an 

electrode is clipped onto the needle. The needle, electrode, and collector are all enclosed 

to reduce the effect of air currents on the trajectory of the electrospun jet. The flow rate of 

the solution to the needle tip is maintained so that a pendant drop remains during 

electrospinning. All air bubbles are purged prior to electrospinning, and the solution is 

electrospun at 12 kV horizontally onto the collector. The distance between needle and 

collector is 10 cm, and the diameter of the needle is 1.2 mm. The concentration of 
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MWCNTs in PEI is 0.1 wt%, 0.5 wt%, 1.0 wt%. All of the samples were dried at 80oC for 

24h to remove any remaining solvent. 

 Apparatus and methods 

Fourier transform infrared spectroscopy (FTIR) spectra of the c-MWCNT-ODA were 

recorded between 500 cm-1 and 4000 cm-1 by a Thermo Nicolet iS10. The decomposition 

behavior test was done through the thermogravimetric analysis (TGA) using Netzsch TG 

209 F1 Iris at a temperature range of 30-600oC under N2 flow with a heating rate of 

10oC/min. Morphological study of the composite was carried out by using scanning 

electron microscope (SEM) on FEI Nova Nano FEGSEM (USA).  
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 Results and discussion  

 

 

Figure 4.1. Scheme representative 

 Fabrication and characterization of ODA-CNT 

FTIR was performed on the pristine MWCNT-COOH, ODA, and c-MWCNT-ODA to 

confirm the covalent functionalization of MWCNTs, as shown in Figure 4.2a. The peaks 

at 2916 cm-1 and 2847 cm-1 in the c-MWCNT-ODA, 2913 cm-1 are due to the C-H 

stretching vibration of the alkyl chain (υ(CH2,CH3)) while the similar peaks appearing at 

2918 cm-1 and 2845 cm-1 for the pristine amine. The peaks at 1647 cm-1 in the c-MWCNT-
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ODA are due to the stretching vibration of the amide carbonyl group (υ(C=O)), indicating 

the formation of the carboxylate group, which is a strong evidence for the successful 

covalent functionalization of MWCNT-COOH with ODA. 

The grafting was further confirmed by thermal weight loss curves. As shown in Figure 

4.2b, ODA has a low decomposition temperature at near 160oC (Figure 4.2b), which means 

that ODA has poor thermal stability compared with MWCNT-COOH which is still stable 

at high temperature. Compared with pristine MWCNT-COOH, the thermal property of 

functionalized MWCNT is decreased, and the lost weight of functionalized MWCNT is 

mainly caused by the decomposition of ODA group, indicating the successful graft of ODA 

onto the surface of pristine MWCNT. In addition, a residue weight of 66 wt% is found in 

functionalized MWCNTs, which indirectly indicates that the ratio of ODA and MWCNT 

in functionalized MWCNT is 1:2, and this is a good value for helping well dispersion of 

MWCNTs in solutions. 

 

Figure 4.2. IR spectrum (a) and TGA weight loss curves (b) of pristine MWCNT-

COOH, ODA, and c-MWCNT-ODA 
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 Fabrication and characterization of the PEI nanofiber membrane 

In the typical electrospinning process, an electrical potential is applied between a 

droplet of a polymer solution, or melt, held at the end of a capillary tube and a grounded 

target. A charged jet of the polymer solution is ejected as the applied electric field 

overcomes the surface tension of the droplet. The trajectory of the charged jet is controlled 

by the electric field. The jet exhibits bending instabilities due to repulsive forces between 

the charges carried within the jet. The jet extends through spiraling loops, as the loops 

increase in diameter, and the jet grows longer and thinner until it solidifies or collects on 

the target. The fiber morphology is controlled by the experimental design and is dependent 

upon several parameters such as solution conductivity, solution surface tension, solution 

viscosity, solution flow rate, polymer concentration, and applied voltage. Here, we mainly 

discussed the influence of polymer concentration on the fiber morphology. Generally, the 

solution conductivity increases by adding a small amount of salt into the solution, and the 

surface tension and viscosity increase with increasing solution concentration. The 

concentration, viscosity, conductivity, and surface tension of the solution, as well as the 

applied voltage and distance between the charged electrode and the grounded target, were 

adjusted in order to obtain a stable jet for PEI dissolved in NMP, DCM and mixture 

(NMP/DCM).  
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Figure 4.3. SEM images of electrospun nanofiber in DCM solvent 

 

The SEM images of the electrospun PEI in DCM (Figure 4.3, 4 (a,d)) show porous 

nanostructures. However, the addition of NMP solvent decrease the fiber porosity. By only 

using pure NMP (figure 4.4 b,e) a smooth structure obtained.  The addition of NMP reduced 

the rate of solvent DCM evaporation. This may be the reason for the porosity reduction. 

During the electrospinning process, the addition of NMP helped to avoid the blocking of 

the needle which allows a good control of the spinning to obtain a uniform membrane for 

separation. 
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Figure 4.4. SEM images of electrospun nanofibers in DCM solvent (a) and (d), NMP 

(b) and (e), (NMP/DCM) (c) and (f).   

 Fabrication and characterization of hollow nanofiber  

The coaxial electrospinning approach has been applied to fabricate hollow PEI 

nanofiber. PEI was used as a shell the fibers and mineral oil as a core.  The mineral oil has 

been then extracted by hexane. SEM analysis of the fiber morphology and spinnability 

(occurrence of beads-on-stirring) indicated that the solution concentration of the shell was 

the most important parameter for the fibers formation. The hollow structure was very clear 

in the SEM images (Figure 4.5). 
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Figure 4.5.SEM images of PEI hollow nanofibers 

 

 Fabrication and characterization of ODA-CNT doped nanofiber membrane 

The incorporation of MWCNTs within the PEI nanofiber was studied by SEM and 

TEM. The addition of CNTs increases the viscosity of the polymer solution and bigger 

fiber diameter was obtained. The nanofibers were uniformly dispersed within the polymer 

matrix and no agglomeration at 1% doping (Figure 4.6). 
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Figure 4.6. SEM image of PEI/CNTs nanofibers (a) and (c), TEM image of 

PEI/CNTs nanofibers (b) and (d) 

 

Hot press has been performed for the composite electrospun nanofibers to improve the 

mechanical properties of the membrane and SEM images were illustrated in Figure 4.7. 

We noted a change in the morphology and we gave to the fiber more orientation. 
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Figure 4.7. Cross-section SEM image the membrane before hot press (a) and (b), 

cross-section SEM image the membrane after hot press (c) and (d), SEM image of 

the surface before hot press, after hot press (f). 
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 Characterization of PEI/CNT nanofibers 

 

 

Figure 4.8. (a) DSC curves of PEI fiber and its composite fiber with 1.0 wt% c-

MWCNT-ODA concentration and (b) The TGA weight loss curves. 

 

As shown in figure 4.8a, DSC curves show the distinct glass transition (Tg) of PEI fiber 

and its nanocomposites fiber with loading c-MWCNT-ODA. It can be concluded, 

compared with neat PEI fiber (Tg=212.9oC), that Tg is increased by about 5oC after 

incorporating 1.0 wt% c-MWCNT-ODA into PEI matrix. This also indicates the mobility 

of polymer chains is reduced due to the constraint effect of MWCNTs. 

The thermal behavior of neat PEI fiber and its composites fiber with 1.0 wt% c-

MWCNT-ODA were studied by TGA analysis. Two steps were observed in N2 atmosphere 

thermal degradation of all samples, as shown in Figure 4.6b. The first step between 160 oC 

and 240 oC could be caused by the decomposition of ODA (Figure 4.2b). The weight loss 

of composite fiber at the same temperature range was lowered to 4-6 wt%, which indicates 

that the thermal stability was increased. The second step is the main decomposition of PEI 
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matrix. As shown in Figure 4.8b, the decomposition temperature was increased by adding 

c-MWCNT-ODA into PEI matrix. The thermal stability could be improved by adding 

carbon nanotubes, because of its excellent thermal stability, and this can slow down the 

materials volatilization or decomposition. Meanwhile, the good dispersion of MWCNTs in 

the PEI matrix restricted the segmental motion of PEI chain, which is attributed to the 

decomposition temperature increase of PEI composite fiber. 

The hydrophobicity of the membrane was then studied via water contact angle (WCA) 

measurements. First, the electrospun PEI membrane showed a higher hydrophobicity than 

that of the hot pressed PEI membranes as shown by the important increase of the WCA 

from 64 to 123 degrees (Table 4.1). This was attributed to the rough topology associated 

with the nanofiber structure. This topography was eliminated by the hot press process to 

obtain a smooth structure. Besides, experimental results showed no significant difference 

of the WCA by increasing the percent of CNTs doping.  This may be because most of the 

CNTs were incorporated straight and aligned along the fiber axis and little appearance on 

the top fiber to increase the surface roughness and reduce the surface tension of the 

membrane.   
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Table 4. 1 Water Contact Angle 

 

 

The mechanical properties of the membrane were studied by DMA (Figure 4.9). First, 

the electrospun PEI membrane at NMP showed a little increase of the storage modulus 

compared to the use of DCM this due to the defect-free membrane obtained by using NMP. 

Further increase in the mechanical properties has been noticed by the incorporation of 

nanofillers. This could be due to the good dispersion of CNTs within the nanofibers matrix 

and also to the hydrogen bonding sites created between the PEI and CNTs 
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Figure 4.9. Mechanical properties (DMA) 

 

 Oil/Water Separation  

The engineered PEI/CNTs composite ENMs showed the desired characteristics to be 

employed as a suitable membrane for oil/water separation. Figure 4.10 shows the 

separation data. The results were compared with the pristine PEI ENM under the same 

operating conditions. Red Sea water mixed with mineral oil was used for all experiments. 

Different membranes showed different separation performance and the observed trend was 

as follows: PEI-CNTs (0.5 %) ENM > PEI-CNTs (0.1 %) ENM > PEI ENM (DCM) > PEI 

ENM (NMP).  The pristine PEI ENM (DCM) showed A little increase in the separation 

performance compared to the PEI ENM (NMP). This could be from the higher porosity of 

PEI ENM (DCM) compared to PEI ENM (NMP). Furthermore, under the same operating 

conditions, PEI-CNTs (0.5 %) ENM and PEI-CNTs (0.1%) ENM showed around 50% 

increases in the separation performance compared to the pristine PEI ENM membrane. The 
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increase of the adsorption site to oil of the PEI-CNTs ENM at the surface compared to the 

PEI ENM could have provided more resistance to water penetration and higher adsorption 

of oil. The engineered system can be recycled in acetone and reused which make our system 

environmentally friendly. 

