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SUMMARY 

 

The main theme of this dissertation is the fabrication and analysis of modified 

mesoporous silica membranes for separation applications. Synthesis methods for 

mesoporous silica membranes have been developed to enhance the transport performance 

and quality of the membranes, such as permeability, pore volume, and surface area. Then, 

synthesized membranes were modified with different organic groups to tailor selectivity 

in separations. The collected studies of modified mesoporous silica membranes showed 

that appropriate functionalization on newly synthesized novel membranes leads to 

promising structural and permeation properties. 

 

First, a seeded growth method was developed for synthesis of MCM-48 

membranes on α-alumina supports, thereby extending the seeded growth technique used 

for zeolite membranes to mesoporous silica membrane synthesis. The surface properties 

of the MCM-48 membranes were then modified by silylation with hexamethyldisilazane 

(HMDS). In comparison to MCM-48 membranes previously synthesized by the in situ 

growth technique, much less silica infiltration into the alumina support was observed. 

The pore structure of the MCM-48 membranes demonstrated that a large accessible pore 

volume was available for molecular permeation and pore modification to tailor selectivity. 

The gas permeation properties of the calcined and silylated MCM-48 membranes were 

consistent with a Knudsen-like mechanism, albeit with a substantial influence of gas-

solid interactions in the mesopores. The silylated MCM-48 membranes were evaluated 

for pervaporative separation of ethanol (EtOH), methyl ethyl ketone (MEK), and ethyl 
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acetate (EA) from their dilute aqueous solutions. The synthesized membranes exhibited 

high pervaporative separation factors and organic fluxes. The selective separation of 

organic/water mixtures with MCM-48 membranes were attributed to both the 

organophilic nature of the surface and the effective pore size of the silylated mesopores. 

 

 Next, the synthesis and organic/water separation properties of mesoporous silica 

membranes supported on low-cost and scalable polymeric (polyamide-imide) hollow 

fibers and modified by trimethylsilylation with HMDS was studied. Thin (1.6 µm), 

defect-free membranes that exhibited high gas permeances consistent with Knudsen-like 

diffusion through the mesopores were prepared. Silylation of these membranes did not 

affect the integrity of the mesoporous silica structure and the underlying polymeric 

hollow fiber, but led to capping of the surface silanol groups in the mesopores with 

trimethylsilyl groups. The silylated mesoporous membranes were evaluated for 

pervaporative separation of EtOH, MEK, EA, iso-butanol, and n-butanol from their dilute 

aqueous solutions. The membranes showed higher separation factors than those of flat 

membranes, along with high organic fluxes. The large increase in hydrophobicity of the 

membranes upon silylation allowed upgrading of the feed mixtures to permeate streams 

with considerably higher organic content. The selective separation of organic/water 

mixtures with the fiber-supported mesoporous silica membranes was attributed to both 

the organophilic nature of the surface (yielding good adsorption selectivity) and the 

effective pore size of the silylated mesopores (giving good fluxes). Comparison with 

other types of organic/water separation membranes revealed that the present silylated 

membrane platform shows good promise for use in organic/water separation applications 
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due to its high flux, scalable and low-cost fabrication methodology, and good separation 

factors that can be further enhanced by tailoring the mesopore modification chemistry. 

 

 Further, the gas transport properties of aziridine-functionalized mesoporous silica 

membranes on polymeric hollow fibers have also investigated. The mesoporous 

membranes were amine-functionalized with aziridine and their transport properties were 

studied to understand the effects of surface functionalization on gas separations. This new 

hybrid aminosilica membrane showed interesting and counter-intuitive N2 selective 

permeation properties in dry CO2/N2 separations. Detailed characterization of the 

membrane structure and its permeation behavior showed that such behavior was due to 

the strong adsorption of CO2, leading to reduced gas flux because of CO2-induced amine 

crosslinking in the mesopores. This hyper-branched aminosilica membrane showed CO2 

selective properties when applied to humid gas permeation. Water molecules in the humid 

gas affected the adsorption of CO2 molecules by causing a lower degree of crosslinking, 

allowing facilitated transport of CO2.



 1 

CHAPTER 1 

INTRODUCTION 

1.1 Mesoporous Molecular Sieves 

 Mesoporous inorganic molecular sieves are good candidates as adsorbents or 

membrane materials for molecular separations due to their large specific surface areas, 

high pore volumes, and tunable pore sizes [1-4]. Among several types of mesoporous 

inorganic molecular sieves, mesoporous silicas have uniform pore structure and a high 

density of silanol groups [5, 6]. They are very promising candidate materials for both gas 

and liquid separations [7, 8]. M41S was the first ordered mesoporous silica material to be 

reported [2]. Their emerging applications in catalysis, adsorption, CO2 capture, and 

separation have boosted the development of many other ordered mesoporous silica 

materials such as the families of SBA-n [9, 10], Fudan University Material (FDU) [11], 

Korea Advanced Institute of Science and Technology (KIT) [12], and anionic-surfactant-

templated mesoporous silica (AMS) [13]. Figure 1-1 shows the schematic structure for 

several mesoporous materials [14-16]. Mesoporous materials are formed by a micelle-

templating process (Figure 1-2), either following an electrostatically driven cooperative 

assembly pathway or the nonionic route in the presence of uncharged surfactants as 

structure directing agents [17]. There are numerous studies on the adsorption uptake of 

acid gases such as CO2 by mesoporous silica molecular sieves [17-20]. It has been found 

that mesoporous silicas such as SBA-15, MCM-41, and MCM-48 are good adsorbents for 

CO2, offering good selectivity over other gases like CH4 and N2 [19, 21-23]. Furthermore, 

modification of the molecular sieve with organic groups can further increase the sorption 

capacity of such materials [24, 25]. 
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Figure 1-1. Structure of ordered mesoporous materials [14-16].  
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Figure 1-2. Mechanism for the synthesis of mesoporous silica under basic conditions in 

the presence of a cationic surfactant [17].  

 

1.2 Mesoporous Silica Membranes 

Mesoporous silica molecular sieves can be modified to tailor good selective 

properties, as discussed in the previous section. Adapting mesoporous silica molecular 

sieve powders into a membrane configuration while preserving their adsorptive properties 

presents an attractive but challenging possibility for developing new and novel separation 

processes [26, 27]. For instance, mesoporous silica in a membrane configuration allows 

the separation to be operated under steady state conditions wherein selective adsorption 

occurs on the feed side, followed by selective diffusion across the membrane, and 

continuous desorption occurs on the permeate side [28, 29]. In such a process, the 

molecules are chemisorbed on one side of the membrane (in the pore), diffuse through 
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the pores of the membrane and then desorb from the other side of the membrane [17, 30]. 

Thus, mesoporous materials in the form of a self-supporting membrane (symmetric 

membranes) or a thin film on a support (asymmetric membranes) could offer a number of 

advantages in many emerging applications [31, 32]. The membrane acts as a barrier to the 

mass transfer between phases to separate the phases under a driving force [7, 33]. In past 

work, a thin layer of a mesoporous silica membrane has been grown on a ceramic support 

to increase the mechanical stability of the membrane [34, 35].  

  

1.3 Modification of Mesoporous Silica Membranes 

The typical pore sizes (2-50 nm) of mesoporous silica membranes preclude direct 

application in separations involving small molecules [28, 36]. Thus, to increase 

selectivity or separation factors, further modification of silanol groups on the pore surface 

is necessary [29]. The surface chemistry of mesoporous silica can be effectively modified 

by chemical attachment of organic species. The most commonly applied method to 

functionalize mesoporous silica membranes is the one-pot co-condensation synthesis. 

However, some studies employing post-synthesis grafting have also been reported [37-

41]. Post-synthesis grafting presents the following advantages as compared to the co-

condensation route [37, 42]: 

1. Treatment at high temperatures prior to functionalization results in a highly 

condensed inorganic framework and increases the stability of membranes. 

2. The functionalization takes place only on pore surfaces. 

3. No phase transition can happen with the incorporation of the organics, implying a 

conservation of the initial mesophase. 
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On the other hand, it has been recently shown that mesoporous silica powder 

materials (such as MCM or SBA materials) can be amine-functionalized to yield a high 

concentration of amine groups inside the pores [43]. This in turns leads to an unusually 

high CO2 sorption capacity [43]. Similar results may be expected for H2S sorption. 

Meanwhile, the surface modification of mesoporous silica powders by silylation is an 

effective technique in tailoring selective adsorbents for the removal of organic 

compounds from streams or wastewater [44]. Those silylated mesoporous silicas have 

been found superior to the non-silylated silica in terms of increasing the hydrophobicity 

of the inorganic/organic hybrid material [45]. 

The functionalization and gas permeation properties of various mesoporous silica 

membranes reported in literature are given in Table 1-1. Also, Figures 1-3 present 

schemes showing the modification chemistry in those cases. Sakamoto et al. achieved 

surface modification of MCM-48 pores with 3-aminopropyltrimethoxysilane [46]. The N2 

permeance across the membrane dropped significantly after the modification, suggesting 

pore filling of the MCM-48 membrane with amino groups. Kumar et al. modified the 

surface of an MCM-48 membrane with polyethyleneimine (PEI) containing primary, 

secondary, and tertiary amino groups [47]. A large drop in the N2 permeance values was 

observed after PEI attachment, suggesting decreased pore sizes and volumes for the PEI-

modified MCM-48 membranes as compared to the original MCM-48 membranes. Park et 

al. post-functionalized MCM-48 membranes with trimethylchlorosilane to enhance the 

hydrothermal stability and hydrophobicity [48]. The silylated MCM-48 membranes were 

used for the separation of organics in an aqueous solution. McCool and DeSisto [49] 

functionalized ordered mesoporous silica membranes with aminopropyl triethoxysilane to 
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form microporous organic-inorganic hybrid membranes for facilitated CO2 transport. 

Park et al. modified MCM-48 membranes with trimethylchlorosilane or 

triethylchlorosilane to enhance hydrophobicity of membranes [50]. Higgins et al. recently 

reported alkyl modification of mesoporous silica membranes by covalent attachment of 

octadecyldimethylchlorosilane using triethylamine as a catalyst in supercritical CO2 [51]. 

 

Table 1-1. Properties of original and modified mesoporous silica membranes. 

Membrane 
Grafted 
organic 
group 

N2 gas permeance 
(GPU) Separation 

application Ref. 
Unmodified Modified 

MCM-48 3-Aminopropyltriethoxysilane 420 0.02 Gas [46] 

MCM-48 Trimethylchlorosilane - 150 Liquid [48] 

MCM-48 Triethylchlorosilane 180 - Liquid [50] 

Mesoporous 
silica Trimethylchlorosilane 180 - Gas [50] 

Mesoporous 
silica Octadecyldimethylchlorosilane 2400 270 Gas [51] 
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Figure 1-3. Scheme showing silica surface modification chemistry. 

 

1.4 Fundamentals of Molecular Transport in Membranes 

The permeability (PA) of a molecule A in a membrane is given by: 

PA ≡  NA𝑙
p2−p1

  (1) 

where NA is the steady-state flux of mixture through the membrane, l is the membrane 

thickness, and p2 and p1 are the upstream and downstream partial pressures of molecule A, 
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respectively. If the diffusion process obeys Fick’s law, and the downstream pressure is 

much less than upstream pressure, the permeability is given by: 

PA = DASA  (2) 

where DA is the average effective diffusivity through the membrane, and SA is the 

apparent sorption coefficient. 

The ideal selectivity of a membrane for mixture A and B is hence the ratio of 

their permeabilities given by the equation: 

αA/B =  PA
PB

= �DA
DB
� �SA

SB
� (3) 

where DA/DB is the diffusivity selectivity, i.e. the ratio of the diffusion coefficients of 

molecules A and B. The ratio of the solubilities of molecules A and B, SA/SB, is the 

solubility selectivity. Diffusivity selectivity is strongly influenced by the size difference 

between the penetrant molecules and the size-sieving ability of the membrane material, 

whereas solubility selectivity is controlled by the relative adsorption/thermodynamic 

affinity between the penetrants and the membrane matrix [52].  