 

Figure 4.10. Oil/Water Separation 

 

 

 Conclusion  

In summary, ODA modified CNTs were doped into PEI composite nanofiber 

membranes for enhanced mechanical properties for oil-water separation. The ODA 

modification enhanced the dispersion of the nanofillers within the polymer matrix, which 

improves the membrane mechanical properties. The resulting nanofiber membrane 
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electrospun in DCM solvent depicted a high porosity and smooth structure in the case of 

NMP. The composite fibers showed a homogeneous and stable incorporation of the 

nanoparticles as shown by multiple techniques. The composite membranes were 

successfully employed for the separation of oil from the Red Sea. The prepared membranes 

showed enhanced oil separation vapor production as high as 50% compared to the pristine 

PEI nanofibers 
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Abstract: Healthcare-associated infections affect patients receiving treatments in a 

medical facility, bacterial infections being the most common. Prototypes of coating 

materials for medical devices incorporating antibacterial agents have been designed, but 

the leaching of active agents and their poor dispersion remain a major concern. Herein, we 

fabricated a smart antibacterial mixed-membrane coating comprising gold 

nanoclusters@lysozyme colloids gating mesoporous silica nanoparticles loaded with 

antimicrobial agents, together acting as nanofillers in a polymer coating material. The 

nanofiller was dispersed homogenously within the polymer matrix without phase 

separation and particle leaching. The process could be easily scaled-up with excellent 

uniformity. The particles were shown to be bacteria-responsive for the controlled release 

of antimicrobial agents and the mixed-matrix coating successfully inhibited the bacterial 

contamination. A radiographic dental imaging device prone to oral bacterial contamination 

was then coated with the antimicrobial material. The device performance remained 

unchanged with a drastic decrease of bacterial contamination which promises further 

applications on various medical devices without compromising their utility. 

KEYWORDS: gold nanoclusters; controlled release; mesoporous silica nanoparticles; 

antibacterial surfaces; mixed matrix membranes 
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  Introduction  

The spread of healthcare-associated infections is very challenging to control due to the 

ability of microbes to survive, grow and colonize on hospital surfaces and patient care 

devices. In the past twenty years, these infections have increased by 36 %, escalating the 

urgency to develop antibacterial surfaces to prevent bacterial growth and biofilm 

formation.1 Antimicrobial coating materials have thus been designed to protect surfaces 

prone to bacterial contamination. One of the most used antimicrobial ingredients in clinical 

technologies is nanoscaled silver (Ag) particles due to their ability to slowly release 

antimicrobial silver ions.2-5 For example, Ag nanoparticles (NPs)-doped polyethyleneimine 

constituted an effective antibacterial surface coating material.6-9 Nonetheless, the extensive 

exposure of bacteria to Ag-containing membranes endowed the development of Ag-

resistant microorganisms.10-12 Recent reports also revealed that the leaching of Ag NPs 

from packaging and storage products remains a major health concern.13 Other biocidal 

agents were incorporated into coating matrices to enhance their antibacterial properties, 

such as zinc oxide particles,14 triclosan15-17 and eugenol18-19 molecular agents, as well as 

antibiotics,20 but again the leaching remained their major drawback. These studies were 

mainly focused on the optimization of the antibacterial activity of the coating matrices 

without sensing the bacterial contamination which is important for its control.21-24 

The simultaneous sensing and inhibition of bacteria; contamination has been 

investigated in several studies.25-28 Dam et al. specifically targeted and detected infections 

caused by gram-positive bacteria using fluorescently labeled vancomycin.26, 29 Jenkins et 

al. described a thin film functionalized with vesicles to detect and inhibit the bacterial 

growth by a selective release of antimicrobial agents only in the presence of pathogenic 
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bacteria.30 Lysozyme functionalized gold nanoclusters (AuNCs) were used to detect 

bacteria through the multivalent interactions between lysozyme and N-acetylglucosamine 

on the peptidoglycans on bacterial cell walls.31-33 Nonetheless, the development of a 

biocompatible coating material for medical devices which could simultaneously detect and 

inhibit bacterial growth without leaching of the antimicrobial agent remains challenging to 

this day. 

Herein, we report the fabrication of a smart antibacterial polymer coating containing 

gold nanoclusters-lysozyme (AuNC@Lys) colloids capping kanamycin (Kana)-loaded 

mesoporous silica nanoparticles (MSN) as antimicrobial nanofiller, applied on a medical 

device for safer X-ray dental imaging. The electrostatic self-assembly of negatively-

charged and fluorescent AuNCs onto positively-charged aminated MSN provided bacteria-

responsive nanofillers into the coating for the detection and inhibition of bacterial 

contamination. Upon encountering bacteria, AuNC@Lys detached from the MSN surface 

due to the interaction of lysozyme with the bacterial cell wall, and the release of entrapped 

Kana antibacterial cargos occurred. Concurrently, the loss of the red fluorescence of 

AuNC@Lys was efficiently detected affording a qualitative bacterial sensing platform. The 

MSN-AuNC@Lys nanofiller was then uniformly dispersed into poly(ethylene 

oxide)/poly(butylene terephthalate) (PEO–PBT, of commercial name polyactive) coating 

material without particle leaching (Scheme 5.1). This biocompatible mixed-matrix 

membrane was successfully scaled-up with high uniformity and reproducibility. In order 

to highlight a real life application this system was spin-coated on dental imaging plates 

since such reusable dental care products are at high risk of oral bacteria contamination. 
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This smart coating efficiently detected and inhibited bacterial infections while maintaining 

the X-ray dental imaging performances. 

 Experimental section  

 Materials  

Milli-Q water (18.2 mΩ; Millipore Co., USA) was used in all experiments and to 

prepare all buffers. Cetyltrimethylammonium bromide (CTAB), tetraethylorthosilicate 

(TEOS), sodium hydroxide (NaOH), (3-aminopropyl)triethoxysilane (APTES), methanol 

(MeOH), ethanol (EtOH), lysozyme from chicken egg white (Lys), phosphate-buffered 

saline (PBS), tetrahydrofuran (THF), chloroauric acid (HAuCl4·4H2O), rhodamine B 

(RhB), kanamycin (Kana) sulfate and trypsin were purchased from Sigma-Aldrich. 

Calcein, ethidium bromide and 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyl-tetrazolium 

bromide (MTT) were purchased from Life Technologies. Bacto agar and LB broth were 

purchased from Becton and Dickinson (BD). MCF-7 and HCT-116 cell lines were 

purchased from ATCC. Poly(ethylene oxide)-poly(butylene terephthalate) (PEO-PBT) 

copolymer was received from IsoTis Orthobiologics. All the chemicals were used as 

received without further purification. 

 Preparation of cargo-loaded MSN-AuNC@Lys 

Preparation of MSN.34 First, CTAB (0.80 g) was stirred in deionized water (384 mL). Then, 

a concentrated aqueous solution of NaOH (2.8 mL, 2 M) was added, and the temperature 

of the solution was set to 80 °C. After 30 min, TEOS (4 mL) added by dropwise while 

stirring and the sol-gel process was conducted for 2 h. Finally, the MSN-CTAB suspension 
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was cooled down to room temperature, centrifuged at 14000 rpm for 15 min, washed with 

deionized water and methanol, and dried under vacuum for few hours. 

Preparation of MSN-NH2.
35-36 Non-extracted MSN-CTAB (200 mg) were suspended in 

anhydrous toluene (30 mL), APTES (100 L) was added to the mixture, and the solution 

was refluxed for 24 h. Then, the solution was cooled down to room temperature, 

centrifuged at 14000 rpm for 10 min, washed several times with EtOH, and dried at room 

temperature overnight. The resulting amino functionalized NPs were refluxed for 16 h in a 

mixture of methanol (80 mL) and concentrated HCl (1 mL, 37 %), filtered and washed 

extensively with water and ethanol. Two other extractions were carried out via ammonium 

nitrated ethanol solutions (6 g L-1), followed by ethanol washings to ensure the complete 

CTAB removal. The resulting surfactant-free MSN-NH2 were dried under vacuum for few 

hours. 

Preparation of AuNC@Lys. AuNC@Lys were synthesized according to a previously 

reported procedure.37 Briefly, an aqueous solution of HAuCl4 solution (5 mL, 10 mM) was 

added to a lysozyme solution (5 mL, 50 mg mL-1) under vigorous stirring at 37 °C. After 

10 minutes, an aqueous solution of NaOH (500 mL, 1 M) was introduced, and the mixture 

was incubated at 37 °C for 12 h. The final solution was stored at 4 °C. 

 Preparation of MSN-AuNC@Lys  

MSN-NH2 (20 mg) were dispersed in PBS (20 mL, 10 mM, pH 7.4), and the solution 

was sonicated for one minute. The as-prepared AuNC@Lys solution (5 mL) was then 

added into the MSN-NH2 solution and the mixture was stirred at room temperature for 12 
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h. Finally, the resulting MSN-AuNC@Lys product was collected by centrifugation (4000 

rpm, 10 min) and washed with PBS several times. 

 Preparation of cargo-loaded MSN-AuNC@Lys 

 MSN-NH2 (100 mg) were dispersed in PBS (25 mL, 10 mM, pH 7.4), mixed with RhB 

or Kana cargos (200 mg), and stirred at room temperature for 24 h. The RhB-loaded or 

Kana-loaded MSN-NH2 were then collected via centrifugation (4000 rpm, 10 minutes), 

washed once with deionized water, and dried under vacuum for few hours. The 

AuNC@Lys PBS solution was mixed with cargo-loaded MSN-NH2 and stirred for 6 h, 

followed by centrifugation and repeated washings with PBS. The amount of loaded 

kanamycin was determined by the Beer–Lambert law, A= εcl, where A is the optical 

density (255 nm) at sample concentration c, l is the path length of the sample cell (10 mm) 

and 3 is the molar absorptivity of the kanamycin (143.40 M_1 cm_1).  

   Bacterial studies  

Bacterial viability determination. E. coli or Bacillus safensis were cultured in LB 

medium at 37oC on a shaker bed at 200 rpm for 4−6 h. Then the concentration of bacteria, 

corresponding to an optical density of 0.2 at 600 nm for 1.6  108 CFU mL-1 diluted with 

LB medium, was measured by using UV-visible (UV-VIS) spectroscopy (Novaspec™ Plus 

Visible Spectrophotometer). Bacterial suspension (20 μL of 1.6  108 CFU mL−1) was 

added into LB medium for each well. Then, different concentrations of NPs (20, 80, 120, 

and 200 μg mL-1) were separately added into 24-well plates and shaken at 37 oC on a shaker 

bed at 200 rpm for 3 h. A NPs free solution was used as a positive control. The bacterial 

viability was determined by OD
600nm

. Each concentration was prepared and measured in 
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triplicate, and all experiments were repeated at least twice in parallel. Then, solutions of 

the control (10 L), RhB-loaded MSN-AuNC@Lys (10 L), and Kana-loaded MSN-

AuNC@Lys (10 L) of a concentration of 20 μg mL-1 were plated on LB agar and 

incubated at 37 °C overnight to count the number of bacterial colonies.  