 

1.5 Overall Objectives and Strategy 

 This thesis is focused on the fabrication of defect-free pore-modified mesoporous 

membranes and their applications in organic/water or CO2/N2 separations. The fabricated 

mesoporous silica membranes reported in the literature so far had cracks or pore collapse, 

and a low degree of pore activation. Even worse, the membrane characterization in many 

of those works was limited to silica powders, and properties of silica powder (pore 

structure and compositions) were regarded as properties of membranes. Thus, the present 

work is aimed at yield a more detailed understanding of adsorption and transport 
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phenomena by creating membranes using novel synthesis methods and new 

characterizations of obtained mesoporous silica membranes for their application in 

separation technologies. In chapter 2, the fabrication of defect-free MCM-48 membranes 

on α-alumina disks via seed layer deposition is described. The fabricated MCM-48 

membranes have low silica infiltration into the support and high surface area and pore 

volume compared to unseeded MCM-48 membranes. In this study, the pore structure and 

compositions are thoroughly investigated by direct XRD, N2 physisorption, FTIR-

ATR/IR spectroscope, and gas permeation tests. Finally, the obtained membranes are 

successfully trimethylsilylated with hexamethyldisilazane to tailor the selectivity 

properties of the membrane and applied to organic/water separations. In chapter 3, the 

fabrication method of worm-like mesoporous silica membranes on polymeric hollow 

fiber supports has been developed, thereby suggesting a technologically scalable platform 

for separations. The silylation conditions were modified to tune the selective properties of 

the worm-like mesoporous silica membrane. Thus, it has hydrophobicity and can be used 

as a organic/water separation membrane. Meanwhile, the structural properties of these 

unmodified/modified membranes were thoroughly investigated. In chapter 4, to 

understand the effects of surface fucntionalization on gas separations, a study whereby 

aziridine was incorporated into the worm-like mesoporous silica membranes, forming 

hyper-branched amino-silica membranes, is described. The surface properties of the 

inorganic membrane were successfully tuned by modification, and detailed analysis of 

the permeation behavior elucidated CO2 selective properties and counter-intuitive N2 

selectivity. Chapter 5 summarizes the work and discusses suggested future directions to 

engineer mesoporous materials for application in organic/water or gas separations. 
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Overall, the work described in this dissertation takes a significant step forward in 

the synthesis, characterization, and processing of functionalized mesoporous silica 

membranes that can be used in molecular transport and separation applications.  
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CHAPTER 2 

SEEDED GROWTH, SILYLATION, AND ORGANIC/WATER 

SEPARATION PROPERTIES OF MCM-48 MEMBRANES 

 

2.1 Introduction 

Membrane-based separations continue to attract great interest for a number of 

applications [53, 54] because of their lower energy consumption, potentially low 

fabrication cost, and steady-state operation. Polymeric membranes are currently the 

predominant class of membranes in commercial applications, due to their easy 

processibility in large-scale fabrication processes. However, they also have intrinsic 

limitations on their performance due to a trade-off between their permeability and 

selectivity [55, 56], and issues with stability under harsh conditions [57]. Over the last 

two decades, inorganic membranes have been shown to possess high permeability, 

selectivity, and thermal and chemical resistance [58-60]. However, their applications have 

been somewhat limited by the difficulty of fabrication of continuous inorganic membrane 

structures on technologically scalable, low-cost platforms.  

Ordered mesoporous silica materials, such as MCM-41/48 [5, 61]  and SBA-

15/16 [4, 46] are prepared by surfactant templating methods and have uniform pore 

channels with a diameter ranging from 2 to 10 nm. The mesopores allow rapid 

permeation by gases, but also can be modified with functional groups for specific 

purposes [62-70]. These materials are also thermally and chemically stable under non-

steaming conditions. The above properties allow mesoporous silica materials to be useful 

host materials for a variety of separations. For example, mesoporous silica materials are 
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tunable for separation of small gas molecules as well as larger pharmaceutical or 

biological molecules [17, 32, 46, 71-76]. Among a number of mesoporous silica materials 

available, the M41S family of ordered mesoporous molecular sieves has been 

continuously developed since 1992 [2, 5]. The most common materials have uniform 

hexagonal (MCM-41), cubic (MCM-48), and lamellar (MCM-50) structures. MCM-48 is 

an attractive material to fabricate membranes for separations, because it yields a 3-D 

interconnected pore structure after surfactant removal. There are recent reports of the 

synthesis of MCM-48 membranes using in situ hydrothermal methods on ceramic 

substrates [17, 32, 46, 61, 77, 78]. However, the synthesis of defect-free MCM-48 

membranes on these substrates has been challenging due to the presence of cracks and 

pinholes formed during synthesis and surfactant removal. The physical properties of the 

MCM-48 membranes reported so far in the literature have only been defined to a limited 

extent. Indeed, in most publications, the material characterization has mainly focused on 

MCM-48 powders and not the MCM-48 membranes themselves [31, 32, 79, 80].  

The seeded synthesis approach for preparation of inorganic membranes was 

originally developed for the synthesis of continuous, low-defect-density zeolite 

membranes [81-83].  In this chapter, I extend this method (also known as ‘secondary 

growth’) to the synthesis of continuous, defect-free mesoporous silica (specifically, 

MCM-48) membranes on α-alumina disks as supports. The porosity of the membranes is 

activated by two different surfactant removal methods: calcination and solvent extraction. 

The structural and permeation properties of the resulting MCM-48 membranes are 

characterized in detail. The asymmetric MCM-48 membranes are shown to be continuous, 

defect-free, and have high gas flux. 
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To alter their adsorption and transport properties, the mesopores of the 

membranes are modified by post-synthesis silylation, thereby enhancing the 

organophilicity and hydrophobicity of the mesopore surfaces. Given that silylated MCM-

48 membranes made by in situ growth can be used to selectively separate organics from 

aqueous mixtures [48], the new seeded-growth membranes are evaluated in the separation 

of model organic/water mixtures, in both silylated and non-silylated forms. 

 

2.2 Experimental Section 

2.2.1 Synthesis of MCM-48 seed particles 

Cetyltrimethylammonium bromide (CTAB) template (2.4 g, 6.6 mmoles) was 

dissolved in deionized water (50 ml) and ethanol (EtOH) (50 ml, 0.87 moles) was added 

to the surfactant solution. After 10 min of stirring, aqueous ammonia (13.7 ml, 28 wt %, 

0.20 moles) was added. The solution was stirred for another 10 min and tetraethyl 

orthosilicate (TEOS) (3.4 g, 98 %, 16 mmoles) was added. The molar composition of the 

gel was TEOS/12.5 NH3/54 EtOH/0.4 template/174 H2O. After stirring for 2 hours at 

room temperature, the resulting solid was recovered by centrifugation, washed with 

deionized water and dried in air at 333 K. The template was removed by calcination at 

823 K for 6 hours in stagnant air [84]. 

 

2.2.2 MCM-48 seed layer deposition 

To prepare a mesoporous silica suspension, 0.02 g of MCM-48 powder was 

mixed with 5 ml of sec-butanol and then vigorously stirred in a vial at room temperature 

for more than 6 days before use [85]. The concentration of the solids was 4 g/L. Large 



 14 

pore α-alumina disks (Coorstek) of 1'' diameter, 1 mm thickness, and 25 % porosity were 

used as supports for MCM-48 membrane preparation. To deposit the seed layer, 300 μl of 

the prepared suspension was spin-coated on the substrate at 5,000 rpm for 1 min. After 

coating, the seeded substrate was stored in an oven at 333 K for annealing.  

 

2.2.3 Synthesis and TEOS treatment of MCM-48 membranes 

 The MCM-48 membrane was prepared as follows: sodium hydroxide was 

dissolved in deionized water for 10 min, and CTAB, the structure-directing agent (SDA), 

was also dissolved in that solution. After 1 hour of stirring, TEOS was added dropwise to 

the solution under constant stirring. The molar composition of the mixture was SiO2: 

0.425 CTAB: 0.525 NaOH: 62 H2O [31, 32, 80, 86, 87]. After the mixture was stirred for 

2 hours, it was transferred to an autoclave and the seeded α-alumina disk was placed in 

the autoclave horizontally. After 3 days of autoclaving at 373 K, the membrane was 

removed and washed with deionized water [31]. It was subsequently treated with TEOS 

by the Vapor Infiltration (TEOS VI) method. The as-synthesized MCM-48 membrane 

was exposed to TEOS vapor in a closed vessel at 373 K for 24 hours [50, 61, 88, 89]. 

This procedure supplies additional silicon atoms to stabilize the MCM-48 framework. 

 

2.2.4 Surfactant removal 

Calcination and solvent extraction methods were applied to remove the surfactant 

from the pores of the mesoporous silica. In the calcination method, the as-synthesized 

sample was heat-treated at 773 K for 4 hours under air flow following a temperature 

ramp of 1 K/min. After 4 hours of calcination, the oven was cooled slowly to room 
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temperature. In the extraction method, MCM-48 membranes were extracted with a 1 M 

HCl/EtOH solution for 24 hours under constant stirring [79].  

 

2.2.5 Silylation 

 Prior to silylation, the MCM-48 membrane was evacuated in a vacuum oven to 

remove physically adsorbed moisture at 373 K. Then, the MCM-48 membrane was 

exposed to hexamethyldisilazane (HMDS) vapor in a closed vessel at 373 K for 24 hours. 

The membrane was washed with deionized water after silylation. 

 

2.2.6 Characterization methods 

Scanning Electron Microscopy (SEM) images and energy dispersive X-ray 

spectroscopy (EDS) analysis were obtained on a JEOL LEO-1530 at a landing energy of 

15 kV using the ‘In Lens’ mode detector. The powder and membrane samples were 

prepared on carbon tape and coated with gold to prevent surface charging effects. X-ray 

diffraction (XRD) patterns of the membranes were obtained using a PANalytical X’pert 

diffractometer using a Cu-K-alpha X-ray source, diffracted beam collimator, and a 

proportional detector. FT-ATR/IR (Attenuated total reflectance) spectra were obtained 

using a Bruker Vertex 80v Fourier Transform Infrared (FT-IR) spectrometer coupled to a 

Hyperion 2000 IR microscope at 20X magnification. 

Nitrogen physisorption isotherms were measured using a specially designed 

adsorption vessel developed at UMassAmherst, that is capable of measuring adsorption 

and desorption isotherms on intact supported porous membranes [90, 91]. Samples were 

placed in the adsorption vessel as shown in Figure 2-1 [90], which uses a re-sealable 
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stainless steel container with sufficiently large diameter and depth to hold the membrane 

disks without having to be cut, delaminated or otherwise damaged. The container flanges 

are sealed with copper gaskets and evacuated using a turbomolecular pump. Samples 

were heated slowly over 4-5 hours to 573 K. Each sample was maintained at this 

temperature for 24 hours or more, and then cooled to room temperature over 5 hours. The 

sample cell was then cooled below 173 K slowly by placing the liquid nitrogen bath 

under the sample such that the sample was cooled by the air over the bath. The sample 

container was then immersed in the liquid nitrogen bath to its final temperature (77 K). 

This somewhat complex procedure enabled us to maintain vacuum integrity over the 

samples while the temperatures were lowered by more than 200 K. Adsorption and 

desorption isotherms were measured at 77 K using an apparatus that employs a 

volumetric dosing system and accurate low-pressure transducers with ranges of 0-1,000 

torr and 0-2 torr on the adsorption manifold. Nitrogen was used as the adsorbate, while 

the dead space measurements were conducted using helium. Saturation pressures were 

determined by condensing or subliming the adsorbate in the sample container at the end 

of the experiment. All gases used in the experiments were ultra-high purity grade (AirGas 

Corporation). Membrane or support disks were stacked in the sample cell, spaced by 

glass beads. Multiple membranes were measured simultaneously in order to obtain 

sufficient surface area for accuracy of the measurement. The surface areas and micropore 

volumes of the membranes were determined using the BET equation, and then dividing 

by the number of membranes measured. The surface area contribution from the 

membrane was determined by subtraction of the weight of the bare support disks from the 

membrane-containing support disks. 
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Figure 2-1. Diagram of flange-based membrane adsorption cell [90]. 
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2.2.7 Gas permeation and pervaporation measurements 

Single-gas permeation measurements were carried out using N2, CO2, CH4, and 

SF6 at 308 K with a custom-built unit. The schematic diagram of experimental setup for 

permeation measurements is shown in Figure 2-2. The feed side was maintained at 30 psi, 

and the permeate side was evacuated to 0.55 psi using a vacuum pump. The gas flux was 

measured by isolating the vacuum and recording the rate of pressure rise in a collection 

vessel of known volume on the permeate side. Pervaporation measurements were carried 

out with water, EtOH, methyl ethyl ketone (MEK), ethyl acetate (EA), and aqueous 

mixture of those organics at 303 K and 343 K using a custom-built unit (Figure 2-3). The 

permeate was collected in a liquid-N2-cooled trap. The total flux was measured by the 

mass of permeate collected in a given measurement time, whereas the composition of the 

permeate was characterized by gas chromatography (GC). Membrane modules were 

prepared using epoxy as shown in Figure 2-4. 
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Figure 2-2. Schematic diagram of the experimental setup for permeation measurements 

[92]. 
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Figure 2-3. Schematic diagram of experimental setup for pervaporation measurements. 
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Figure 2-4. Illustration of disk membrane module for pervaporation experiments. 

 

2.3 Results and Discussion 

2.3.1 MCM-48 membrane synthesis by seeded growth 

 Figure 2-5(a) shows an SEM image of the synthesized MCM-48 seed particles. 

The particles are roughly spherical in shape and the size ranges from 300-500 nm, 

making them appropriate for use in seed layers. These particles have a surface area of 

~1,200 m2/g (CBET = 100) as determined from nitrogen physisorption. The pore size 

distribution calculated from the physisorption isotherm by the BdB-FHH (Broekhoff–

deBoer–Frenkel–Halsey–Hill) method [93] shows a narrow pore size distribution (PSD) 

centered on 2.8 nm (Figure 2-6). Figures 2-5(b) and 2-5(c) show SEM images of the bare 

α-alumina disk and the disk after MCM-48 seed deposition. The bare support has a non-

homogeneous surface, and the use of in situ growth led to formation of relatively poor-

quality MCM-48 membranes. After deposition of seeds by spin-coating, the surface was 
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uniformly covered by MCM-48 particles. 