 Dual activity of AuNC@Lys and Kana 

Kana release was monitored the by UV-VIS at 255 nm38. Kana-MSN-AuNCs@Lys (200 μg mL-1) 

were incubated with E.coli (1.6  108 CFU mL-1) at 37 °C under gentle shaking. The amount of 

kanamycin released was calculated by Beer–Lambert law. The loss of AuNCs fluorescence was 

detected by fluorescence spectrophotometer at 580 nm.  

 Polymer coating 

Pristine polymer coating. The PEO-PBT polyactive copolymer (3 wt%) was dissolved 

in THF (4 mL) and refluxed overnight. The resulting polymer solution was transferred into 

a glass Petri dish and then dried under air for 24 h at room temperature to ensure a slow 

evaporation process. Finally, the composited membrane was placed in a vacuum oven to 

evaporate potential water residues. 

Composite coating. Kana-loaded MSN-AuNC@Lys were dispersed in deionized water 

at a concentration of 20 mg mL-1. A fraction of this solution (1 mL) was then diluted in 

THF (4 mL) and the resulting mixture was sonicated for 1 h. Then, the PEO-PBT 

polyactive copolymer (3 wt%, 150 mg) was added and the solution was refluxed overnight. 

The same evaporation procedure used for the pristine film was followed to obtain the 

composite coating. 
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Coating of the dental device. The previous composite solution was spin-coated on PSP 

plates with a controlled thickness. The coated dental plate was dried under air for 24 h at 

room temperature to ensure a slow evaporation process. Finally, the composited membrane 

was placed in a vacuum oven to evaporate potential water residues. 

 

 

Scheme 5.1. Fabrication of the polyactive copolymer-doped with Kana-loaded MSN-

AuNC@Lys nanofiller (a) for the coating of an X-ray dental plate device (b). The 

coating material provides antimicrobial (c-d) and contamination detection (d-e) 

features to the device. The contamination can be assessed by the naked eye simply by 

the color change of the dental plate exposed to UV light, providing a practical medical 

device. 
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 Live/dead assay  

The Kana-loaded MSN-AuNC@Lys-Polyactive membrane was completely immersed into 

a bacterial suspension (5 mL) in a sterile 15 mL conical tube. The membrane was incubated 

at room temperature for 8 h. The live-dead assay was performed by immersing the 

membrane in the live/dead assay reagent, which was prepared according to the 

manufacturer. Then, two washings were performed with PBS. The membrane was mounted 

on a slide and imaged by laser scanning confocal microscopy. 

 Cell culture 

MCF-7 and HCT-116 cells were seeded at a density of 5×103 cells per well. Cells were 

cultured in EMEM medium containing 10 % of FBS and 0.1 % of penicillin–streptomycin 

at 37 °C in a humidified 5 % CO2 atmosphere. The media of MCF-7 was supplemented 

with 0.01 mg mL-1 insulin. 

 MTT Assay  

The cell viability was tested by the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5 

diphenyltetrazolium bromide, Life Technologies, Carlsbad, CA, USA) assay following the 

instructions of the manufacturer. Briefly, MCF-7 and HCT-116 cells (5×103 cells per well) 

were seeded onto a 96-well plate. On the following day, the culture medium was changed, 

and cells were incubated with different concentrations (200, 100, 50, 25, 12.5 and 6.25 μg 

mL-1) of Kana-loaded MSN-AuNC@Lys in 200 μL of fresh medium at 37 °C for 24 h. 

After 24 h, the medium was discarded, and a prepared culture medium containing 12 mM 

MTT solution was added to each well, including a negative control of culture media alone. 

After 3 h incubation, the medium was removed from the wells. Then 50 μL of DMSO was 
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added to each well and mixed thoroughly for 10 minutes. The absorbance was measured at 

540 nm using a microplate spectrophotometer (xMark™ Microplate Absorbance 

Spectrophotometer).  

 Trypan blue dye exclusion assay 

 The membrane was cut into 1 cm pieces. Each piece was placed in a well of the 24 

well plate. membrane free wells were used as positive control. HCT-116 cells were seeded 

at a density of 5×103 cells per well in EMEM medium at 37 °C in a humidified 5 % CO2 

atmosphere for 2 days. The media was changed every 12 h. At the end of the culture period, 

the medium was removed from the culture dish, cells were collecting by adding trypsin and 

centrifugation (1000 rpm, 5 minutes). Cells were washed with PBS twice and trypan blue 

staining of the cells was performed by adding 50 mL trypan blue (4%) to 50 mL cell 

suspension. A hemocytometer was filled and the cells were observed under an inverted 

microscope for total and viable cell counting. Viable cells were gray and dead cells were 

blue. 

 ICP-MS particle leaching experiments  

The experiments were performed on the mixed matrix coating in three media: in 

deionized water at pH 7, in deionized water at pH 5, and in a saline solution. We studied 

the leaching of Au from the coating for 10 days. The resulting solutions were analyzed 

every 24 h for 10 days with an inductively coupled plasma mass spectrometry (ICP–MS, 

Elan DRC II, PerkinElmer) to quantify the concentration of gold. The membranes were 

then digested and the results were presented in terms of percentage of Au released 

compared to the total amount of Au in the membrane. The results revealed the absence of 
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Au release in the three media, as the Au quantification yielded percentages below the 

accuracy limits of the instrument. 

 Apparatus and methods 

 The surface morphologies of the pure and composite membrane were investigated by 

field emission scanning electron microscopy using SEM Quanta 600. Standard (TEM) 

images were collected using a Tecnai G2 Spirit TWIN 20−120 kV/LaB6. The NPs were 

dispersed in ethanol and drop cast on a lacy copper grid and dried for 1 h prior to analysis. 

The chemical composition of the NPs was measured by FTIR spectrometer in the range of 

500 to 4000 cm-1. The decomposition behavior of the composites was studied using a 

thermogravimetric analyzer (TGA) (TG 209 F1 Iris, Netzsch, Germany) under nitrogen 

from 30 to 1000 °C at a ramping rate of 10 deg min-1. X-ray photoelectron spectroscopy 

(XPS) data were collected by an Axis Ultra instrument (Kratos Analytical) under ultrahigh 

vacuum (<10−8 torr) and by using a monochromatic Al Kα X-ray source operating at 150 

W. Atomic force microscope (AFM) images were acquired using an Agilent 5400 SPM 

instrument (USA). Porosimetry analyses were performed using a “Micromeritics” (ASAP 

2420) instrument at 77 K. Inductively coupled plasma-mass spectrometry (ICP-MS) data 

was obtained using a Perkin Elmer Elan DRC-II instrument. 
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 Results and discussion 

 Fabrication and characterization of the MSN-AuNC@Lys nanofillers. 

 

Figure 5.1.  (a) Representation of the preparation of Kana-loaded MSN-AuNC@Lys; 

TEM micrographs of MSN-NH2 (b) before and (c) after coating of AuNC@Lys. (d) 

Nitrogen sorption isotherm of MSN-NH2 NPs. (e) XPS of Kana-loaded MSN-

AuNC@Lys in the 4f gold region. 
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The gold nanoconjugates were first synthesized according to a previously published 

procedure37 and applied for their well-known red-NIR photostable emission and high 

quantum yield.39-40 The synthesis of AuNC@Lys involved the reduction of Au(III) ions 

in the presence of lysozyme at 37 °C upon the addition of sodium hydroxide. The 

AuNC@Lys nanoconjugates were characterized by transmission electron microscopy 

(TEM) which displayed ca. 2 nm nano-objects (Figure S5.1a), and fluorescence 

spectroscopy showed the typical broad red emission of the clusters centered at 680 nm 

(Figure S1b). The charged of AuNC@Lys was negative (-7 mV) in neutral conditions 

according to Zeta potential analyses (Figure S5.1c). 

The MSN-AuNC@Lys nanofillers were then prepared, starting with the sol-gel 

synthesis of mesoporous silica nanocontainers34 which have attracted tremendous 

attraction for their biocompatibility41-43 and controllable structure.35, 44-46 In order to 

electrostatically bind the negatively-charged AuNC@Lys to MSN, the surface 

functionalization of the nanocontainers was carried out with aminopropyltriethoxysilane 

affording MSN-NH2 (+24 mV). Fast Fourier transform infrared (FTIR) spectroscopy 

confirmed the preparation of aminated silica particles with the Si-O and N-H stretching 

vibration modes at 1089 and 1385 cm-1, respectively (Figure S5.2). In order to meet the 

requirements a drug release carrier nanofiller (Figure 5.1), the designed particles had to be 

non-aggregated and porous. The porosity was confirmed by the type IV N2-adsorption-

desorption isotherm typical of mesoporous materials, the high Brunauer-Emmett-Teller 

(BET) surface area of 684 m2 g-1, and the pore size distribution of MSN-NH2 centered at 

2.3 nm according to the Barret-Joyner-Halenda (BJH) theory (Figure 5.1e). The absence 
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of aggregation was shown by TEM which displayed well-dispersed MSN-NH2 150 nm-

large carriers with a long-range mesoporous order (Figure 5.1b). 

The preparation of MSN-NH2 containers capped with AuNC@Lys was then 

investigated. Note that both AuNPs and AuNCs have been reported as pore capping agents 

due to their strong electrostatic interactions with protonated amino groups as well as their 

high biocompatibility.36, 47-48 The preparation of MSN-AuNC@Lys was clearly confirmed 

visually via TEM which showed a rough particle surface typical of protein-coated MSN 

(Figure 1c).36 This successful capping was further supported by FTIR which depicted the 

appearance of several vibration modes of AuNC@Lys on the spectrum of MSN-

AuNC@Lys, such as the C=O (1674 cm-1), N-H arom (1545 cm-1), and N-H (1230-1380 cm-

1) of lysozymes (Figure S2). The presence of gold atoms was also directly confirmed by 

high-resolution X-ray photoelectron spectroscopy (XPS) with the presence of the Au 4f5/2 

and 4f7/2 peaks (Figure 5.1d).  