 

 

Figure 2-5. SEM images of (a) MCM-48 seed particles, (b) bare α-alumina disk, and (c) 

α-alumina disk seeded with MCM-48 particles. 
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Figure 2-6. Pore size distributions of calcined MCM-48 seed particles.  
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Figure 2-7 shows SEM images of a representative MCM-48 membrane sample 

after each step of the synthesis. As shown in Figure 2-7(a), there are a large number of 

cracks in the top layer of the as-synthesized membranes, but these cracks are filled during 

the TEOS VI treatment as shown in Figure 2-7(b) [50, 61, 88, 89]. It is suggested that the 

TEOS VI step stabilizes the as-synthesized framework by providing reactive silicon 

species that complete the MCM-48 framework initially formed in the as-synthesized film. 

The densified silica wall of the TEOS VI-treated MCM-48 has a much higher structural 

stability. Surfactant removal was performed via two routes, calcination and liquid 

extraction. Many apparently large cracks were observed on the surface of calcined 

samples as shown in Figure 2-7(c), while relatively small cracks were found on the 

surface of extracted samples, as depicted in Figure 2-7(d). SEM imaging of the cross-

sections of the films was also carried out (Figures 2-7(e) and 2-7(f)). The cross-sectional 

images reveal that the apparent cracks seen in the top views are only spaces between 

globular MCM-48 structures present on the top surface of the membrane, whereas a 

continuous and crack-free membrane layer exists below these surface structures. The 

membrane layer is seen to have a thickness of approximately 6 μm.  



 24 

 

Figure 2-7. Top-view SEM images of MCM-48 membrane: (a) as-synthesized, (b) TEOS 

VI treated, (c) calcined, and (d) surfactant-extracted respectively; and cross-sectional 

SEM images of the (e) calcined and (f) surfactant-extracted membranes, respectively. 

 

To investigate the distribution of silica in the membrane layer and the support 

layer, the cross-sectional Si and Al composition profile of the MCM-48 membrane was 

evaluated by EDS analysis (Figure 2-8). The Si composition profile shows a region of 
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~2.5 μm populated by the globular MCM-48 surface structures, followed by a ~6 μm 

continuous membrane. The transition region between the membrane and the support is 

about ~2.5 μm in thickness, beyond which a small amount of silica persists in the support 

over a distance of ~10 μm. However, there is overall a low degree of penetration of silica 

into the α-alumina support. This is likely due to the seed layer, which initially consumes 

silica reactants at the membrane surface and inhibits nucleation in the pores of the 

support, thereby largely confining the membrane growth to the top of the support. In 

contrast, MCM-48 membranes made by in situ methods show substantial penetration of 

silica into the support, up to about 500 µm [31, 32]. 

 

 

Figure 2-8. (a) Cross-sectional SEM image of MCM-48 membrane indicating the 

distance over which composition analysis was carried out, and (b) Al and Si EDS line 

scan profiles. 

 

The XRD patterns of the seeded membranes before and after surfactant removal 

are shown in Figure 2-9. All the patterns have an intense (211) reflection with a less 
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intense (220) peak, corresponding to the cubic Ia3d symmetry of the MCM-48 pore 

structure [2]. After calcination at 773 K or surfactant extraction with a 1M HCl/EtOH 

solution, the XRD pattern shows that the MCM-48 structure is maintained. Comparing 

the as-synthesized membrane to the calcined or surfactant-extracted membranes, it is 

noteworthy that the peak positions are shifted to slightly higher angles (and therefore the 

d-spacings decrease slightly) upon surfactant removal. As the surfactant is removed, there 

is shrinkage of the structure. 
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Figure 2-9. XRD patterns of the (a) as-synthesized, (b) surfactant-extracted, and (c) 

calcined MCM-48 membranes.  

 

Figure 2-10 shows FT-ATR/IR absorption spectra of the MCM-48 membranes 
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before and after surfactant removal. The as-synthesized membrane shows two distinct 

bands in the 2850-2950 cm-1 region that are associated with the asymmetric and 

symmetric stretching vibrations of the -CH2- units of the surfactant aggregates. After 

extraction in 1 M HCl/EtOH solution for 12 hours, the intensity of the two CH2-

stretching bands significantly decreased, which implies that some of the surfactant had 

been extracted from the surface. After extraction for 24 hours, the bands almost 

completely disappeared, and thus most (but not all) of the surfactant near the membrane 

surface had been extracted. The amount of residual surfactant in the MCM-48 membrane 

cannot be detected easily by thermogravimetric analysis, unlike the case of MCM-48 

powders, because the α-alumina support dominates the sample mass. However, the 

surfactant near the surface of the membrane can be detected by FT-ATR/IR spectroscopy 

[79], as seen from Figure 2-10. 
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Figure 2-10. FT-ATR/IR absorption spectra of MCM-48 membranes. 

 

The presence of unextracted surfactant inside the membrane layer could not be 

ruled out by the FT-ATR/IR measurements, which only have a penetration depth of ~1 

μm [94, 95].  To examine this issue further, nitrogen physisorption measurements were 

performed on the MCM-48 membranes (Figure 2-11). As expected, the as-synthesized 

MCM-48 membrane had a very low pore volume, indicating that it was essentially non-

porous before surfactant removal. The MCM-48 membrane after 24 hours of surfactant 

extraction had a similar pore volume as the as-synthesized membrane. In combination 

with the results of the FT-ATR/IR measurements, it appears that the surfactant in a thin 

top layer of the membrane may be completely extracted, but that substantial surfactant 
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remains deeper inside the membrane. On the other hand, the nitrogen physisorption 

isotherm of the calcined MCM-48 membrane shows a large pore volume of 410 cm3/g, 

surface area of 656 m2/g (CBET = 115), and an estimated mean pore diameter of 3.9 nm 

(Table 2-1). The isotherm can be classified as Type IV according to the IUPAC 

nomenclature [96]. The physisorption isotherm of the calcined MCM-48 membrane 

shows hysteresis from capillary condensation, as is characteristic for mesoporous 

materials.  

 

Table 2-1. Textural properties of seeded MCM-48 membranes. 

 BET surface area  
(m2/g) 

Pore volume  
(cm3/g) Estimated mean pore diameter (nm) 

As-made 34.2 40 - 

Extracted 69.5 58 5.2 

Calcined 656 410 3.9 
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Figure 2-11. Nitrogen physisorption isotherms of (a) as-synthesized, (b) extracted, and (c) 

calcined MCM-48 membranes on the seeded α-alumina substrate. 

 

 For comparison, Figure 2-12 shows the nitrogen physisorption isotherms for 

calcined MCM-48 membranes prepared by seeded or unseeded (in situ) growth. The 

MCM-48 membrane synthesized with the seeded growth method had the twice larger 

pore volume of the membrane prepared by previously developed unseeded growth 

methods. The use of an MCM-48 seed layer limits the formation of dense silica regions in 

the membrane layer or in the support. Despite variations of the surfactant extraction 

process, calcination was found to be superior technique for activating the MCM-48 
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membranes and was therefore used for the membranes reported in the remainder of this 

chapter. The PSDs of calcined and extracted membranes, obtained from the isotherms, are 

shown in the Figure 2-13 and compared to the PSD of a calcined MCM-48 powder 

(Figure 2-6). All the PSDs are consistent with the presence of a mesoporous material. In 

contrast to the high-quality PSD obtained for the powder, the membrane PSDs are less 

well-defined. This is due to intrinsic limits of the membrane physisorption apparatus. The 

total amount of sample on the stacked membrane disks is very small as compared to the 

powder sample, and it is difficult to obtain data that can be used for high-quality PSDs. 
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Figure 2-12. Nitrogen physisorption isotherms of calcined MCM-48 membranes 

prepared by (a) seeded growth (b) unseeded (in situ) growth techniques, and (c) α-

alumina support. 
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Figure 2-13. PSDs of (a) calcined MCM-48 membrane, and (b) extracted MCM-48 

membrane.  
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Single gas permeation measurements on the calcined MCM-48 membranes were 

performed with N2, CO2, CH4, and SF6. The as-synthesized MCM-48 membrane was 

nearly impermeable to N2, which means the permeability was less than 100 Barrer (1 

Barrer = 10-10 cm3 (STP) cm cm-2 s-1 cmHg-1). The nonzero permeability before surfactant 

removal is associated with gas molecules that permeate through the low-density 

surfactant phase in the mesopores [72]. After surfactant removal, the membranes became 

highly permeable. Figure 2-14 summarizes pure-component gas permeabilities of the 

surfactant-free MCM-48 membranes versus the reciprocal square root of the gas 

molecular weight (Mw). The estimated theoretical permeabilities for Knudsen transport 

are also shown, using the structural tortuosity factor of 3 for MCM-48. Although the 

experimental data show the expected Knudsen-like trend with Mw, the observed 

permeability values are much smaller (by more than an order of magnitude) than 

theoretically expected. The theoretical estimate can be further corrected for the presence 

of significant gas-solid interactions (adsorption of gases on the mesopore walls) rather 

than an ideal Knudsen mechanism. This correction is based on parameters obtained 

directly from the recent work of Bhatia et al [97, 98] for silica mesopores of 

approximately 3 nm diameter. It is seen that adsorption likely plays a large role in 

decreasing the permeability from the ideal Knudsen value. The corrected theoretical 

permeabilities of the calcined MCM-48 membrane are still about 5-10 times larger than 

the experimental values, which then indicate additional permeation resistances from pore 

constrictions (e.g., by residual silica from the synthesis, coke formation during 

calcination of the surfactant, or local pore collapse during calcination) or dense material 

at the MCM-48/α-alumina interface. Nevertheless, it is clear that the gas permeabilities 
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of the seed-grown calcined MCM-48 membranes are well comparable to, and even much 

higher than, other MCM-48 membranes [32, 46, 79]. The slight deviation of CO2 from 

the molecular weight trend may be due its stronger adsorption, both on the silica surface 

and on any remaining surfactant. 
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Figure 2-14. Experimental gas permeabilities (blue squares) of calcined MCM-48 

membranes at 308 K, and theoretically estimated permeabilities from the ideal Knudsen 

model (black circles) and after corrections for gas-solid interactions in the mesopores 

(black triangles). 
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2.3.2 Silylation of MCM-48 membranes 

The open mesopores of the MCM-48 membrane can be filled or modified with a 

variety of functional groups to tailor their molecular discrimination properties. In this 

work, HMDS was used as a functionalizing agent to enhance the organophilicity of the 

pore walls for organic/water separations [99]. Figure 2-15 shows the XRD patterns of the 

MCM-48 membrane before and after HMDS functionalization. The decrease in peak 

intensity compared to the calcined MCM-48 membrane indicates a reduction of electron 

density contrast between the mesopores and the silica walls, consistent with modification 

of the pores with organosiloxane species. The peak positions of the HMDS-treated 

MCM-48 membrane did not change after silylation, and hence the silylation does not 

cause structural changes in the MCM-48 membrane. 
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Figure 2-15. XRD patterns of (a) calcined, and (b) HMDS-treated MCM-48 membranes.  

 

  The silylation of the MCM-48 membrane was further established by gas 

permeation data (Figure 2-16). Permeabilities of the four different gases decreased 

substantially after silylation, consistent with reduction in porosity due to pore 

functionalization with organic groups. The order of decrease is similar for all four gases; 

however, CO2 showed the sharpest reduction, possibly due to the additional effect of 

decrease in adsorption affinity with the organosiloxane-modified pores. As in the case of 

the calcined MCM-48 membrane, the HMDS-treated MCM-48 membrane also 

maintained the trend, consistent with gas molecule transport being governed by a 

Knudsen-like mechanism. 
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Figure 2-16. Gas permeabilities of calcined and silylated MCM-48 membranes at 308 K. 

 

2.3.3 Pervaporation 

 Pervaporation data for single components and three different organic/water 

mixtures are summarized in Figures 2-17, 2-18, and 2-19. To allow a comprehensive 

understanding of the permeation properties [100], the data are expressed in terms of flux, 

separation factor, permeance, permeability, and selectivity for calcined MCM-48 

membranes and HMDS-treated MCM-48 membranes, respectively. The feed mixtures 

used were (5/95 w/w) EtOH/water, MEK/water, and EA/water. The permeation 

experiments were performed at 303 K and 343 K.  
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Figure 2-17 shows the fluxes and separation factors from the single component 

pervaporation experiments. The fluxes increased with temperature. It is noteworthy that 

the silylated MCM-48 membrane shows higher fluxes for all the organics than for water, 

whereas the fluxes for the untreated membrane were comparable. In the mixture 

pervaporation experiments, the separation factors of all the organic/water mixtures 

through the calcined (non-silylated) MCM-48 membranes were lower than 1, indicating 

that the calcined MCM-48 membrane is intrinsically hydrophilic. These membranes 

preferentially permeate water due to the high density of silanol groups on the pore walls 

and the small size of the water molecules in comparison to the organic molecules. The 

separation factors increase substantially after silylation, as this treatment renders the pore 

surface hydrophobic via replacement of silanols with trimethylsilyl groups. Total fluxes 

decreased after silylation, and more importantly, the fluxes of water significantly 

decreased after silylation. The separation factors (of organics over water) of the HMDS-

treated MCM-48 membrane varied with the organic components in the order: EA (35) > 

MEK (23) > EtOH (6). Both organic and water fluxes increased with temperature, but the 

water fluxes had a relatively larger increase, leading to decreased separation factors at 

high temperature. 
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Figure 2-17. Pervaporation (flux and separation factor) results (a) single component 

pervaporation of the seeded MCM-48 membrane, (b) single component pervaporation of 

the silyl-MCM-48 membrane, (c) 5 wt % mixture pervaporation of seeded MCM-48 

membrane, and (d) 5 wt % mixture pervaporation of the silyl-MCM-48 membrane. 

 

Figure 2-18 shows the permeabilities and selectivities (ratio of component 

permeabilities) for the two membranes, calculated from the measured fluxes according to 

the well-known governing equation of pervaporation: 𝐽i = �𝑃m,i/lm�(γi𝑥i𝑝i
sat − 𝑦i𝑝p). 

Interestingly, the permeability decreased at 343 K. This result means that the permeability 

is more highly dependent on adsorption of the components into the mesopores (which 

decreases with increasing temperature) rather than diffusivity in the mesopores (which 
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increases with temperature). Even though the silylated MCM-48 membrane had high 

organic separation factors (Figure 2-17), its water/organic selectivity was still ~1 for 

single component pervaporation, and between 5-40 for mixture pervaporation. This is 

because the calcined MCM-48 membrane is highly hydrophilic. Even though the 

trimethylsilyl groups significantly decreased the fluxes of water through the membrane, it 

was still the same order of magnitude as the organic fluxes. The mixture pervaporation 

experiments showed higher selectivities than single component pervaporation, indicating 

a mechanism of competitive preferential adsorption of the organics in the membrane and 

relative exclusion of water. 
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Figure 2-18. Pervaporation (permeability and selectivity) results (a) single component 

pervaporation of MCM-48 membrane, (b) single component pervaporation of silyl-

MCM-48 membrane, (c) 5 wt % mixture pervaporation of MCM-48 membrane, and (d) 5 

wt % mixture pervaporation of silyl-MCM-48 membrane. 

 

For completeness, Figure 2-19 shows the same information as Figure 2-18, except 

permeance is displayed instead of permeability. It can be seen that the silylated 

membranes displayed high permeances (on the order of 1,000 GPU) for organics. As a 

result, the 5 wt % organic feed mixtures were upgraded to 28 % EtOH, 57 % MEK, and 

64 % EA permeate streams at 303 K. With further optimization of the silylation 

conditions (silyl loading and type of silyl group), it is expected that the selectivities can 

be further improved. Additionally, reduction of membrane thickness or the applications of 
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the silylation approach to the recently-demonstrated mesoporous silica membranes on 

polymeric hollow fibers have potential for significant performance enhancements (carried 

out this study in chapter 3).   

 

 

Figure 2-19. Pervaporation (permeance and selectivity) results from (a) single 

component pervaporation using the MCM-48 membrane, (b) single component 

pervaporation using the silyl-MCM-48 membrane, (c) 5 wt % mixture pervaporation 

using the MCM-48 membrane, and (d) 5 wt % mixture pervaporation using the silyl-

MCM-48 membrane. 
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2.4 Conclusions 

The fabrication of continuous MCM-48 membranes on α-alumina disks via seed 

layer deposition and hydrothermal growth has been demonstrated. The seeded MCM-48 

membranes have low defect density and high gas fluxes, which are governed by a 

Knudsen-like behavior coupled with a significant influence of gas-solid interactions. By 

means of the seed layer deposition, MCM-48 membranes can be formed on the top of α-

alumina supports with little silica infiltration into the macroporous supports. Also, the 

porosity of intact MCM-48 membranes has been assessed by nitrogen physisorption for 

the first time. Compared to the unseeded MCM-48 membrane, the seeded membrane has 

a larger pore volume and surface area.  

 The obtained membranes were silylated with HMDS to tailor selective properties 

of the membrane. The HMDS-treated MCM-48 membranes were selective for permeation 

of organic molecules in mixed EtOH/water, MEK/water, and EA/water permeation 

experiments, whereas the unmodified membranes were significantly selective for water. 

The good separation performance in organic/water mixtures was attributed primarily to 

the hydrophobic nature of the silylated pores and the preferential adsorption of the 

organics in the membrane. 
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CHAPTER 3 

SILYLATED MESOPOROUS SILICA MEMBRANES ON 

POLYMERIC HOLLOW FIBER SUPPORTS: SYNTHESIS AND 

PERMEATION PROPERTIES  

 

3.1 Introduction 

Membrane-based separations are becoming increasingly competitive for a 

number of applications, such as hydrogen recovery, air separation, CO2 separation, and 

organics recovery [101-103] due to their low energy requirements, potentially low 

fabrication cost, and steady-state operation. Polymeric membranes (e.g., in the form of 

hollow fibers) are amenable to large-scale fabrication processes and typically have large 

surface area to volume ratios (>1000 m2/m3) [104]. However, they also have an intrinsic 

“upper bound” on their performance, reflecting a trade-off between their permeability and 

selectivity [19, 105]. Although the trade-off is well-studied in the context of gas 

separations, it also exists in organic/water separations [106-109]. Such separations are of 

importance in the production of biofuels, bio-based chemicals, pharmaceuticals, and 

biomolecules [110-112]. In many cases, it is desired to recover the organic molecules 

from an aqueous dilute solution. The availability of an efficient and low-cost membrane 

platform capable of upgrading these dilute solutions to higher concentrations would allow 

a significant improvement in the economics of the above processes. The upgraded 

streams could then be further purified by more conventional processes to remove the 

remaining water (e.g., drying/adsorption with hydrophilic molecular sieves or membrane 

separations with hydrophilic polymer membranes) [113, 114].  
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Over the last decade, inorganic membranes have been shown to possess high 

permeability, tunable selectivity, and good thermal and chemical resistance [115-119]. 

Their widespread application is limited by the difficulty of fabricating them in a 

technologically scalable and low-cost manner. Certain types of hydrophilic zeolite 

membranes have successfully been fabricated on polymeric support tubes, and show 

excellent separation factors for water over organics of over 10,000 [116]. These 

membranes address the ‘finishing step’ of dehydration from an already concentrated 

product, and not the initial upgrading step from a dilute feed stream. For the latter case, 

several researchers have investigated the use of nanocomposite membranes that combine 

a hydrophobic and permeable polymer (typically a silicone elastomer) with hydrophobic 

molecular sieves such as pure-silica MFI [120-122]. Such membranes can potentially be 

scaled up to spiral-wound modules [123]; however, there is currently no reliable method 

of producing these membranes on high-surface-area platforms such as hollow fibers.  

 

Here, a different approach is taken towards a scalable membrane platform for 

organic/water separations. This work was initiated by Dr. Kwang-Suk Jang in the Nair 

research group. For the purpose of creating appropriate background for my work on this 

aspect of the thesis, the work led by Dr. Jang (corresponding to Figures 3-4 to 3-8) is first 

described, before discussing my work on the detailed characterization, pore activation, 

silylation, and separation properties of these membranes.  

 

Mesoporous silica materials prepared using long-chain surfactant templates have 

pore channels with a diameter range of 2-10 nm. The mesopores allow for rapid diffusion 
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of target molecules, and can be modified [124-128] in a variety of ways to impart 

selectivity to the permeation characteristics, thereby allowing for specific separation 

applications over a range of molecular sizes. Mesoporous silica membranes have been 

proposed as potential candidates for separation applications. Such membranes have been 

synthesized on ceramic substrates [129-133] and modified further to tailor the selective 

properties [129-137]. For example, Kumar synthesized an MCM-48 membrane on α-

alumina, functionalized it with poly(ethyleneimine), and used it for CO2/N2 separations 

[138]. Nishiyama modified an MCM-48 membrane with trimethylchlorosilane groups 

and studied the separation of organic/water mixtures [139]. In chapter 2, I reported a 

seeded growth technique for MCM-48 membranes on α-alumina, and their subsequent 

silylation for use in organic/water separations [92].  

In this chapter, the technologically scalable fabrication of an inorganic membrane 

platform based upon mesoporous silica membranes on polymeric hollow fibers is 

discussed. These asymmetric mesoporous silica membranes are continuous over large 

areas, are defect-free, and have high gas flux. Further, I perform the fabrication, 

characterization, and measurement of permeation properties of silylated mesoporous 

silica membranes on polymeric hollow fibers. I characterize in detail the structure and 

composition of the mesoporous silica membrane. Pervaporation of five different 

organic/water mixtures is studied to understand the permeation characteristics of the 

silylated mesoporous membranes. The effects of temperature on the separation 

performance, and the mechanism of separation with the silylated mesoporous silica 

hollow fiber membranes, are also discussed. 
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3.2 Experimental Section 

3.2.1 Materials 

   The following chemicals were used as received: tetraethylorthosilicate (TEOS, 

98% Sigma-Aldrich), cetyl trimethylammonium bromide (CTAB, Sigma-Aldrich), 1 N 

aqueous hydrochloric acid (HCl) solution (Sigma-Aldrich), hexamethyldisilazane 

(HMDS, Alfa Aesar), ethanol (EtOH, BDH), methylethyl ketone (MEK, Sigma-Aldrich), 

ethyl acetate (EA, Sigma-Aldrich), iso-butanol (i-BuOH, EMD), n-butanol (n-BuOH, 

Sigma-Aldrich), Ultem® 1000 (SABIC), and Torlon® 4000T-LV (Solvay Advanced 

Polymers). 

 

3.2.2 Mesoporous silica membrane coating on Torlon® hollow fibers 

 Macroporous Torlon® (polyamide-imide) hollow fiber supports were fabricated 

by a dry-jet/wet-quench method, described in detail by us elsewhere [140]. The outer and 

inner diameters of the support fibers were ca. 380 μm and 230 μm, respectively. The 

fibers did not possess skin layers and had open pores of ~100 nm size at the outer surface. 

Before the membrane coating, both ends of the fiber support were sealed with epoxy to 

prevent the membrane growth in the interior of the fiber support. The support Torlon® 

hollow fibers were immersed in the coating solution for 5 hours at room temperature. The 

mixture had the molar composition of 1 TEOS : 0.425 CTAB : 0.00560 HCI : 62.2 H2O. I 

switched from basic synthesis to acidic synthesis for the fibers, because Torlon® hollow 

fibers are not stable in acidic conditions. The prepared hollow fiber membranes were 

aged with saturated TEOS vapor prior to use. A 22 cm-long fiber membrane was placed 

with 25 μL of TEOS in a closed vessel at 373 K for 24 hours. For surfactant extraction, 
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the fiber membranes were washed with 0.05 N HCl/ethanol under stirring for 24 hours. 

 

3.2.3 Silylation of mesoporous membrane 

 Prior to silylation, the surfactant-extracted mesoporous silica membranes were 

evacuated in a vacuum oven at 423 K under 0.07 atm, to remove physically adsorbed 

moisture and residual surfactant. Then, the membranes were exposed to HMDS vapor in 

a closed vessel at 373 K for 24 hours. After silylation, the membranes were washed with 

deionized water for 30 min in a separate container under stirring. Then, the coated 

membranes were dried at 363 K before preparing the pervaporation measurement module. 

 

3.2.4 Characterization methods 

 Scanning electron microscopy (SEM) was performed with LEO 1530 and Zeiss 

Ultra60 instrument to examine the membranes. The membrane samples were prepared on 

carbon tape and coated with gold to prevent image distortion due to surface charging. 

Energy dispersive X-ray spectroscopy (EDS) was used to investigate the elemental 

composition of mesoporous silica/Torlon® hollow fiber membrane. X-ray diffraction 

(XRD) patterns of the membranes were obtained using a PANalytical X’pert 

diffractometer using a Cu-K-alpha X-ray source, diffracted beam collimator, and a 

proportional detector. For XRD, the samples were aligned on the center of an aluminum 

mount and attached to the surface with double-sided tape as shown in Figure 3-1. FT-

ATR (Attenuated total reflectance) / IR spectra were obtained using a Bruker Vertex 80v 

Fourier Transform Infrared (FT-IR) spectrometer coupled to a Hyperion 2000 IR 

microscope at 20X magnification. High-resolution transmission electron microscopy 
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(TEM) was performed on a FEI Tecnai G2 F30 TEM at 300 kV. For TEM, the samples 

were prepared after dissolving away the Torlon® support fiber using a strong solvent, 

N,N-dimethylformamide. Based on TEM images, pore sizes were estimated using NIH 

ImageJ software. In the selected area of worm-like mesopores, the pore size can be 

estimated by recognizing the pores as particles and using their width and height given by 

ImageJ [141, 142].  

 

 

Figure 3-1. Illustration of mounted XRD sample. 

 

3.2.5 Gas permeation and pervaporation measurements 

 Gas permeation was measured using a hollow fiber module (Figure 3-2) and a 

permeation testing system, constructed in-house as described by Koros et al. [143, 144]. 

Gases were fed into the bore (“tube side”) of the fiber interior at one end of the module. 