The loading of the pores of MSN-NH2 with Kana bacteriocidal agents followed by their 

capping with AuNC@Lys nanoconjugates was then performed (Figure 5.1a). The size 

distribution of the pores (~2 nm) of the particles was well-suited for the loading of the 

drugs (~1 nm), and the subsequent pore capping with AuNC@Lys (~2 nm). The Kana 

loading inside NH2-MSN was carried out in phosphate buffer saline (PBS) at room 

temperature for 24 h followed by the addition of AuNC@Lys. The amount of loaded 

kanamycin was detected by UV-VIS and it was found to be 350 mg g1. It was calculated via 

analyses of drug supernatants: [massdrug loaded / (massNPs)] x 100). The rhodamine B (RhB) violet 

dye was also used as a control cargo to verify the proper operation of the system by 
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monitoring the fluorescence. Photographs of cargo-free and cargo-loaded particle 

suspensions before and after centrifugation supported the stable loading of the cargos in 

the particles (Figure S5.3). 
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 Sensing and antibacterial properties of MSN-AuNC@Lys nanofillers  

 

Figure 5.2. (a) Schematic illustration of the bacteria-triggered cargo release from 

MSN-AuNC@Lys NPs. (b) Fluorescence emission spectra of AuNC@Lys: as the 

activity of lysozyme increases, the fluorescence of AuNCs decreases. (c-d) Release 

profiles of RhB-loaded (c) and Kana-loaded (d) MSN-AuNC@Lys in the presence of 

E. coli bacteria or in LB. (e) Kinetics of the antibacterial activity of MSN-AuNC@Lys 

loaded with RhB and Kana (20 g.mL-1) in LB broth at initially fixed bacteria 

concentration. 
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The sensing and antibacterial properties MSN-AuNC@Lys associated with the 

controlled release application of the system were then tested in the presence Escherichia 

coli (E. coli) bacteria (Figure 5.2a). E. coli was selected as a model bacterium to study the 

antibacterial activity of Kana-loaded MSN-AuNC@Lys as it is a well-characterized and a 

medically-relevant bacterium. Bacillus safensis was used as a model bacterium for gram-

positive bacteria. All antibacterial activity tests were performed in triplicates and were 

carried out at different times to ensure the experimental reproducibility. The mechanism of 

the drug release system involved the adsorption of the particles in the bacteria upon 

bacterial contamination, followed by the degradation of the bacterial cell wall by lysozyme 

which would in turn quench the gold fluorescence (Figure 5.2a). Experimental observations 

showed that the fluorescence of AuNCs did gradually quench over time (Figure 5.2b), 

which revealed that the fluorescence depended on the lysozyme catalytic activity. 

Beginning with the model dye cargo, RhB-loaded MSN-AuNC@Lys were then incubated 

with E. coli (1.6108 CFU mL-1) at 37 °C under gentle shaking to assess the bacteria-

responsiveness of the particle. The particles depicted a controlled release of RhB in bacteria 

growing media Luria broth (LB) and no release was detected in the absence of E. coli 

(Figure 5.2c). Similar conclusions were observed for Kana-loaded particles (Figure 5.2d). 

Interestingly, the release of both cargos was delayed for about 20 minutes. This was 

consistent a study Li et al. which suggested that nanomaterials-bacteria interactions are 

initiated in 10 minutes and that the cell wall destruction starts in 30 minutes.33 
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 Biocompatibility of MSN-AuNC@Lys nanofillers 

 The biocompatibility of AuNC@Lys-capped Kana-MSN nanofillers was then tested 

in two different cell lines MCF-7 and HCT-116. Their cytotoxicity was assessed by the 3-

(4,5-dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide (MTT) assay and the results 

were compared with the controls. The data obtained proved that the MSN-AuNC@Lys 

nanofillers were biocompatible even at the high concentration of 200 μg mL-1 in the two 

different cell lines (Figure S5.4). 
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 MSN-AuNC@Lys bacterial inhibition kinetics 

 

 

Figure 5.3. (a) Antibacterial activity of different concentrations of NPs over time 

towards E. coli (1.6×107 CFU mL-1). (b-d) Photographs of Petri dishes showing the (d) 

antimicrobial activity of Kana MSN-AuNC@Lys against E. coli compared with an E. 

coli control (b) and the activity of AuNC@Lys (c). A portion of the LB broth bacterial 

suspension was streaked on LB agar. A system free of E. coli was used as a control to 

compare the bacterial growth. 

 

 The E. coli inhibition kinetics in response to its interaction with cargo-loaded MSN-

AuNC@Lys at the concentration of 20 μg mL-1 were studied over 3 h (Figure 5.2e). The 
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antibacterial activity was related to the activity of AuNC@Lys. Compared to the control 

point (OD600: 0.2 = 1.6×108 CFU mL-1), the E. coli viability decreased by 50 % in 170 

minutes when the RhB inactive cargos was used due to the activity of AuNC@Lys (as 

discussed later with Figure 5.3c). Incorporating the antibacterial Kana drugs into the pores 

of the nanofillers, however, decreased the viability by 50 % in only 50 minutes, and by 

about 80 % in 170 minutes (Figure 5.2e). The efficacy of the antibacterial activity of Kana-

loaded MSN-AuNC@Lys was further investigated at various particle concentrations (20, 

80, 120, and 200 μg mL-1) for up to 3 h (Figure 5.3a). Kana-loaded MSN-AuNC@Lys were 

able to inhibit the growth of E. coli by more than 96 % at a concentration of 200 μg mL-1 

over a short period of time. A concentration of 20 μg mL-1 resulted in inhibiting 73 % of 

bacteria over the same period of time. Photographs of Petri dishes containing E. coli 

bacteria grown on LB agar also showed that Kana-loaded MSN-AuNC@Lys were more 

efficient to inhibit bacterial growth than cargo-free NPs and the E. coli control (Figure 

5.3b-d). The nanofiller antibacterial activity toward Bacillus safensis was also very 

effective (Figure S5.5). Note that, this design showed a faster response against bacteria and 

better antibacterial properties when compared to other reported systems employing 

lysozyme.33 

 Detection of E. coli bacteria 

 The loss of AuNC@Lys fluorescence was correlated qualitatively to E. coli 

concentration. E. coli 4×103 to 4×107 CFU mL-1 were mixed with 300 μg mL-1 of Kana-

loaded MSN-AuNC@Lys and incubated for 3 h. The fluorescence intensity was detected 

at λmax 580 nm. The fluorescence intensity of AuNC@Lys decreased linearly with the 

increase in E. coli concentration over this range. The calibration function for the E. coli 
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analysis is I = 0.12848c + 64.7947 (with a good linearity r2 = 0.948) where I is the 

fluorescence intensity and c is the concentration of E. coli (Figure S5.6).  

1.1.1.  Fabrication and characterization of the mixed matrix coating 

 

 

Figure 5.4. (a-f) Representation of the polymer coating without (a) and with (b) the 

antibacterial nanofillers and the corresponding SEM (c,d) and AFM (e,f) 

micrographs. The roughness (R) observed on the membrane by AFM varied and 

supported the particle doping of the polyactive membrane. (g) Representation of a 

cross section of the membrane on which (h) SEM and (i) TEM analyses were 

performed to verify the uniform dispersion of the mesoporous particles into the 

membrane. 

 

 The antibacterial MSN-AuNC@Lys nanofillers were then mixed with the PEO/PBT 

copolymer (also known as polyactive) which is a promising flexible, environmentally 

friendly, biocompatible, and cost-effective polymer for manufacturing membranes.49-52 

Polyactive is amphiphilic and soluble in tetrahydrofuran (THF) which allows a 
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homogenous mixture with an aqueous dispersion of MSN-AuNC@Lys to avoid phase 

separation or precipitation during the membrane preparation. Mixed membranes of 50 μm 

in thickness were fabricated employing a THF/H2O mixture (80:20, v:v) of polyactive with 

or without 10 wt% of MSN-AuNC@Lys NPs via a slow evaporation process of the solvent 

at room temperature (Figure 5.4a-b). The presence of the MSN-AuNC@Lys nanofiller was 

confirmed by comparing scanning electron microscope (SEM) images of the pure and 

mixed membrane coatings (Figure 5.4c-d). Atomic force microscopy (AFM) images 

correlated these results with a significant increase of the surface roughness from 17 nm in 

the polyactive membrane coating to 116 nm in the polyactive-nanofiller coating (Figure 

5.4e-f). In order to visualize the particles, SEM and TEM of a cross-section of the mixed 

membrane were then performed and showed the incorporation of the nanofillers (Figure 

5.4g-i). High magnification TEM micrographs also revealed that the hexagonal porosity of 

MSN was intact (Figure 5.4i). Thermogravimetric analysis (TGA) of the nanofillers, the 

nanofiller-free membrane, and the membrane-nanofillers verified the incorporation of 

about 15 wt% of nanofillers (Figure S5.7). The thermal of decomposition of the polymer 

matrix started at 400 °C while the nanofillers decomposed in two steps: a minor fraction 

from 250 to 500 °C and the major fraction at around 550 °C. This analysis also 

demonstrated that the presence of the nanofillers did not decrease the thermal stability of 

the polyactive polymer. 

 Drug release and biocompatibility of the mixed membrane 

 The E. coli bacteria-responsiveness of the mixed membrane was first tested. The 

release of Kana drugs was obtained in the presence of bacteria while the drugs remained 

loaded in LB broth (Figure 5a-b). As observed with the cargo-loaded MSN-AuNC@Lys 



150 
 

nanofillers, the release of the Kana cargos (abs = 255 nm, Figure 5.5b) from the mixed 

membrane was also delayed for approximately 50 minutes. The biocompatibility of the 

mixed membrane coating was then evaluated by the trypan blue dye exclusion assay.53 The 

number of viable cells was counted using a hemocytometer and the percentage of viable 

cells was correlated to the number of cells in the control. A section of the membrane with 

a diameter of 10 mm was soaked in methanol for 5 minutes, washed, and then placed into 

a 24-well plate. A solution of HCT-116 cells was added to each well containing the 

membrane for 2 days and membrane-free wells served as positive controls. Two days after 

cell culturing on the membrane, their viability rate was determined. The viability of the 

cultured cells was 86 % which is remarkably low despite the high content of the membrane 

in this test (Figure 5.5c). 
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 Antibacterial activity of the mixed membrane 

 

 

Figure 5.5.  (a) Kana release profiles from the mixed membrane in the presence of E. 

coli bacteria or in LB broth. (b) Absorption spectra of Kana over time in the 

membrane supernatants displayed the release of Kana drugs. Inset: cartoon of the 

Kana-release form the membrane. (c) Cell viability assay of the membrane showing 

the non-significant cytotoxicity of the device coating. (d) The nanofiller-free and 

nanofiller-doped membranes was immersed (or not) with E. coli containing broth. 

The AuNC fluorescence was quenched upon the E. coli exposure. (e,f) CLSM images 

of E. coli stained with a fluorescent cell viability marker (live/dead assay) for the 

nanofiller-free (e) and nanofiller-doped (f) membranes. Viable bacteria appeared as 

green dots and non-viable as red dots. 

 

 E. coli bacteria were then poured on the membrane and left for 8 h (3 mL, OD600: 0.6 

= 4.8 × 108). As shown in Figure 5.5d which compares the membrane with or without 
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nanofillers, the fluorescence of AuNC@Lys was sharply quenched in the presence of E. 

coli which indicated the lysozyme activity and the kanamycin release. In order to confirm 

the antimicrobial properties associated with the release of the drug, live-dead assay were 

performed. In this assay, the viable and dead bacteria were respectively stained in green by 

calcein and in red by ethidium bromide (EtBr) (Figure 5.5e-f). Using only polyactive 

membranes, most of the bacteria remained viable as shown with green calcein color (Figure 

5.5e). Conversely, employing the MSN-AuNC@Lys mixed membrane coating, the image 

was covered with red dots indicating high bacterial death (Figure 5.5f). In the absence of 

the bacteria the nanofilllers remained in the coating after 10 days in various fluids (H2O 

pH 5 and 7, saline) as shown by inductively-coupled plasma-mass spectrometry (ICP-MS) 

analysis (see Table S5.1). Differential scanning calorimetry was also carried out as a 

quality control verification of the thermal stability of the composite membranes before and 

after exposure to bacteria (Figure S5.8). The DSC data showed minor shifts in the 

crystallization temperature peaks with the presence of nanofillers and no other peaks were 

detected, which implied that there was no phase transition in the composite membrane even 

after exposure to bacteria which supported the proper stability of the membrane for the 

targeted application. 
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 Coating X-ray dental imaging plates 

 

 

Figure 5.6. (a-b) Representation of a PSP dental plate without (a) or with (b) the smart 

bacteria-responsive coating. (c-d) X-ray radiographic dental images using the 

uncoated (c) and the coated PSP plate (d). Both coated and uncoated plates provided 

high-resolution images. 

 

 The mixed membrane was then applied as a protective smart coating of X-ray dental 

image plates. A photostimulable phosphor (PSP) plate was coated with the developed smart 

membrane. Such imaging plates are usually inserted into a plastic sleeve or a “barrier 

envelope” prior to insertion into the mouth of the patient to acquire X-ray dental images. 

A major limitation of the PSP plates, however, is the possibility of transferring 

contaminated material to patients when the protective envelope of the plate is damaged. 

Coating the PSP plate with MSN-AuNC@Lys mixed membrane coating showed a bright 

red color in the absence of bacterial contamination (Figure 5.6a, see photograph in Scheme 



154 
 

1d). At low bacterial contamination (4103 CFU mL-1), the antibacterial nanofillers could 

quickly inhibit the bacterial infection and a decrease in red fluorescence was observed 

(Figure 5.6b, see photograph in Scheme 1e). However, only a blue color was obtained in 

the case of high bacterial contamination (4107 CFU mL-1) as shown in Figure 5.6c. Most 

importantly, the designed smart coating did not jeopardize the quality of the dental images 

obtained with the PSP (see Figure 5.6c-d). The bacteria-responsive MSN-AuNC@Lys-

polyactive coating thus provides a safer practical application of PSP medical devices with 

a straightforward optical detection test to assess their antimicrobial effectiveness. 

 Conclusion  

A smart dual-functional membrane with sensing and antibacterial properties was 

developed for the coating of X-ray dental imaging devices. These two properties were 

garnered into the polymer coating material via the incorporation of drug-loaded 

mesoporous silica nanoparticles capped with gold nanoculsters@lysozyme colloids which 

have an intense red fluorescence in the absence of bacteria. In the presence of E. coli 

bacteria, however, the red fluorescence was quenched as the clusters were detached from 

the silica particles while releasing the antimicrobial drugs. The absence of fluorescence on 

the surface of the plate led to a blue color under UV light and indicated the bacterial 

contamination; conversely, a red fluorescent surface signaled a bacteria-free environment. 

The MSN-AuNC@Lys-polyactive smart coating was characterized with multiple 

techniques including electron microscopies and spectroscopic methods, and the sensing 

and bacteria-triggered drug release features were demonstrated in-vitro. The practical 

utility of this coating was then showcased on X-ray dental imaging plates which are prone 

to oral bacteria contamination. The system showed a reproducible detection and inhibition 
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of the bacterial growth with high-quality X-ray dental images which proved its promising 

real-life applicability. This coating strategy could be further expanded to include the 

monitoring and inhibition of bacterial contamination on hospital surfaces, medical 

equipment, and other radiographic patient care devices. 

 Supporting Information 

 

 

Figure S5.1. (a) TEM micrograph of AuNC@Lys along with its (b) fluorescence 

spectrum and (c) zeta-potential over different pHs. 
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Figure S5.2. FTIR analyses of MSN-NH2, AuNC@Lys, and the resulting MSN-

AuNC@Lys after pore capping supporting the formation of the nanofillers. 
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Figure S5.3. Photographs of (a) AuNC@Lys (pink); (b) MSN-AuNC@Lys (light 

pink); (c) Kana-loaded MSN-AuNC@Lys (beige); (d) RhB-loaded MSN-AuNC@Lys 

(pink) 
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Figure S5.4. Cell viability was measured by the 3-(4,5-dimethylthiazol-2-yl)-2,5 

diphenyltetrazolium bromide (MTT) after transfection. MCF-7 and HCT-116 cells 

were plated on a 96-well plate and treated with different concentrations of Kana-

loaded MSN-AuNCs@Lys for 24 h. Results are presented as the mean of three 

determinations. 
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Figure S5.5. Antibacterial activity of different concentrations of the composite 

membrane over time towards Bacillus safensis (1.6×107 CFU mL-1). 
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Figure S5.6. Calibration plots of the intensity as a function of the E. coli 

concentrations over 3 h. λex / λem = 365 nm / 580 nm. AuNC@Lys capped Kana-MSN 

concentration: 300 μg mL-1.  

 

 



161 
 

 

Figure S5.7. TGA of MSN-AuNC@Lys, polyactive membrane, and the membrane 

nanocomposites confirming the incorporation of MSN-AuNC@Lys into the 

polyactive matrix. 
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Figure S5.8. DSC analyses for Polyactive membrane, the intact composite MSN-

AuNC@Lys-Polyactive membrane, and after bacterial exposure for 24 h. No phase 

transition was detected even after exposure to bacteria, which reflects the thermal 

stability of the system. 
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Table S5.1. ICP-MS gold quantification for the potential membrane leaching. 

 

Au Leaching % 

 

Time H2O pH 5 H2O pH 7 Saline  

6 h 0.000 0.001 0.004 

1 d 0.000 0.001 0.001 

2 d 0.000 0.009 0.001 

3 d 0.000 0.001 0.001 

4 d 0.000 0.001 0.001 

5 d 0.000 0.001 0.001 

6 d 0.000 0.001 0.001 

10 d 0.001 0.001 0.001 
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 Chapter 6: Acetal-Dextran/Polyvinyl Alcohol Stimuli-Responsive 

Core-Shell Nanofibers as Efficient Anti-Corrosion Coating 
 

 

 

Abstract 
 

      In this work, the coaxial electrospinning approach has been applied to fabricate 

smart core shell nanofiber for the controlled release of anticorrosion material. Acetal-

dextran was used as a pH controlled shell for Polyvinyl alcohol (PVA) fibers core. 

Scanning Electron Microscope (SEM) analysis of the fiber morphology and 

spinnability (occurrence of beads-on-stirring) indicated that the solution concentration 

of the shell was the most important parameter for the fibers formation. Transmission 

electron microscopy (TEM) and confocal microscopy confirmed the core shell 

morphology.  We also demonstrated the possibility to encapsulate two different dyes 

in each layer of the fiber, which was confirmed by confocal microscopy. Caffeine, as 

an anti-corrosion inhibitor was encapsulated in the fiber core to test its potential 

application as an anticorrosion coating. Almost negligible release was noticed at neutral 

pH.  At acidic pH, the fibers quickly reacted by releasing the caffeine cargo. This smart 

system could be easily scaled up and used as a promising platform for stimuli 

responsive membranes that could be used in industrial anticorrosion coating 

applications.  
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 Introduction  

Aluminum alloy or carbon steel are widely used in the oil, gas and aerospace industry. 

However, a key challenge for these materials is in controlling the destructive attacks of 

corrosion.1-3 To avoid the major crisis, researchers have been very active in their effort to 

improve the corrosion resistance of aluminum and steel-based materials. The use of bio-

inspired self-healing protective coating has gained great attention recently as an efficient 

and cost effective mean of protection.4-5Chromate conversion coating has been used widely 

as an efficient self-healing coating that has the ability to restore the structural integrity of 

the coating in the case of micro-damage.6 However, leaching of undesirable material such 

as the carcinogenic hexavalent chromium from this coating can have a harmful 

environmental impact.7 Therefore, there is a need for an environmentally friendly 

alternative such as a “smart coating”,8,9 which is a bio-inspired coating with self-healing 

and stimuli-responsive characteristics. The smart coating has the ability to repair damage 

without external intervention in response to the surrounding environmental stimuli such as 

pH, heat, light irradiation, mechanical crack, etc... 5, 10-11 The conventional direct doping of 

coatings with inhibitors have been used and showed excellent anticorrosion performance 

due to its self-healing characteristics. However, the early leaching of the inhibitor and the 

incompatibility with matrix can be major concerns.  

To overcome these limitations, researchers developed ideal smart nano-containers that 

can encapsulate inhibitors and release it upon demand by response to stimuli.12-13 The 

concept of polyelectrolyte layer-by-layer assembly technique has been reported by 

Zheludkevich et al. to encapsulate the anti-corrosion inhibitor and control the release at 

acidic conditions.14 Stimuli-responsive mesoporous silica nanoparticle has been also 
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extensively used to encapsulate inhibitors and respond to many external stimuli such as 

light, 15-16 pH7, 17-18... unfortunately, the operation complexity and the high cost of these 

nanoparticles are the major concern to scale up and use it in industrial anti-corrosion 

coating applications. In recent years, the coaxial electrospinning used as a suitable 

alternative. The large surface of contact of electrospun nanofiber is a great advantage 

compared to traditional nanocontainer because it can continuously and selectively add the 

self-healing functionality to large area substrates.19-20 Furthermore, it uses purely physical 

forces to form the core/sheath structure, which avoids the chemical reaction stability and 

can process a broader variety of self-healing materials.21 Wook Lee et al. incorporated 

dimethyl siloxane (DMS) and dimethyl-methyl hydrogen-siloxane separately in the cores 

of polyacrylonitrile (PAN) nanofibers and poly(dimethyl siloxane) (PDMS) resin as an 

outer coating. Upon any mechanical crack, the two component released and polymerized 

to self-heal the PDMS coating.22 Similar studies have been performed with different self-

healing components.20 Most of the studies for the core shell nanofiber were limited to the 

mechanical crack stimuli. In this chapter, the coaxial electrospinning approach has been 

applied to fabricate smart core shell nanofiber for controlled release of anticorrosion 

material. Acetal-dextran (Ac-Dex) was used as pH controlled shell1 of the fibers and 

polyvinyl alcohol (PVA) as a hydrophilic core (Figure 6.1). Caffeine, as an anti-corrosion 

inhibitor7 was encapsulated in the fiber core to test its potential application as anticorrosion 

coating. Almost negligible release (Figure 6.2) was noticed at neutral pH. In acidic pH, the 

fibers quickly respond by releasing caffeine cargo. This is the first report on pH sensitive 

core shell nanofiber for anticorrosion coating.  
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 Experimental section  

 Materials 

All materials were purchased from Sigma Aldrich and used as received unless 

mentioned otherwise.  