The temperature of the system was maintained at 308 K during the measurement. The 

flux through the walls of the fiber was measured on the “shell side” connected to a bubble 

flow meter. Atmospheric pressure was maintained on the downstream side. The flux was 
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converted to permeance and permeability, a preferred way of reporting pervaporation 

performance data [145]. Permeances are expressed in GPUs (Gas Permeation Units, 1 

GPU = 10-6 cm3 (STP) cm-2 s-1 cmHg-1) and permeabilities are given as Barrers (1 Barrer 

= 10-10 cm3 (STP) cm cm-2 s-1 cmHg-1). Pervaporation measurements were carried out 

using an aqueous mixture of a specific organics (5 wt % organic) at 303 K and 323 K 

using a custom-built unit. The permeate was collected in a liquid nitrogen cooled trap. In 

contrast to the gas permeation tests, liquid mixtures were fed into the shell side and 

vaporized, whereby they flowed through to the tube side. The hollow fiber module for 

pervaporation is shown in Figure 3-3. The total flux was obtained by measuring the mass 

of permeate collected in a given measurement time, and the composition of the permeate 

was characterized by gas chromatography (GC) and 1H nuclear magnetic resonance 

(NMR) in deuterated acetone. 
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Figure 3-2. Illustration of gas permeation module. 

 

 

Figure 3-3. Illustration of pervaporation module. 

 

3.3 Results and Discussion 

3.3.1 Mesoporous silica membrane synthesis 

 Figure 3-4 shows the membrane fabrication process, which was described in 

detail in the Experimental Section. As in chapter 2, MCM-48, a mesoporous silica with 
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three-dimensional channels of 2.7 nm diameter, was selected for investigation. The 

process comprises the fabrication of a macroporous polymeric hollow fiber, followed by 

the formation of a thin mesoporous silica layer on the hollow fiber at room temperature 

by static immersion in an acidic silica/surfactant precursor solution. The initial 

mesoporous framework formed in this process is then fully condensed by supplying 

additional silica species via a TEOS vapor treatment at 373 K, and the mesopores are 

then activated by a room temperature surfactant extraction step. 

 

 

Figure 3-4. Mesoporous silica/Torlon® hollow fiber membrane fabrication. 

 

Initial experiments to grow MCM-48 films were carried out on flat, nonporous 

surfaces of the poly(etherimide), Ultem®, coated on glass substrates. Figure 3-5 shows 

an SEM image and XRD pattern of the thin (150 nm) MCM-48 coating. It is 

hypothesized that the formation of the mesoporous silica film on the polymer substrate is 

initiated by the adsorption and micellar self-assembly of the surfactant molecules on the 

hydrophobic surface of the substrate. 
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Figure 3-5. (a) Cross-section SEM image, and (b) low-angle XRD pattern of MCM-48 

coated on Ultem® film. The XRD peaks are indexed as (210), (220), (332)/(422), and 

(440) of continuous cubic Ia3d structure. 

  

For subsequent fabrication of membranes on hollow fibers, I selected Torlon®, a 

poly(amide–imide), as the polymeric substrate material. Torlon® is chemically resistant 

and withstands high pressures up to 2,000 psi without plasticization [146]. These 

characteristics, as well the amenability of Torlon® for producing hollow fibers of 

controlled porosity, are expected to be important for separation applications. 
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Figure 3-6. Surface and cross-section SEM images of (a),(b) bare Torlon® hollow fiber 

supports; (c),(d) mesoporous silica/Torlon® hollow fiber membranes; and (e),(f) 
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remaining silica layers after dissolving out the Torlon® supports, respectively. The 

mesoporous silica layer in (e) is free-standing, whereas the layer in (f) is adhered to an 

epoxy resin which was used to mount the fiber before polymer dissolution. 

 

Figures 3-6(c), 3-6(d), and 3-7 show surface and cross-sectional SEM images of 

the mesoporous silica/Torlon® hollow fiber membranes after completion of the 

membrane formation, TEOS vapor treatment, and surfactant extraction steps. Continuous 

and uniform silica layers are formed in a facile and highly reproducible manner. The 

apparent thickness of the mesoporous silica layer is 1.6 µm. The morphology of the silica 

layer is further revealed by dissolving the Torlon® fiber with a strong solvent, N,N-

dimethylformamide (Figures 3-6(e), 3-6(f), and 3-8). The SEM images suggest that in 

addition to the thin silica layer formed above the Torlon® fiber surface, the silica layer 

extends inside the pores of the fiber. The composition of the mesoporous silica/Torlon® 

layer was also confirmed by EDS (Figure 3-9). I speculate that the composite that the 

composite (polymer/silica) nature of the membrane layer may prevent the formation of 

continuous domains of highly ordered MCM-48. 
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Figure 3-7. Cross-section SEM images of the mesoporous silica/Torlon® hollow fiber 

membrane after surfactant extraction. 

 

 

Figure 3-8. Cross-section SEM image of the remaining silica layer after dissolving out 

the Torlon® support. The membrane was mounted in an epoxy resin before dissolution of 

the Torlon® polymer. 
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Figure 3-9. EDS line scanning analysis of the mesoporous silica/Torlon® hollow fiber 

membrane. 

 

Table 3-1 summarizes pure-component CO2 and N2 gas permeation properties of 

the membranes at sequential stages of processing. The results support the formation of a 

continuous, defect-free mesoporous silica coating on the hollow fiber, and the activation 

of the mesopores after surfactant extraction leading to a high permeability. The 

membrane has non-zero permeability even before surfactant extraction, as gas molecules 

permeate through the low-density surfactant phase in the mesopores. CO2 and N2 

permeances of the mesoporous silica/Torlon® hollow fiber after surfactant extraction 

were measured at 308 K and in a feed pressure range of 50 psig. The CO2 permeability of 

the asymmetric mesoporous silica hollow fiber membrane is calculated to be 7,000 Barrer, 

a value significantly higher than that reported for MCM-48 membranes grown 

hydrothermally on ceramic disks (4,600 Barrer) [32]. Figure 3-10 shows pure-component 

gas permeabilities of the surfactant-free MCM-48 membranes versus the reciprocal 

square root of the gas molecular weight (Mw). The slight deviation of CO2 from the 
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molecular weight trend may be due its stronger adsorption, both on the silica surface and 

on remaining surfactants. 

 

Table 3-1. Pure-component gas permeation properties of mesoporous silica/Torlon® 

hollow fiber membranes at various stages of processing. All measurements were made at 

308 K, and a feed pressure of 50 psig.a  

Membrane 
CO2 

permeance 
(GPU) 

N2  
permeance 

(GPU) 

CO2/N2  
permeance 

ratio 
Mesoporous silica/Torlon® after TEOS 

vapor treatment 11 5.9 1.9 

Mesoporous silica/Torlon® after extraction 
with ethanol for 2 hours 730 390 1.9 

Mesoporous silica/Torlon® 
after extraction with ethanol for 24 hours 1,700 1,900 0.9 

Mesoporous silica/Torlon® after extraction 
with 0.05 N HCl/ethanol for 24 hours 4,400 3,300 1.3 

a 1 psi = 6.89 kPa. 
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Figure 3-10. Pure-component gas permeation properties of mesoporous silica/Torlon® 

hollow fiber membranes at 308 K. 

 

3.3.2 Evacuation and silylation of mesoporous membrane 

Figures 3-11(a), 3-11(b) show SEM images of the mesoporous silica/Torlon® 

hollow fiber membranes after evacuation. Continuous and uniform silica layers are 

obtained in a highly reproducible manner. The membrane thickness is maintained at 1.6 

μm after evacuation. Figures 3-11(c), 3-11(d) show SEM images of the subsequent 

HMDS-silylated mesoporous silica/Torlon® hollow fiber membranes. The continuous 

and uniform silica layers are not damaged by silylation. Also, there is no change in the 

membrane thickness or morphology after silylation.  



 60 

Figure 3-12 shows single gas permeation data at 308 K for the extracted, 

evacuated, and subsequently silylated mesoporous silica/Torlon® hollow fiber 

membranes at varying feed pressures. Compared to the non-evacuated membrane, the 

permeances of the evacuated membranes increase from 3,300 to 20,000 GPU for N2 and 

from 4,400 to 18,000 GPU for CO2. This indicates successful removal of adsorbed water 

and other species at 423 K. Moreover, the relative permeance of N2 and CO2 (1.11) is 

closer to the Knudsen ratio. (Knudsen ratio: N2/CO2 = 1.25). Removal of residual species 

by evacuation activates the mesopores properly for subsequent pore modification. 
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Figure 3-11. SEM images of (a) top view and (b) cross section of evacuated mesoporous 

silica/Torlon® hollow fiber membranes; and (c) top view (d) cross section of HMDS-

silylated mesoporous silica/Torlon® hollow fiber membranes. 

 

The gas permeances of the silylated mesoporous membranes were also measured. 

Permeances of N2 and CO2 decrease substantially after silylation, consistent with a 

reduction in porosity and decreased adsorption due to pore functionalization with 

trimethylsilyl groups. However, CO2 shows less reduction, possibly due to its stronger 

adsorption on the silylated surface. As in the case of other mesoporous membranes 

(templated-extracted and evacuated membranes), the silylated mesoporous membranes 

have a constant permeance regardless of feed pressure, consistent with gas molecule 

transport being governed by a Knudsen-like mechanism. Surprisingly, a significant 
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reduction of gas permeance may also be attributed to silylation of the Torlon® support. 

As shown in Figure 3-13, the silica-free Torlon® support also has a reduced permeance 

(~ 10,000 GPU) after silylation. 
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Figure 3-12. N2 and CO2 single gas permeation results for (top) template extracted, 

(middle) evacuated, and (bottom) silylated mesoporous silica/Torlon® hollow fiber 

membranes. 
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Figure 3-13. N2 and CO2 single gas permeation results for (top) silica-free Torlon® 

hollow fiber, and (bottom) the silylated Torlon® hollow fiber. 
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Figure 3-14. (a) Line scanning analysis of energy-dispersive X-ray spectroscopy (EDS) 

for the silylated Torlon® hollow fiber membrane, and (b) anticipated silylated Torlon® 

structure. 
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According to EDS analysis (Figure 3-14(a)), silicon species are detected on the 

outer surface of the Torlon® hollow fiber, which otherwise should not contain any silicon 

(Figure 3-15). Presumably, the amide group in the Torlon® structure is silylated by 

HMDS [147], as shown in the scheme of Figure 3-14(b). The theoretical permeances 

under conditions for Knudsen transport are also estimated (N2=47,000 GPU, CO2=38,000 

GPU), using the structural tortuosity factor of 3 for the mesoporous silica membrane. 

Then, the theoretical estimate can be further corrected for the presence of significant gas-

solid interactions (adsorption of gases on the mesopore walls) rather than an ideal 

Knudsen mechanism [42]. This correction is based on parameters obtained directly from 

Bhatia et al [97, 98] for silica mesopores approximately 3 nm in pore diameter. The 

corrected theoretical permeances of mesoporous membrane are 23,500 GPU for N2 and 

19,000 GPU for CO2, which are slightly higher than those of our evacuated membrane. 

The slight deviation is probably due to pore constrictions or dense material at the 

mesoporous silica/Torlon® interface. Based on both gas permeation tests and comparison 

to theoretical values, it is clear that the mesoporous silica membranes on Torlon® hollow 

fiber supports are successfully fabricated in a controlled manner. 
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Figure 3-15. Line scanning analysis of energy-dispersive X-ray spectroscopy (EDS) for 

the Torlon® hollow fiber membrane. 

 

The pore structure of the mesoporous silica membrane was investigated in 

further detail by XRD and TEM imaging. Figure 3-16 shows the low angle XRD patterns 

of the mesoporous silica membranes at several stages of processing (template-extracted, 

evacuated, and silylated). Although an intense diffraction signal is difficult to obtain due 

to the curved surface of the sample and the thin membrane layer, the existence of 

mesoporous silica is clearly indicated. The increase (Figure 3-16(b)) and decrease (Figure 

3-16(c)) in peak intensity due to evacuation and silylation of the template-extracted 

membrane (Figure 3-16(a)) are due to the changes of electron density contrast between 

the mesopores and the silica walls, consistent with removal of residual species and 

modification of the pores with trimethylsilyl species, respectively. 
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Figure 3-16. XRD patterns of (a) template-extracted, (b) evacuated, and (c) silylated 

mesoporous membranes. 

 

The silica layers of the same set of membranes were examined by TEM (Figure 

3-17) after dissolving away the Torlon® support fiber. The remaining silica structure 

containing worm-like channels is observed for the membranes in each stage. It has been 

reported that MCM-48 is formed by a transformation from either a worm-like or 2D 

hexagonal structure [148-150]. Worm-like mesoporous materials such as KIT-1 also have 

continuous channels, and possess a number of interesting properties different from 

ordered mesoporous silicas [151-154]. Moreover, image analysis results for the height 

and width of the pores show that the pore size is consistent with the presence of a 

mesoporous material with a diameter of about 2 nm (Figures 3-18, 3-19, and 3-20). For 

the pore size distribution analysis, I estimated the width and height of pores from the 
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TEM images using the ImageJ software. First, I selected areas of worm-like mesopores in 

TEM images, and cropped selected parts. Those selected images were analyzed by 

recognizing the pores as particles as shown in Figure 3-18, 3-19, and 3-20. Then, the 

software measured the width and height of each particle, and plotted the distributions, 

respectively. Interestingly, the pores of template-extracted (Figure 3-18) and silylated 

(Figure 3-20) membranes appear to be slightly smaller than those of the evacuated 

(Figure 3-19) mesoporous membrane, qualitatively indicating the reduction of the size of 

the pore channels due to the presence of surfactants and trimethylsilyl species. The 

analysis is consistent with the gas permeation measurements. 
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Figure 3-17. TEM images of the (a) template-extracted, (b) evacuated, and (c) silylated 

mesoporous membrane layers after dissolution of the Torlon® fiber. 
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Figure 3-18. TEM analysis (height, width) for the extracted mesoporous silica/Torlon® 

hollow fiber membrane. 
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Figure 3-19. TEM analysis (height, width) for the evacuated mesoporous silica/Torlon® 

hollow fiber membrane. 
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Figure 3-20. TEM analysis (height, width) for the silylated mesoporous silica/Torlon® 

hollow fiber membrane. 

 

FT-ATR/IR was used to investigate the modification of the silica layer. Figure 3-

22 shows the ATR/IR spectra of a mesoporous silica membrane at different stages of 

processing. The prepared samples were mounted on the poly(styrene) (PS) plates (Figure 

3-21), and the PS plate itself was also measured to ensure that the ATR crystal was in 
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proper contact with the samples. The absorption peak around 1080 cm-1 is associated with 

the symmetric and asymmetric stretching vibrations of Si-O-Si linkages in mesoporous 

silica. After silylation of the mesoporous membrane, the intensity of this peak is 

significantly increased, which is likely due to the creation of additional Si-O-Si linkages 

by silylation. Also, the absorption peak around 800 cm-1 is more intense as compared to 

the template-extracted membrane. On the other hand, a relatively broad absorption peak 

located at 3200-3600 cm-1 is found in the template-extracted and evacuated membranes 

due to O-H stretching vibrations of the silanol groups and water molecules on the pore 

walls. These peaks completely disappear after silylation, suggesting that the surface 

silanols have been eliminated by condensation with the trimethylsilyl groups [155].  

 

 

Figure 3-21. Illustration of mounted FT-ATR/IR sample. 
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Figure 3-22. FT-ATR/IR absorption spectra of mesoporous silica/Torlon® hollow fiber 

membranes. The background spectrum is from the PS plate. 

 

3.3.3 Pervaporation 

 Pervaporation data for five different organic/water mixtures are summarized in 

Figures 3-23, 3-24, and 3-25. To allow a comprehensive understanding of the permeation 

properties [100], the data are expressed in terms of flux, organic/water separation factor, 

permeance, permeability, and water/organic selectivity for template-extracted membranes, 

evacuated membranes, and silylated membranes, respectively. The feed mixtures used 

were (5/95 w/w) EtOH/water, MEK/water, EA/water, i-BuOH/water, and n-BuOH/water. 

The pervaporation experiments were performed at 303 K and 323 K. 
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Figure 3-23. Pervaporation data (flux and organic/water separation factor) at 303 K and 

323 K with 5 wt % organic/water feeds for (a) evacuated mesoporous membrane, and (b) 

silylated mesoporous membrane. Pervaporation data (permeance and water/organic 

selectivity) with 5 wt% organics/water feed mixtures for (c) evacuated mesoporous 

membrane, and (d) silylated mesoporous membrane. 
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Figure 3-24. Pervaporation (permeability and selectivity) data with 5 wt % 

organics/water feed mixtures for (a) evacuated mesoporous membrane before silylation, 

and (b) silylated mesoporous membrane.  
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Figure 3-25. Pervaporation data with 5 wt % organics/water feed mixtures for extracted 

mesoporous membrane (a) flux and separation factor, (b) permeance and selectivity, and 

(c) permeability and selectivity. 

 

Figures 3-23(a), and 3-23(b) show the fluxes and organic/water separation factors 

from the mixture pervaporation experiments. Beyond the model solutions composed of 

MEK and water or EA and water, the hydrophobic mesoporous membranes were also 

investigated for BuOH/water separations, due to the emerging importance of BuOH as a 

liquid fuel [156]. Both organic and water fluxes increase with temperature, but it is 

noteworthy that the water flux increases more than the organic flux. The separation 

factors of all the organic/water mixtures through the evacuated membranes range from 
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0.5 to 1.5, indicating that the membranes are not selective. They permeate almost the 

same amount of water and organic as is present in the feed mixture. However, the 

separation factor increases substantially after silylation, as this treatment renders the pore 

surface hydrophobic via modification by trimethylsilyl groups. The total fluxes somewhat 

increase or are maintained constant after silylation, and this is caused by a large increase 

in the fluxes of the organic species after silylation. The separation factors (organics-over-

water) of the HMDS-treated mesoporous membrane at 303 K vary with the organic 

components in the order: EA (90) > MEK (19) > i-BuOH (13) > n-BuOH (11) > EtOH 

(4). On the other hand, higher water fluxes lead to decreased separation factors at the 

higher temperature of 323 K. 

Figures 3-23(c), 3-23(d) show the permeances and water-over-organic 

selectivities (ratio of water and organic component permeances) for the two membranes, 

calculated from the membrane transport equation for any component i:  

     𝐽i = �𝑃m,i�(γi𝑥i𝑝i
sat − 𝑦i𝑝p)                   (1) 

 

where Ji is the molar flux of component i, 𝑃m,i the permeance, 𝛾𝑖 the activity coefficient, 

𝑥i  the feed mole fraction,  𝑝isat  the saturated vapor pressure, 𝑦i  the permeate mole 

fraction, and 𝑝p the permeate pressure.   

Interestingly, the permeances of the organic species do not change much with 

increasing temperature, whereas the permeance of water increases significantly at 323 K. 

This result indicates that the permeance of the organic species is more highly dependent 

on adsorption of the components into the mesopores rather than diffusivity in the 

mesopores. Even though the silylated mesoporous membrane has high organic fluxes and 
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high organic separation factors (Figure 3-23(b)), it still has intrinsic water/organic 

selectivity in the range of 0.5-4 at 303 K. This is because the original non-silylated 

mesoporous membrane is highly hydrophilic and water selective. In other words, the 

trimethylsilyl groups are able to drastically decrease the flux of water through the 

membrane, but it still remains on the same order of magnitude as the organic fluxes. For 

completeness, Figure 3-24 shows the same information as Figures 3-23(c), (d) except that 

the permeability is displayed instead of permeance. It is seen that the silylated 

membranes display high permeabilities (on the order of 1,000 Barrer) for the organic 

species. Figure 3-25 represents the pervaporation data for the template-extracted 

mesoporous membrane. Similar to the evacuated membrane, the extracted membrane 

shows low organic separation factors (1-2.5) and high water selectivities (6-130). 

However, it has a significantly lower flux and permeance, because the residual 

surfactants and solvents partially block permeation.  

As a result of the pervaporation properties discussed above, I find that the present 

silylated mesoporous silica/Torlon® hollow fiber membranes are able to upgrade 5 wt % 

organic/water feed mixtures are to 19 % EtOH, 53 % MEK, 83 % EA, 45 % i-BuOH, and 

40 % n-BuOH permeate streams in a single pass at 303 K (Table 3-2). As shown in Table 

3-2, this separation performance is considerably better than that of the template-

evacuated membranes, and also (for completeness) the template-extracted mesoporous 

silica membranes (Table 3-3). 
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Table 3-2. Concentration upgrade from feed to permeate at 303 K. 

 Evacuated 
membrane Silylated membrane 

Feed solution Feed 
(wt %) 

Permeate 
(wt %) 

Feed 
(wt %) 

Permeate 
(wt %) 

EtOH/water 4.7 4.7 5.4 19.1 

MEK/water 6.0 3.6 5.4 52.6 

EA/water 4.4 5.0 5.1 82.8 

i-BuOH/water 5.2 5.6 5.7 44.7 

n-BuOH/water 4.8 5.8 5.4 39.8 
 

Table 3-3. Concentration upgrade from feed to permeate at 303 K for the template-

extracted mesoporous silica/Torlon® hollow fiber membrane. 

 Template-extracted membrane 

Feed solution Feed (wt %) Permeate (wt %) 

EtOH/water 5.7 11.0 

MEK/water 5.5 7.6 

EA/water 4.0 8.5 

i-BuOH/water 5.2 5.7 

n-BuOH/water 4.8 5.4 
 

 

 In Table 3-4, the performance of the present membranes is compared to other 

hydrophobic membranes recently applied for organic/water pervaporation. The 

comparison focuses on two quantities of interest: the total flux through the membrane (F, 

in kg.m-2h-1) and the organic/water separation factor (β). Polymeric membranes show the 
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trade-off between flux and separation factor. The fluxes are extremely low for the 

membranes that have high separation factors, and vice versa. For example, a commercial 

PDMS membrane [157] has a comparable flux with the membranes presented in this 

work, but the separation factor is half of the silylated mesoporous silica membranes. 

Hydrophobic zeolite membranes show high performance in terms of both flux and 

separation factors [158]. However, there are very few reports describing separation of 

larger organic molecules such as MEK and EA from water with pure zeolite membranes 

[159, 160], because the water/organic diffusion selectivity counteracts the organic/water 

adsorption selectivity and leads to lower separation factors. Thus, zeolite membranes 

have been more successful in the dehydration of organic streams [158]. Two issues in the 

application of zeolite membranes are their high cost and uncertainties in the reliability of 

their fabrication in a defect-free manner. Small numbers of defects in zeolite membranes 

may have a large effect in lowering their hydrophobicity [158]. Zeolite membranes are 

about 10-50 times more expensive than polymeric membranes [161], and defect-free 

commercial-scale zeolite membranes are difficult to manufacture [162]. Composite 

membranes can combine the properties of polymers and zeolites, yielding improved 

performance [158]. However, the scale-up of such membranes to high-surface-area 

modules is an ongoing research topic. The present silylated mesoporous silica membranes 

are directly prepared on porous polymeric hollow fiber supports and can potentially be 

scaled up to very large surfaces areas. As seen from Table 3-4, silylation with HMDS 

already produces mesoporous silica hollow fiber membranes with high organic fluxes and 

good separation factors. The availability of a number of modifying agents and techniques 

for organic functionalization of mesoporous silica creates optimism that membranes with 
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higher performance can be attained starting from the platform studied in this chapter. 

 

Table 3-4. Comparison of performance of hydrophobic membranes applied to 

organic/water pervaporation, including silylated mesoporous silica/Torlon® membranes 

in this work. PDMS: Polydimethylsiloxane, PVDF: polyvinylidene fluoride, POMS: 

polyoctylmethyl siloxane, TOA: trioctylamine, PTFE: polytetrafluoroethylene, PTMSP: 

poly(1-trimethylsilyl-1-propyne), PEBA: poly (ether) block amide, PVP: 

polyvinylpyrrolidone, HFP: hexafluoropropene, *: organic flux only reported. 

Material 
Type Membrane Molecule F 

(kg.m-2h-1) β Ref # 

Polymers and 
Ionic Liquids 

Commercial PDMS (Sulzer) EtOH 0.8 2.1 [157] 
PDMS MEK 0.06 100 [163] 
POMS EtOH 1.2 8 [164] 

PDMS/PVDF EtOH 0.45 15 [165] 
Polyphosphazene EtOH 0.26 6.1 [166] 

Porous PTFE EtOH 12 2 [167] 
PEBA MEK 0.12 13.5 [163] 

Chitosan/PVP EtOH 0.5 250 [168] 
Oleyl alcohol/POMS n-BuOH 0.096 279 [169] 

Tetracyanoborate ionic liquid n-BuOH 0.56 23 [170] 
P(VDF-HFP)[bmim]BF4 

ionic liquid EA 0.66 144 [171] 

TOA liquid EtOH 0.06 100 [172] 
Polyurethaneurea EA 0.256 655 [173] 

PVDF-HFP EA 1.9* 180 [174] 
Ethylene-vinyl acetate EA 0.55* 118 [175] 
Poly(ethylene-co-vinyl 

acetate) EA 0.72 120 [176] 

P(VDF-co-HFP) EA 0.95 175 [177] 

Zeolites 

ZSM-5 EtOH 1.4 40 [178] 

ZSM-5 EtOH 9 5 [179] n-BuOH 4 10 
Zr-Silicalite-1 EtOH 1 73 [180] 
MFI on YSZ 
hollow fiber EtOH 7.4 47 [181] 

B-ZSM-11 MEK 0.6 220 [160] 
Silicalite EtOH 0.04 35 [182] 
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n-BuOH 0.01 90 
Silicalite n-BuOH 0.04 440 [183] 
Silicalite MEK 0.25 32000 [184] 

Silicalite EtOH 1.5 39 [185] n-BuOH 0.1 150 

 
Composites 

PEBA/Silicalite (pure-silica 
MFI) EtOH 0.8 3.6 [186] 

PTMSP/Cab-O-Sil TS 530 
(commercial) hydrophobic 

silica 

EtOH 9.5 18.3 
[187] n-BuOH 9.5 104 

PDMS/Silicalite EtOH 0.06 10 [188] n-BuOH 0.040 70 
PDMS/Silicalite i-BuOH 5-11 25-42 [189] 

PDMS/ZrO2-Al2O3 n-BuOH 0.46 26 [190] 
PDMS/Silicalite n-BuOH 0.22 145 [191] 
PDMS/ZSM-5 EtOH 0.2 28 [192] 

(Meso)Porous 
Silica 

Phenyl-functionalized 
amorphous silica EA 1.94 216 [193] 

Silylated MCM-48 EA 4.3 251 [155] 

Silylated MCM-48 
EtOH 0.26 11 

[139] MEK 1.4 201 
EA 6.2 351 

Silylated MCM-48 
EtOH 0.15 3 

[92] MEK 0.52 10 
EA 0.55 17 

Silylated mesoporous silica 
on Torlon® hollow fiber 

EtOH 1 4 

This work MEK 1.8 19 
EA 2.9 90 

n-BuOH 0.9 13 
 

 

3.4 Conclusion 

In conclusion, the fabrication of continuous mesoporous silica membranes on 

polymeric hollow fibers via a facile, low-temperature process has been demonstrated, 

thereby suggesting a technologically scalable platform for separations with inorganic 

membranes. The membranes are defect-free and have a high gas flux (e.g., ~20,000 GPU 

for N2). The open mesopores can be filled or modified with a variety of functional groups 

to tailor the selective properties of the membrane. 
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Hydrophobic trimethylsilyl groups are successfully incorporated on the surfaces 

of the mesopores, and the mesoporous silica layer remains intact and defect-free, based 

on XRD, electron microscopy, and gas permeation measurements. The silylated 

mesoporous membranes are selective for permeation of organic molecules in aqueous 

EtOH/water, MEK/water, EA/water, i-BuOH/water, and n-BuOH/water pervaporation 

experiments, whereas the bare membranes are selective for water. The good separation 

performance in organic/water mixtures can be attributed primarily to the hydrophobic 

nature of the silylated pores and the preferential adsorption of organics in the membrane. 