 Preparation of Acetal-Dextran 

Ac-DEX was synthesized based on the previously reported method.23Dextran (1 g, 

MW=40000) and pyridinium p-toluenesulfonate (0.2468 mmol) were dissolved in 

anhydrous dimethyl sulfoxide (DMSO, 10 mL) and reacted with 2-ethoxypropene (148 

mmol) under nitrogen gas at room temperature. Activated molecular sieves (5 Å, 100 mg) 

were used to ensure the anhydrous conditions. After 5 h, the reaction was quenched with 

triethylamine TEA (4 mL, 28 mmol). Molecular sieves were then filtered. The polymer 

was precipitated by slowly adding the reaction mixture to stirring the basic water. The 

product was isolated by centrifugation and the resulting pellet was washed thoroughly with 

dd-H2O (pH 8) by vortexing and sonication followed by centrifugation and removal of the 

supernatant and lyophilized for 2 days.  

 Preparation of the electrospun nanofibers. 

 Preparation of the PVA single fiber  

 Aqueous solutions of PVA polymer were prepared. PVA was dissolved in the water 

(3 to 8 wt%) under magnetic stirring at 80 °C for 24 h. When the solution was cooled to 

room temperature, Triton X-100 with the concentration of 1 v/w % was added to lower the 

surface tension.   A fraction of this PVA solution (6 mL) was electrospun at 25°C using a 

10 mL syringe with a “21 Gauge” needle at a mass flow rate of 1 mL h-1. A high voltage, 
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(20 kV) was applied between the needle and the plate collector, and an automatic system 

was used to move the collector in a zig-zag direction to obtain a uniform membrane. The 

nanofibers were collected on the aluminum mounted on the grounded collector plate and 

the thickness of the membrane was controlled by experimental time. 

 Preparation of the Ac-Dex nanofiber  

Solutions of Ac-DEX in ethanol were prepared at concentrations of 0.20, 0.25, 0.40 

and 0.60 g/mL. Each solution was loaded into a syringe attached with a 21 gauge stainless 

steel capillary. The experiment was then carried out in the manner as that of PVA nanofiber 

membranes. 

 Preparation of the core shell nanofibers 

Solutions of Ac-DEX (0.60 g/mL) and PVA (3%) were prepared in the same manner 

as for the single fiber. A special spinneret with two inlets was used to generate core–shell 

fibers, one each for core and shell solutions. The nozzle of the spinneret was in the form of 

coaxially arranged capillaries where outer capillary supplied the shell solution while the 

inner needle supplied the core solution. The inner and outer diameters of the needle were 

0.4 mm and 0.6 mm respectively. the polymer solutions were electrospun at  different flow 

rates to study its effect on the electro-spinability. 
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Figure 6.1. Representation of the design 

 

 Apparatus and methods 

The chemical composition of the Ac-Dex was measured by NMR. The surface 

morphologies of the electrospun nanofibrous membrane were investigated by field 

emission scanning electron microscopy (FE-SEM) using SEM Quanta 600 and Nova Nano 

630 FEG. For SEM analysis nanofibers were collected on aluminum foil. Prior to SEM 

analysis, the electrospun membranes were sputter coated with iridium. Standard (TEM) 

images were collected using a Tecnai G2 Spirit TWIN 20−120 kV/LaB6. The electrospun 

nanofibers were directly spun on the copper and subjected to TEM imaging. Confocal laser 

scanning microscopy was used to study the uniformity of the nanofiber core shell structure. 

Calcein and rhodamine dye were blended with Ac-Dex and PVA prior electrospinning. 

Caffeine release from the core-shell nanofiber was conducted by placing the nanofiber PBS 
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buffer (pH = 7.4). At predetermined time interval, the solution was centrifugated and 3 mL 

were taken from the solution and studied by UV-VIS spectrophotometer (Varian Cary 

5000) at 273 nm for caffeine. The buffer solution was then adjusted at pH=5  and the 

measurements were carried out in the same manner as that for pH=7.4. 

 

Figure 6.2. Representation of the mechanism 

 

 

 

 

 

 

 

 

 



176 
 

 Results and discussion  

 Fabrication and characterization of Acetal-Dextran  

 

 

 

Figure 6.3. Proton NMR shown the modification of the dextran polymer 

 

The Ac-Dex modification was confirmed by proton NMR (Figure 6.3) as previously 

reported.23 
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 Fabrication and characterization of Acetal-Dextran and PVA nanofibers 

 

 

 

Figure 6.4. (a), (b) and (c) electrospun Acetal dextran with concentration of 25%,35 

and 45% in ethanol, (d), (e) and (f) electrospun polyvinyl alcohol with concentration 

of 4%, 6% and 8% in water. 

In order to study the electrospinnabilty of the bare Ac-Dex and PVA polymer, we tested 

three different concentrations of each polymer into the ethanol and water solvent. At low 

concentration, the chain overlap was not sufficient and beads were observed by SEM 

(Figure 6.4 a, d). Upon increases of the concentration to 35 and 6%, the better 

macromolecule entanglement allowed a better control but insufficient of the 

electrospinning jet producing beaded Ac-Dex and PVA nanofibers (Figure 6.4 b, e). By 

increasing the concentration to 45% and 8% for Ac-Dex and PVA respectively, the high 
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macromolecule entanglement allowed a satisfactory control of the electrospinning jet 

producing smooth beads-free PEI nanofibers (Figure 6.4 c, f). 

 Fabrication and characterization of the core-shell nanofibers 

 

 

Figure 6.5. Laser confocal microphotographs of Core Shell Acetal Dextran-Calceine 

/PVA-Rhodamine B fibers electrospun at inner flow rates of 0.4 (a), 0.8mL/h (b). 

The outer flow rate used was 1.6 mL/h. 

Figure 6.5 shows a fluorescence microscopy image of core shell Ac-Dex-Calceine 

/PVA-Rhodamine B fibers electrospun at different core flow rate. In Figure 6.5a it is clear 

that both dyes (calcine: green/Rhodamine B: red) were uniformly distributed within each 

fiber. The overlap of the tow dyes results in a new color (green yellow). Upon increasing 

the core flow rate Figure 6.5b we can note that the two dyes were distributed in different 

fibers and the overlaps was only limited to a few parts on the nanofibers membrane. This 

indicates the importance of flow rates ratio between the core and shell solutions on the 

coaxial electrospinning. It is clear that with the ratio (core: shell) less than 1:4, the shell 

solution is insufficient to totally encapsulate the core solution. The resulting electrospun 

fibers form separate pristine Ac-Dex and PVA nanofibers with a little amount of core shell 
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structure. The unstable Taylor cone at this condition (Figure 6.5b) can be the reason for the 

separation of the two polymers. Flow rate ratios of 1:4 allow the formation of stable 

core/shell Taylor cones and produce uniform electrospun core–shell fibers confirmed by 

TEM images in Figure 6.6.  

  

Figure 6.6. TEM images of Core Shell Acetal Dextran/PVA 

 

The compatibility of the caffeine with the polymer and the distribution of the drug 

within the polymer matrix was carried out and investigated in this section. The 

incorporation was successfully performed with high drug contents (30 g/ml) as displayed 

by SEM micrographs depicting the surface morphologies of the pristine Ac-Dex and core 

shell Ac-Dex/PVA doped caffeine (Figure 6.7).  The SEM image of Ac-Dex doped caffeine 

(Figure 6.7a) showed defect fibers, indicating the incompatibility of Ac-Dex and caffeine. 

However, in figure 6.7b, the nanofibers reveal a smooth and defect free surface, indicating 

that the drug was encapsulated homogeneously in the PVA matrices within the core shell 

fibers.  
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Figure 6.7. SEM images Acetal Dextran/Caffeine (a) and Acetal 

Dextran/PVA/Caffeine (b) with 30 g/ml caffeine 

 

  Release profile  

Figure 8 depicts the release profile of the caffeine from the core shell nanofibers at pH 7 

and 5, as a function of time. At pH 7 the figure showed very slow release it can be clearly 

observed that the increasing trend of the UV/Vis absorption is negligible and remains more 

or less unchanged for more than 3h. This indicates that most of the caffeine still entrapped 

within the core-shell nanofibers and only small quantity released. The released caffeine 

could be from its leaching from the surface or the partial modification of dextran. Upon 

decrease of the pH to 5, the release profile of caffeine molecules clearly increases and three 

distinct regions were observed. A burst release region for just a few minutes due to the 

degradation of the acid sensitive Ac-Dex polymer and the hydrophilic nature of the PVA. 

In the second region, we observed a sustained release for 1 h due to the continued 
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degradation of the Ac-Dex. The last region represents an unchanged UV/vis absorption 

which indicates the total release of the cargo.     

 

 

Figure 6.8. Caffeine Release 

 Conclusion  

In summary, we successfully doped caffeine molecule in a novel pH responsive core 

shell Ac-Dex/PVA nanofiber for corrosion resistant coating. Results showed the successful 

synthesis of the nanofiber core shell structure. At neutral pH, almost negligible release was 

noticed. However, at corrosion condition (local acidification) the fibers quickly respond by 

releasing caffeine cargo due to the pH sensitive Ac-Dex shell. 
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 Future work  

Our fundamental results prove that our smart container could be easily scaled up and 

used as a promising platform for stimuli responsive membranes that could be used in 

industrial anticorrosion coating applications. It is clear that a slow release is obtained at 

neutral pH. This could be from the partial modification of the dextran. Further work should 

be done to improve the Ac-Dex properties. Many reports24-25 showed that the synthesis 

time can have a significant effect on the degradation of Ac-Dex. We need to repeat the 

dextran modification by increasing the time modification to obtain zero release at neutral 

pH. The smart nanocontainers should be incorporated in the epoxy coating and studied its 

compatibility and anticorrosion properties. Different techniques should be used such as 

Scanning Vibrating Electrode Technique and Electrochemical Impedance Spectroscopy 

measurements. 
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Part III 

 

Engineering of Mixed Matrix Membranes for Gas separation 

 

 

 



 Chapter 7: Carbon Dioxide Selective Mixed Matrix Membrane 

using Periodic Mesoporous Organosilica Nanofillers 

 

 

 

Abstract  

Mixed matrix membranes (MMMs) made from selective inorganic fillers and polymers 

represent a rapidly expanding class of next-generation membranes for gas separation. In this study, 

we describe the synthesis and application of novel ethylene-diamine-based periodic mesoporous 

organo-silica (PMO). TEM, XRD, and nitrogen adsorption isotherms characterization techniques 

showed that the MMM featured ordered mesostructures, high surface areas and narrow pore size 

distributions. The gas adsorption properties of these materials were investigated for CO2, CH4 and 

N2 gases at different temperatures (0oC and 25oC). PMO nanoparticles exhibited excellent CO2 

uptake and selectivity. The novel PMO nanoparticles were homogeneously incorporated into 

polydimethylsiloxane to fabricate a MMMs thin layer on a porous polyacrylonitrile support. The 

gas transport properties of the MMMs were characterized by single gas permeation measurement 

of CH4, N2 and CO2, and the 5% PMO NPs doping showed a 50% increase of the CO2/N2 selectivity 

when compared to the pristine membrane. 
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 Introduction  

Global warming is considered one of the most critical problems nowadays.1-2 The 

growing consumption of fossil fuel is the reason for CO2 emission which is the main 

contributor to the greenhouse effect and global warming.3-4 Finding an alternative resource 

of energy have been extensively studied such as solar energy,5 wind energy,6 biomass 

energy and fuel cell.7-8 However, the efficiency still much lower compared to fossil fuel 

efficiency and CO2 still emitted. To overcome these problems, there is a need for an 

efficient CO2 separation technology.9-11 

Polymer membrane has attracted considerable attention for CO2 separation due to its 

lightness, simple operation, high mechanical properties, environment-friendly properties 

and low cost.12-14 Although polymer membrane is a promising technology, one of the 

challenges it’s facing is the tradeoff between permeability and selectivity, the so-called 

Robeson’s upper bound.15-17 The inorganic membrane has been also used for gas separation 

and showed high permeability and selectivity. Unfortunately, the poor workability, the 

difficulty to prepare a large-scale defect-free membrane and the high cost limit its use to 

the laboratory scale.16  

To overcome these problems, the concept of Mixed Matrix Membranes (MMMs) 

emerged one of the promising solutions that can combine the good processability and low 

cost of polymer membrane with high separation performance and thermal properties of the 

inorganic fillers.4, 18-20 Over the decades, Metal-Organic Frameworks (MOFs) has been 

intensively used as the filler for MMMs.21-22 Other microporous materials have been also 
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tried to enhance the gas separation performance such as zeolite and carbon molecular 

sieves.23-25 However, pore blockage due to the relatively small pores is one of the major 

challenges of microporous nanofillers.26  

In this work, a facile and scalable fabrication of MMMs for CO2/N2 separation is 

reported. The engineered system compromised of Polydimethylsiloxane (PDMS) coated 

Polyacrylonitrile (PAN) composite membrane doped with three novel aminated 

mesoporous organosilica (PMO) NPs to enhance the CO2/N2 selectivity. PDMS was 

selected to avoid the poor compatibility between polymers and PMOs. PDMS is a rubbery 

polymer and its flexible chain allow a good interaction with the filler.26-28 Furthermore, 

PDMS has good gas separation performance and it has been intensively used for CO2 

separation.29-31 PMOs NPs are hybrid nano-objects with around 300 nm of diameter. This 

project still under progress. Preliminary results prove that these PMO nanoparticles 

exhibited excellent CO2 uptake and selectivity. The gas transport properties of the MMMs 

were characterized by single gas permeation measurement of CH4, N2 and CO2, and the 

5% PMO NPs doping showed a 50% increase of the CO2/N2 selectivity when compared to 

the pristine membrane. Further optimization and characterization should be performed to 

finalize this project. 
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 Experimental section  

 Materials 

All materials were purchased from Sigma Aldrich and used as received unless 

mentioned otherwise. 

 Preparation of PMO NPs 

A mixture of CTAB (500 mg, 1.37 mmol), distilled water (240 mL), and sodium 

hydroxide (1.75 mL) was stirred at 80 °C for 1 h at 700 rpm in a 500 mL three neck round 

bottom flask. The sol-gel process was then started by a quick addition of 

bis(triethoxysilyl)ethylene (600 µL) and 3-Triethoxysilylpropylamine/ N-[3-

(Trimethoxysilyl)propyl] ethylenediamine (200 µL). The solution was stirred at 1000 rpm 

at 80 °C for 3 h. Afterward, the solution was cooled to room temperature while stirring; 

fractions were gathered in propylene tubes and collected by centrifugation during 15 

minutes at 21 krpm. The as-prepared sample was sonicated twice with an alcoholic solution 

of ammonium nitrate (6 g L-1) at 45 °C for 30 minutes and washed three times with ethanol, 

water, and ethanol. Each washing was followed by centrifugation collection in propylene 

tubes during 15 minutes at 21 krpm. The as-prepared CTAB-free PMO NPs were dried 

under vacuum for few hours. 

 Preparation of the PDMS membranes. 

To prepare the PDMS, two components of the PDMS (A and B, pre-polymer and cross-

linker, respectively) were dissolved separately in hexane. In order to obtain the best results 

for the silicone rubber material, components A and B are mixed at 9: 1 (w/w) ratio. The 

two solution then mixed and stirred in order to partially crosslink the solution and to obtain 

a reasonable viscosity. The resulting pre-polymerized PDMS solution was poured and cast 
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into a horizontally placed PAN support to form a composite membrane and dried at room 

temperature overnight. In order to complete the crosslinking process, the composite 

membrane was kept for 24h at 80oC in the vacuum oven. 

 Preparation of PDMS-PMO membranes 

In order to make the mixed matrix membranes (MMMs) (Figure 7.1), Ethylene-

[propyl]Ethylenediamine PMOs (2.5, 5 or 10 wt% of the polymer weight) was dispersed 

in (hexane). The two-component were dissolved and mixed as previously reported for the 

pristine polymer. The PMOs solution was then added to the resulting pre-polymerized 

PDMS solution and mixed for 24h and then sonicated for 1h. The composite solution was 

then poured and cast into a horizontally placed PAN support to form a composite 

membrane and dried at room temperature overnight. In order to complete the crosslinking 

process, the composite membrane was kept for 24h at 80oC in the vacuum oven. 
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Figure 7.1. Representation of the design 

 

 

 Apparatus and methods 

The surface morphologies of the MMMs were investigated by field emission scanning 

electron microscopy (FE-SEM) using SEM Quanta 600 and Nova Nano 630 FEG. For 

SEM analysis nanofibers were collected on aluminum foil. Prior to SEM analysis, the 

electrospun membranes were sputter coated with iridium. The morphologies of the PMO 

NPs were obtained by HRTEM using Titan ST (FEI Company) operating at 300 kV and 

equipped with a 4×4 k CCD camera (Gatan). Standard (TEM) images were collected using 

a Tecnai G2 Spirit TWIN 20−120 kV/LaB6. The PMO NPs were dispersed in ethanol and 

drop cast on a lacy copper grid and dried for 1 h prior to the analysis. Sorption-desorption 

analyses by different single gases (CO2/N2/CH4) were performed with a Micromeritics 
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ASAP 2420 instrument. Single gas permeation experiments were performed using a 

constant volume/variable pressure test method reported earlier.32 

 Results and discussion  

 Fabrication and characterization of PMO NPs  

 Mesoporous Ethylene PMO 

A templated aqueous solution of cetyltrimethylammonium bromide with sodium 

hydroxide was stirred at 80 °C for 1 h followed by a quick addition of bis (triethoxysilyl) 

ethylene to start a 3 h sol-gel process (Figure 7.2). The particles were then surfactant-

extracted, vacuumed-dried and then characterized. Transmission electron microscopy 

(TEM) analysis (Figure 7.2) of PMO NPs showed uniformly distributed non-aggregated 

spherical nano-objects of 200 to 300 nm with ordered porosity.  
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Figure 7.2. TEM micrographs of the Ethylene PMO NPs 

 

 Mesoporous Ethylene-propylamine PMO 

The preparation of Ethyl-propylamine PMO followed the same procedure described for 

the ethylene PMO. However, two different precursors were used. The sol-gel process was 

then started by a quick addition of 3-Triethoxysilylpropylamine and bis (triethoxysilyl) 

ethylene. TEM analysis (Figure 7.3) of the Ethylene-propylamine PMO after extraction 
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showed uniformly distributed non-aggregated spherical nano-objects of 200 to 300 nm with 

ordered porosity.  

 

 

Figure 7.3. TEM micrographs of the Ethylene-propylamine PMO 

 

 Mesoporous Ethylene-[propyl]Ethylenediamine PMO 

The preparation of Ethylene-[propyl]Ethylenediamine PMO followed the same 

procedure by replacing the second precursor by the N-[3-(Trimethoxysilyl)propyl] 

ethylenediamine. A similar structure has been also observed in Figure 7.4.  
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Figure 7.4. TEM micrographs of the Ethylene-[propyl]Ethylenediamine PMO  



196 
 

1.1.2. Fabrication and characterization of pristine and composite 

membranes 

 

Figure 7.5. SEM micrographs of top surface of PDMS membrane (a), and PDMS 

with 5 % PMOs, (c) and (d) inner surface afeter peel off for PDMS with 5 % PMOs 

 

SEM images (Figure 7.5) shows a smooth surface without any cracks or deformation 

for both pristine and composite membranes. For 5 wt% doping, the PMOs doesn’t appear 

on the membrane top surface. However, when we peel off the membrane, we can see a 
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homogeneous distribution of the nanofillers without agglomeration. Further SEM and 

cross-section SEM should be performed to study the morphologies of the MMMs. 

 

Figure 7.6. TEM micrographs of the cut membrane reveal the successful 

incorporation and uniform dispersion of mesoporous NPs. 

 

Figure 7.6 depicts the TEM cross-section of the composite membrane. It can be clearly 

seen two layers related to the PAN support and the MMMs. The images at different scale 

bar show that NPs are uniformly dispersed in the polymer matrix layer with intact porosity 

without phase separation or aggregation. This will help to give a more selective pathway 
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for CO2 over other gases during the gas separation process. The white void is related to the 

mechanical defect during the cut process.   

 Gas uptake for PMO NPs 

 

 

Figure 7. 7Gas sorption for Ethylene PMO at 0oC and 25oC (a) and (d) respectively, 

for the Ethylene-propylamine PMO at 0oC and 25oC (b) and (d) respectively, for 

Ethylene-[propyl]Ethylenediamine PMO at 0oC and 25oC (c) and (f) respectively. 



199 
 

 

 

Figure 7.7 depicts the pure-gas adsorption isotherms of CO2, CH4 and N2 at 0oC and 

25oC on the three different PMOs. As shown in terms of absolute amount adsorbed per unit 

mass of adsorbent (cm3/g). There is no difference in the gas uptake between the control 

and the animated PMOs. The amination doesn't have an effect on the uptake. This could 

be explained by the large pore size of the PMOs.  The gas uptake is higher at low 

temperature and this is confirmed by many previous reports. Considering the low N2 and 

CH4 adsorption values obtained for all prepared PMOs, we can conclude that these 

materials are weak nitrogen and methane adsorbents. 