In relation to other types of organics/water separation membranes, the performance of the 

present membranes is quite promising for a range of potential organic/water separations. 

An important advantage of the present mesoporous silica/Torlon® hollow fiber 

membranes is their scalable, low-cost processing methodology. Due to the large 

possibilities in the selection of the functionalizing agents and the mesopore modification 

techniques, it is quite possible that the membrane performance can be greatly enhanced. 
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CHAPTER 4 

SYNTHESIS AND GAS PERMEATION PROPERTIES OF 

AZIRIDINE-FUNCTIONALIZED MESOPOROUS-SILICA 

MEMBRANES ON POLYMERIC HOLLOW FIBERS 

 

4.1 Introduction 

 Increased CO2 concentration in the atmosphere due to combustion of fossil fuel 

has caused concerns about global climate change [194, 195]. Today the United States, the 

world’s largest economy and consumer of energy, generates a quarter of global CO2 

emissions. Therefore, significant reduction of CO2 emissions from the current level is 

necessary to stabilize atmospheric concentration of CO2. A number of technologies, such 

as CO2 capture and sequestration, and CO2 utilization, are currently under investigation 

[196-199]. The current commercial technologies for CO2 capture from flue gas are based 

on absorption using liquid amines [8, 200, 201]. The major drawback of using liquid 

amines is the large amount of energy required for their regeneration to release the 

captured CO2 for compression and storage. Employing polymeric membranes is another 

approach for CO2 separation from the flue gas [198, 202, 203]. For a polymeric 

membrane to be economically attractive, it should provide both high gas permeability and 

selectivity. Numerous studies have established a trade-off between the permeability and 

selectivity in polymer membranes [19]. The CO2 permeability and CO2/N2 selectivity 

values for the polymer membranes used for CO2 separation are significantly lower than 

desired cost-effective membrane based separation [18]. 

 Koros et al. [20] suggested the use of mesoporous inorganic particles 
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incorporated to the polymer matrix as an attractive composite membrane for gas 

separations. They studied a variety of glassy polymers with inherently good diffusivity-

based separation characteristics and found that the selectivity in O2/N2 separation 

significantly improved when the mesoporous silica particles were incorporated into the 

polymer matrix. They proposed that specific and nonspecific energetic interactions 

between the polymer and silica modify the packing of the polymer to create a better 

material for sieving. 

 Mesoporous silica membranes and thin films have a unique advantage that their 

pore size can be varied from 2-50 nm [21, 24, 25, 36], which can graft large polymeric 

molecules in the pores. Another unique feature of these membranes is that various amino 

groups (primary, secondary, and tertiary) can be attached to their surface silanol groups, 

which provide sites for CO2 adsorption and facilitate its separation from N2. I 

hypothesized that aziridine functionalized worm-like mesoporous silica membranes may 

show interesting properties for CO2 separation from N2 in the presence and absence of 

water vapor. I chose aziridine because it yields primary, secondary, and tertiary amino 

groups when polymerized, and these groups have high affinities for acidic CO2 [204]. 

Thus, the final product is a hyper-branched amino silica (HAS) membrane. The presence 

of hyper-branched amine groups in the pores of mesoporous silica should provide a high 

CO2/N2 solubility selectivity [27, 205], because amine groups provide high CO2 

adsorption capacity and negligible N2 adsorption capacity. The host mesoporous silica 

membrane possesses a worm-like pore structure, which decreases diffusion limitations. 

The worm-like mesoporous silica membranes contain a large concentration of surface 

silanol groups, which could be easily functionalized by amine-containing polymers. The 
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functionalization of mesoporous silica membranes with aziridine was hypothesized 

prevent the permeation of weakly interacting gases such as N2, and lead to CO2 selective 

properties. 

 On the other hand, some reports [206, 207] have suggested that the CO2/N2 

selectivities significantly lower than 1 are obtained at very high polymer solubility 

parameters where the affinity between polymer segments and CO2 reaches a maximum. 

Freeman et al. [207] showed that the CO2/H2 solubility selectivity afforded by 

polyethyleneimine (PEI) molecules was more than offset by the increase in H2/CO2 

diffusivity selectivity due to PEI addition. Strong interactions between PEI molecules and 

CO2 significantly hinder the diffusion of CO2 and hence lead to H2/CO2 diffusivity 

selectivities significantly greater than 1. Therefore, the mesoporous silica membranes that 

are slightly N2 selective on modification with aziridine may also become highly N2 

selective because of enhanced N2/CO2 diffusion selectivity owing to strong interaction of 

CO2 (and hence slow diffusion) with polymeric amine molecules. 

 In this chapter, I describe the successful modification of worm-like mesoporous 

silica membranes on polymeric hollow fibers with aziridine to fabricate defect-free HAS 

membranes for CO2 separation. Furthermore, I observed a counter-intuitive N2 selectivity 

for HAS membranes in the dry gas permeation experiments. Considering kinetic diameter 

and affinity with amine groups of gas molecules, N2 molecules are supposed to flow 

faster than CO2 molecules when passing through amine modified pores. The HAS 

membranes showed CO2 selective properties in the presence of water vapor. These 

phenomena are considered in more detail in the following sections. To the best of our 

knowledge, there have not been any studies of bi-functional (N2 selective and CO2 
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selective) permeation properties of any type of membrane.  

 

4.2 Materials and Methods 

4.2.1 Materials 

The following reagents were obtained from the commercial suppliers and used as 

received without further purification: 2-chloroethylamine hydrochloride (Aldrich, 99%), 

sodium hydroxide (EMD, ACS grade, 97%), tetraethylorthosilicate (TEOS, 98% Sigma-

Aldrich), cetyl trimethylammonium bromide (CTAB, Sigma-Aldrich), 1 N aqueous 

hydrochloric acid (HCl) solution (Sigma-Aldrich), ethanol (EtOH, BDH), Torlon® 

4000T-LV (Solvay Advanced Polymers). 

 

4.2.2 Synthesis of mesoporous silica membrane on Torlon® hollow fiber 

Macroporous Torlon® (polyamide-imide) hollow fiber supports were fabricated 

by a dry-jet/wet-quench method, described in detail elsewhere [140]. The outer and inner 

diameters of the support fibers were ca. 380 μm and 230 μm, respectively. The fibers did 

not possess skin layers and had open pores of ~100 nm size at the outer surface. The 

mesoporous silica membrane was fabricated as described in our previous report [208]. 

Before the membrane coating, both ends of the fiber support were sealed with epoxy to 

prevent the membrane growth in the interior of the fiber support. The support Torlon 

hollow fibers were immersed in the coating solution for 5 hours at room temperature. The 

mixture had the molar composition of 1 TEOS : 0.425 CTAB : 0.00560 HCI : 62.2 H2O. 

The hollow fiber membranes were aged with saturated TEOS vapor prior to use. A 22 

cm-long fiber membrane was placed with 25 μL of TEOS in a closed vessel at 373 K for 
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24 hours. For surfactant extraction, the fiber membranes were washed with 0.05 N 

HCl/ethanol under stirring for 24 hours. 

 

4.2.3 Synthesis of aziridine 

Aziridine was synthesized from 2-chloroethylamine according to the previous 

report [204] with some modifications in the purification step. To a 250 mL round-bottom 

flask containing 2-chloroethylamine hydrochloride (30 g) was added a sodium hydroxide 

aqueous solution (25.8 g of sodium hydroxide in 170 g of deionized water). The resultant 

solution was heated to 323 K and stirred at this temperature for 2 hours. Aziridine was 

then recovered by a partial static vacuum distillation at 348 K. The collected distillate 

was dried over sodium hydroxide pellets and kept in a freezer overnight. Aziridine that 

phase-separated as an upper layer of liquid was recovered. The purified aziridine was 

obtained as colorless oil in 70-80 % yield and stored in a freezer. 1H NMR (400.0 MHz, 

(CD3)2SO, TMS): δ (ppm) 1.17, 1.53; 13C NMR (100.6 MHz, (CD3)2SO, TMS): δ (ppm) 

17.4 [209]. Aziridine may be a carcinogen and reproductive hazard. Use extreme caution 

when handling these compounds. Only handle in a well-ventilated fume hood and always 

wear proper personal protection equipment. 

 

4.2.4 Aziridine functionalization of mesoporous silica membrane 

Polymerization of aziridine on the mesoporous membrane supports via vapor 

phase transport was carried out in a 290 mL glass pressure tube. Prior to aziridine 

functionalization, the surfactant-extracted mesoporous silica membranes were evacuated 

in a vacuum oven at 423 K under 0.07 atm, to remove physically adsorbed moisture and 
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residual surfactant. Also, the non-evacuated mesoporous silica membranes were 

functionalized with same way. A small glass test tube (12 × 75 mm, VWR) containing 3 

g of aziridine was then placed inside the pressure tube. The pressure tube was closed 

tightly and maintained to a room temperature for 7 days of reaction time. After 

functionalization, the membranes were washed with ethanol for 30 min in a separate 

container under stirring to remove the physisorbed aziridine and polyamines from the 

sample surface. Then, the coated membranes were dried at room temperature before 

preparing the gas permeation module. 

 

4.2.5 Characterization methods 

Scanning electron microscopy (SEM) was performed with a LEO 1530 

instrument to examine the membranes. The membrane samples were prepared on carbon 

tape and coated with gold to prevent image distortion due to surface charging.  

 

4.2.6 Gas permeation measurements 

Pure gas permeation was measured using a hollow fiber permeation testing 

system (Figure 4-1), constructed in-house as described earlier [143, 144]. Gases were fed 

into the bore (“tube side”) of the fiber interior at one end of the module. The temperature 

of the system was maintained at 308 K during the measurement. The flux through the 

walls of the fiber was measured on the “shell side” connected to a bubble flow meter. 

Atmospheric pressure was maintained on the downstream side. The permeance can also 

be expressed as the flux normalized by the transmembrane pressure (∆pi), as shown by 

following equation. 
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                         Pi = Fi
∆pi

         (1) 

A commonly used unit for gas permeance is the GPU (Gas Permeation Unit), 

where 1 GPU = 10-6 cm3 (STP) cm-2 s-1 cmHg-1. The ideal selectivity of the membrane is 

the ratio of the permeances of the individual gases. For single gas A and B, the ideal 

selectivity is described by: 

                         αA B⁄ = PA
PB

        (2) 

   

 

Figure 4-1. Schematic diagram of the experimental setup for permeation measurements. 

  

Separate HAS membranes were measured with an in situ membrane degassing 

procedure. HAS membranes were degassed at 323 K under N2 flow before measurement, 

and confirmed that initial and steady-state permeation values are corresponding to the 

data below. 
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4.3 Results and Discussion 

4.3.1 Membrane characterization 

Figures 4-2 shows cross-sectional SEM images of the aziridine functionalized 

mesoporous silica/Torlon® hollow fiber membranes without and with the evacuation 

process. Continuous and uniform silica layers are obtained on the outer surface of the 

hollow fiber in a highly reproducible manner. Figure 4-3 shows top-view SEM images of 

the aziridine functionalized mesoporous silica/Torlon® hollow fiber membranes without 

and with the evacuation process. The continuous and crack-free silica layers indicate that 

the membranes are not damaged by aziridine functionalization. Also, there is no change 

in the membrane morphology after amine-functionalization. 

 

    

Figure 4-2. Cross-sectional SEM images of aziridine functionalized membranes (a) 

without evacuation, and (b) with evacuation. 
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Figure 4-3. Top-view SEM images of aziridine functionalized membranes (a) without 

evacuation, and (b) with evacuation. 