 Gas permeability for the membranes 

In order to investigate the composite membrane gas permeability and separation, pure 

gas permeance was performed using single gas (Table 7.1): Hydrogen, Nitrogen, Carbon 

Dioxide, Methane, Propane, Butane and Iso-Butane. The permeability decreased for all the 

single gases with increasing the PMOs loading compared to the pristine PDMS. However, 

the different membrane showed the gas permeance order trend as fellows C4H10(Butane), 

C4H10(Iso-)Butane), C3H8, CO2, CH4, H2, N2. Which indicates that the gas permeability is 

not related to the size of gas molecule sieving.   
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Table 7.1 Gas permeability for the MMMs 

 

 

 CO2/N2Gas selectivity for the Mixed Matrix Membranes   

The gas separation performance of the MMMs was evaluated by the CO2/ N2 selectivity 

presented in figure 7.8. The results showed an increase with the increase of the PMOs 

concentration up to 5%. All the MMMs showed a selectivity higher than 10 which is equal 

to the selectivity of the pure PDMS membrane. These results confirm the fabrication of 

defect-free MMMs. Different membranes showed CO2/N2 selectivity at different rates and 

the observed trend was as follows PDMS-PMO (5 %) MMMs> PDMS-PMO (2.5 %) 

MMMs> PDMS-PMO (10%)>PDMS pristine membrane. The increase of the PMO on the 

PDMS membrane would have provided more resistance to N2 penetration. The minor 

fraction of PMO aggregates for PDMS-PMO with 10 wt% of particle doping may have 

been the reason for the lower performance compared to the PDMS-PMO 5 wt%. Further 

characterization and optimization should be performed for this chapter.   
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Figure 7.8. CO2/N2 selectivity for the MMMs 

 

 

 Conclusion  

In summary, we have successfully prepared novels animated PMOs. The different 

PMOs showed a high CO2/N2 selectivity. The Ethylene-[propyl] Ethylenediamine PMOs 

were doped in into PDMS composite membranes for enhanced CO2/N2 selectivity. The 

resulting MMMs depicts a homogenous structure without agglomeration at 5% loading. 

The composite membrane showed CO2/N2 selectivity suitable for separation applications. 

Despite this project is in progress and not finalized, the prepared membrane showed 50% 

increase of the gas selectivity compared with the pristine PDMS membrane 

 Future work  

Our results prove that our PMOs can be used as nanofillers to enhance the CO2 

selectivity of the PDMS polymer. However, our preliminary results also show that the 
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permeability decreased by increasing the PMOs loading. Further work should be done first 

to understand the decrease in the permeability and the then more optimization should be 

performed to enhance the gas separation performance. To do this, cross-section TEM 

should be performed to study the interaction and the compatibility of PDMS-PMOs. More 

investigation of the loading of PMOs and use other solvents. Also, comparison study 

should be carried out between the three PMOs. Finally, the data should be placed in the 

Robeson’s upper bound. 
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 Chapter 8: Conclusion and outlook 
 

Mixed Matrix Membranes (MMMs) emerged as one of the most promising solutions 

that can combine the good processability and low cost of polymer membranes with the 

diverse functionality, high performance and thermal properties of inorganic fillers. This 

research work has led to the development of advanced functionalized materials for water 

treatment, protective coating and gas separation using the concept of MMMs. The 

successful synthesis of different functionalized fillers and mixed matrix membranes has 

been achieved. The resulting MMMs have shown great potential for the target application 

compared to the pristine and commercially available membrane systems. The cost-effective 

together with environmentally friendly, stability, high performance and multi-functionality 

of our systems could be easily scaled up and used as a promising platform for membrane 

that could be used in industrial water treatment, protective coating and gas separation. The 

following conclusions and outlook were derived and summarized as a result of full 

characterization and application performance measurement of the developed materials 

during this research work. 

1. Chapter 2: ODA-CNT/ Polyethermide Nanofiber for Oil-Water 

Separation 

In this chapter, we developed a polyetherimide composite nanofiber membranes doped 

with ODA modified CNT for oil-water absorption. ODA-CNTs were homogeneously 

incorporated into electrospun nanofiber membranes depicting a proportional increase of 

the mechanical properties compared to the pristine PEI. Oil-water separation experiments 

on the CNTs-PEI composite membrane with only 1 % doping showed an increase of oil 
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absorption of 50% compared to pristine membranes due to the superoleophilic properties. 

The composite membrane can be recycled and reused many times without defect. This 

composite system could be easily scaled up and used as a promising platform for separation 

membranes that could be used in industrial oil spill applications. 

2. Chapter 3: Engineering Hydrophobic Organosilica Nanoparticle Doped 

Nanofibers for Enhanced and Fouling Resistant Membrane Distillation 

In this work, we fabricated hydrophobic polyetherimide composite nanofiber 

membranes doped with novel ethylene-pentafluorophenylene-based periodic mesoporous 

organosilica nanoparticles is reported for enhanced and fouling resistant membrane 

distillation. Novel organosilica nanoparticles were homogeneously incorporated into 

electrospun nanofiber membranes depicting a proportional increase of hydrophobicity to 

the particle contents. Direct contact membrane distillation experiments on the organosilica-

doped membrane with only 5 % doping showed an increase of flux of 140 % compared to 

commercial membranes. The high porosity of organosilica nanoparticles was further utilized 

to load the eugenol antimicrobial agent which produced a dramatic enhancement of the anti-

biofouling properties of the membrane of 70 % after 24 h. To test easily our hypothesis we 

choose E. coli to demonstrate the anti-biofouling properties of our membrane which is 

proving of concept. In a membrane distillation operation, there are many another concerned 

issue rather than fouling such scaling and corrosion. Yet, it is promising to do more work on 

investigating the fouling, scaling and corrosion tests at actual temperatures and MD 

conditions by using several inhibitors. 
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3. Chapter 4: Reduced Graphene Oxide Doped Polyethermide Nanofiber for 

Membrane Distillation 

PEI/RGO were fabricated for enhanced and fouling resistant membrane distillation. 

The composite membranes were successfully employed for the production of fresh water 

from the Red Sea. The prepared membranes showed enhanced water vapor production as 

high as 35 L m2 h-1 with a 150 % increase compared to the commercial PTFE flat sheet 

membrane. Furthermore, we showed that the hydrophobicity is not the only factor to 

enhance the MD performance and selective sorption of water vapor by the nanofiller could 

have a significant effect. Further characterizations should be performed to prove our claims 

such as adsorption-desorption isotherm or gas permeability. 

4. Chapter 5: Colloidal Gold Nanoclusters Spiked Fillers in Mixed Matrix 

Coatings: Simultaneous Detection and Inhibition of Healthcare-Associated 

Infections 

Herein, we designed and fabricated a smart antibacterial mixed-membrane coating 

comprising colloidal lysozyme-templated gold nanoclusters gating antimicrobial-loaded 

silica nanoparticles (MSN-AuNCs@lys) as nano-fillers in poly(ethylene 

oxide)/poly(butylene terephthalate) (PEO–PBT) amphiphilic polymer matrix. MSN-

AuNCs@lys dispersed homogeneously within the polymer matrix with no phase separation 

and zero NPs leaching. The process can be easily scaled up with excellent uniformity. This 

mixed-matrix coating can successfully sense and inhibit bacterial contamination via a 

controlled release mechanism that is only triggered by bacteria. The system was coated on 

a common radiographic dental imaging device (PSP plate) that is prone to oral bacteria 

contamination. Variation and eventual disappearance of the red fluorescence surface under 
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UV light signal a bacterial infection. Kanamycin, an antimicrobial agent, was controllably 

released to instantly inhibit bacterial growth. Interestingly, the quality of the images 

obtained with these coated surfaces is the same as uncoated surfaces and thus the safe 

application of such smart coatings can be expanded to include other medical devices 

without compromising their utility. Apart from anti-microbial activity, we can properly 

choose the protein to give more functionality to the system. The lysozyme can be replaced 

by Bovine Serum Albumin BSA to make a pH-sensitive nanocarrier for anti-corrosion 

coating. Serval another type of protein can be properly used based on the trigger and the 

functionality of the nanocarrier. The properly factionalized MSN can be incorporated into 

any kind of coating, textile and membrane used for water recovery processes… 

5. Chapter 6: Acetal-Dextran/Polyvinyl Alcohol Stimuli-Responsive Core-

Shell Nanofibers as Efficient Anti-Corrosion Coating 

In this work, the coaxial electrospinning approach has been applied to fabricate smart 

core-shell nanofiber for controlled release of anti-corrosion material. Acetal-dextran was 

used as pH controlled shell of the fibers and polyvinyl alcohol (PVA) as a hydrophilic core. 

Scanning Electron Microscope (SEM) analysis of the fiber morphology and spinnability 

(occurrence of beads-on-stirring) indicated that the solution concentration of the shell was 

the most important parameter for the fibers formation. Transmission electron microscopy 

(TEM) and confocal microscopy confirmed the core-shell morphology.  We also 

demonstrated the possibility to encapsulate two different dyes in each layer of the fiber, 

which was confirmed by confocal microscopy. Caffeine, as an anti-corrosion inhibitor was 

encapsulated in the fiber core to test its potential application as an anticorrosion coating. 

The almost negligible release was noticed at neutral pH. In acidic pH, the fibers quickly 
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respond by releasing caffeine cargo. Further work should be done on the dextran 

modification by increasing the time modification to obtain zero release at neutral pH. The 

smart nanocontainers should be incorporated in the epoxy coating and studied its 

compatibility and anticorrosion properties. 

6. Chapter 7: Carbon Dioxide Selective Mixed Matrix Membrane using 

Periodic Mesoporous Organosilica Nanofillers 

In this study, we describe the synthesis and application of novel ethylene-diamine-based 

periodic mesoporous organosilica (PMO). TEM, XRD, and nitrogen adsorption isotherms 

characterization techniques showed that the MMM featured ordered mesostructures, high surface 

areas and narrow pore size distributions. The gas adsorption properties of these materials were 

investigated for CO2, CH4 and N2 gases at different temperatures (0oC and 25oC). PMO 

nanoparticles exhibited excellent CO2 uptake and selectivity. The novel PMO nanoparticles were 

homogeneously incorporated into polydimethylsiloxane to fabricate an MMMs thin layer on a 

porous polyacrylonitrile support.  Our results prove that our PMOs can be used as nanofillers 

to enhance the CO2 selectivity of the PDMS polymer. However, our preliminary results 

also show that the permeability decreased by increasing the PMOs loading. Further work 

should be done first to understand the decrease in the permeability and the then more 

optimization should be performed to enhance the gas separation performance. To do this, 

cross-section TEM should be performed to study the interaction and the compatibility of 

PDMS-PMOs. More investigation of the loading of PMOs and use other solvents. Also, a 

comparison study should be carried out between the three PMOs.  