 

4.3.2 Gas permeation characteristics 

 Mesoporous silica membranes after pore modification with aziridine were 

characterized by pure N2 and CO2 gas permeation to study the effect of aziridine 

attachment on gas permeation and to confirm the synthesis of defect-free HAS 

membranes. Figure 4-4 shows cyclic dry gas permeation data for CO2 and N2 for an 

aziridine functionalized mesoporous silica membrane. Each gas is contacted with the 

membrane for 1500 min before switching to the other gas. Overall, permeances of both 

gases are significantly decreased after aziridine-functionalization of both the extracted 

and evacuated membranes, suggesting decreased pore sizes and pore volumes due to 

modification. Observing the huge reduction of permeances after amine functionalization, 

it is inferred that the incorporated aziridine forms HAS in the membrane pores. For 

example, the N2 permeance decreased from 3,000 GPU to 10 GPU for the extracted 

membrane (Figure 4-4 (a)), from 20,000 GPU to 12 GPU for the evacuated membrane 

(Figure 4-4 (b)). These kinds of significant reduction are not based on the single aziridine 
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molecule, but due to hyper-branched amines. More interestingly, CO2 permeance values 

for the HAS membrane were decreased as the permeation time was increased, indicating 

CO2 molecules are strongly adsorbed to the amine groups. The adsorbed CO2 molecules 

almost block the pores by reducing effective pore size, and causing stabilized permeance 

less than 2 GPU. When I switched the gas from CO2 to N2, the gas permeance was 

gradually recovered to the initial values (before CO2 adsorption) in a short period of time, 

suggesting the adsorbed CO2 molecules are desorbed out by N2 flow and the effective 

pore size is recovered. Finally, this counter-intuitive phenomenon brings a conclusion of 

reverse selectivity (N2/CO2) of 5-7. Also, the cyclic test suggests that this reverse 

selectivity occurs reversibly. Figure 4-5 and Figure 4-6 show same information as Figure 

4-4, but in a more stretched manner to identify the steady state point. 
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Figure 4-4. Cyclic dry gas permeation of CO2  N2  CO2  N2 at 308 K for aziridine 

functionalized mesoporous silica/Torlon® hollow fiber membranes synthesized (a) 

without evacuation, and (b) after evacuation. 
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Figure 4-5. Cyclic dry gas permeation CO2  N2  CO2  N2 for aziridine 

functionalized mesoporous silica/Torlon® hollow fiber membranes without evacuation at 

308 K. 
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Figure 4-6. Cyclic dry gas permeation CO2  N2  CO2  N2 for aziridine 

functionalized mesoporous silica/Torlon® hollow fiber membranes after evacuation at 

308 K. 



 98 

 CO2 adsorption to the HAS during dry gas permeation occurs on the amine pairs 

of primary-primary, primary-secondary, and secondary-secondary amines, as shown in 

Figure 4-7, and barely occurs on the pairs of primary-tertiary and secondary-tertiary due 

to the steric hindrance. By this acid-base reaction, CO2 molecule is covalently bonded to 

the one of the amines, and the other amine is converted to an alkylammonium ion. 

Different from primary and secondary amines, tertiary amine pairs are not involved in the 

CO2 adsorption [210]. Figure 4-8 describes the schematic of a pore channel of the HAS 

membrane, and the CO2 molecule adsorbed HAS membrane. Amine groups are 

positioned closely due to the crosslinking when reacted with CO2 gas molecules. As a 

result, the effective pore size is significantly decreased. 
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Figure 4-7. Mechanisms of CO2 adsorption to the pairs of (a) primary-primary, (b) 

primary-secondary, and (c) secondary-secondary amines. 
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Figure 4-8. Mechanism of CO2 gas adsorption through crosslinking (leading to reverse 

selectivity) by aziridine functionalized membrane.  

 

 In the presence of water vapor, the N2 permeances were much lower than those 

of dry gas permeation (Figure 4-9), but CO2 permeances were slightly increased. Thus, 

the ratios of N2 and CO2 permeances in single gas permeation experiments were much 

lower than those of dry gas permeation. In the presence of water vapor, the CO2 

adsorption capacity of the HAS membrane increases considerably, leading to higher CO2 

solubility [211]. Additionally, there is probably a slight contribution of adsorption by 

tertiary-tertiary amine pairs in the presence of water vapor [210]. In particular, the 

aziridine-functionalized membrane after evacuation shows a CO2/N2 selectivity of 2.7. 

The decrease in gas permeance of N2 is a result of water vapor adsorption in HAS 

membranes, expected to lower the free volume available for permeation. From this result, 

I speculate that the evacuated membrane is modified with aziridine in a more controlled 

manner. 
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Figure 4-9. Wet gas permeation of N2 and CO2 at 308 K for aziridine functionalized 

mesoporous silica/Torlon® hollow fiber membranes synthesized (a) without evacuation, 

and (b) after evacuation. 

 

 The nature of the chemical interactions between the HAS membrane and CO2 

changes in the presence of moisture. Figure 4-10 shows the CO2 hypothesized adsorption 

mechanism to the primary amine groups in the presence and absence of moisture. The 

interaction between the basic surface and acidic CO2 molecules is thought to result in the 

formation of surface ammonium carbamates under anhydrous conditions and in the 

formation of ammonium bicarbonate and carbonate species in the presence of water. Thus, 
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in dry CO2 permeation, adsorption capacities are limited to one mole of CO2 for every 

two moles of surface-bound amine groups; in the presence of water, adsorption capacities 

may increase up to two moles of CO2 per two moles of surface-bound amine groups. 

Additionally, amine groups are less close to each other, because each amine reacts with 

the CO2 molecule separately. Additionally, CO2 molecules are hopping through amine 

groups due to the high adsorption capacity in the presence of water, because there are 

available adsorption sites locally. 
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Figure 4-10. Surface reaction of tethered amine groups with CO2. 

  

 Table 4-1 summarizes the steady state single gas (N2 and CO2) permeation results 

for two different HAS membranes at 308 K. Both membranes show N2 selectivity in dry 

gas permeation, and this transforms into CO2 selective behavior in wet gas permeation. 

As a result, I suggest that the evacutated membrane to remove moisture and residual 
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surfactant is modified in a more controlled manner by aziridine. As a result, the HAS 

membrane shows CO2 selective properties due to facilitated transport of CO2 by hopping 

from one amine site to the other in presence of water. 

 

Table 4-1. Steady-state single gas permeation results at 308 K. 

Membranes Gas N2 CO2 
Selectivity  

(N2/CO2) 

Aziridine functionalization w/o evacuation 
Dry 8.6 1.6 5.4 

Wet 7.7 3.8 2.0 

Aziridine functionalization after evacuation 
Dry 12 1.8 6.7 

Wet 3.6 9.7 0.37 

 

 

 On the basis of combined permeation data, it is concluded that the HAS 

membrane can be N2 selective in dry-gas permeation. I speculate that the hyper-branched 

amines are highly modifying the pores, and additional CO2 adsorption blocking most of 

the remained spaces. On the other hand, it is also concluded that the HAS membrane can 

be CO2 selective in wet gas permeation, because water facilitates the CO2 hopping by 

reducing the activation energy for hopping between amine sites. 

 

4.4 Conclusions  

Aziridine was successfully introduced into the worm-like mesopore channels of 

mesoporous membranes on polymeric hollow fiber supports, where it reacts to form HAS 
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structures on the internal pore surfaces. The HAS-containing membranes were selective 

for N2 over CO2 at 308 K in anhydrous pure gas permeation. However, the same 

membranes were selective to CO2 over N2 in the presence of water vapor. This change in 

behavior is less clear in the non-evacuated membranes, which have residual surfactant in 

the pores,thereby causing the low concentration of modifiable surface silanol groups. 

Overall, this study describes unequivocally gas permeation characteristic of aziridine-

functionalized mesoporous silica membranes in the absence and presence of water vapor. 
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CHAPTER 5 

SUMMARY AND FUTURE WORK 

 

5.1 Summary 

The work described in this thesis develops the science and engineering of 

mesoporous silica membranes for molecular transport and separations. A number of 

significant challenges along this path were addressed by a strategy that combined new 

approaches for supported membrane fabrication, silylation, amine-functionalization, 

application to liquid & gas separations, surface property investigations, and 

characterization techniques. These investigations have addressed several challenges of 

mesoporous silica membrane technology and created opportunities for applying 

mesoporous silica materials in a scalable membrane separation platform. 

  

5.1.1 Silylated MCM-48 membrane on α-alumina disk for organic/water separation 

In chapter 2, the fabrication of continuous MCM-48 membranes on α-alumina 

disks via seed layer deposition and hydrothermal growth was presented. The seeded 

MCM-48 membranes have low defect density and high gas fluxes. By means of the seed 

layer deposition, MCM-48 membranes can be formed on the top of α-alumina supports 

with little silica infiltration into the macroporous supports. Also, the porosity of intact 

MCM-48 membranes was assessed by nitrogen physisorption for the first time. 

Compared to the unseeded MCM-48 membrane, the seeded membrane has a larger pore 

volume and surface area.  

 The obtained membranes were silylated with hexamethyldisilazane (HMDS) to 
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tailor selective properties of the membrane. The HMDS-treated MCM-48 membranes 

were selective for permeation of organic molecules in aqueous ethanol (EtOH)/water, 

methyl ethyl ketone (MEK)/water, and ethyl acetate (EA)/water permeation experiments, 

whereas the unmodified membranes were significantly selective for water. The good 

separation performance in organic/water mixtures can be attributed primarily to the 

hydrophobic nature of the silylated pores and the preferential adsorption of organics on 

the membrane. 

 

5.1.2 Mesoporous silica membrane on polymeric hollow fiber for organic/water 

separation 

To apply mesoporous silica membrane as technologically scalable platform for 

separations, the fabrication of continuous mesoporous silica membranes on polymeric 

hollow fibers via a facile, low-temperature process was demonstrated. The membranes 

synthesized by this approach are defect-free and have a high gas flux. The open 

mesopores were modified with trimethylsilyl groups to tailor the hydrophobic properties 

of the membrane, and the mesoporous silica layer remained intact and defect-free, as 

exhibited by X-ray diffraction, electron microscopy, and gas permeation measurements. 

The silylated mesoporous membranes are selective for permeation of organic 

molecules in aqueous EtOH/water, MEK/water, EA/water, iso-butanol/water, and n-

butanol/water pervaporation experiments, whereas the bare membranes are selective for 

water. The good separation performance in organic/water mixtures can be attributed 

primarily to the hydrophobic nature of the silylated pores and the preferential adsorption 

of organics in the membrane. In relation to other types of organics/water separation 
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membranes, the performance of the present membranes is quite promising for a range of 

potential organic/water separations. An important advantage of the present mesoporous 

silica/Torlon® hollow fiber membranes is their scalability, and as well as their low-cost 

processing methodology. 

 

5.1.3 Mesoporous silica membrane on polymeric hollow fiber for gas separation 

Synthesis and gas transport properties of aziridine-functionalized mesoporous silica 

membranes on polymeric hollow fibers have also been investigated. The synthesized 

worm-like mesoporous silica membranes on polymeric hollow fiber were amine-

functionalized with aziridine and their transport properties were studied to understand the 

effects of surface functionalization on gas separations. This new hybrid aminosilica 

membrane had very interesting and counter-intuitive N2 selective permeation properties 

in dry gas permeation. Detailed characterization of the membrane structure and its 

permeation behavior showed this was due to strong adsorption of CO2 leading to reduced 

gas flux due to CO2-induced amine crosslinking. This hyper branched amino silica 

membrane is a very promising new material for acid gas capture from flue gas streams. 

More interestingly, this membrane showed CO2 selective property when applied to humid 

gas permeation. Water in humid gas affect the adsorption of CO2 molecules by reducing 

crosslinking, and finally the CO2 flows through facilitated transport by hopping of CO2 

molecules. While the selectivity values in this particular example (CO2/N2 separation) 

were not high, this work demonstrates that such properties can be controlled and used in 

other separations as well.  
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5.2 Future Works 

The present work leads to several interesting avenues for further research, some of 

which are outlined below. 

 

5.2.1 Extension of silylation techniques to other mesoporous M41S membranes 

MCM-48 and worm-like mesoporous silica have an extensive literature and were 

used as model materials in this thesis. However, they are not necessarily the best 

materials for a particular separation application. There are several mesoporous silicas that 

can be used in the fabrication of modified silica membranes, such as MCM-41 and 

MCM-50 (Figure 5-1). The pore modification developed in this study can be applied to 

the pore of these mesoporous silicas to control the loading of functionalizing agents and 

selective properties. This is one of the potential advantages of the methods developed in 

this thesis over compatibilization using silane and amine chemistry. It is expected that 

membranes have not only high flux but also have more desirable structure for 

homogeneous pore modification when the MCM-41 membranes are synthesized 

perpendicular to support materials [212, 213]. With further optimization of the silylation 

conditions (loading and the type of silyl group) on 2D membranes, this technique has 

potential for significant performance enhancements. More interestingly, the study of pore 

size dependency is also possible by applying the pore-expanded mesoporous silicas [214, 

215] to the membrane configuration and further silylation.  
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Figure 5-1. Structures of mesoporous M41S materials: (a) MCM-41 (2D hexagonal, 

space group p6mm), (b) MCM-48 (cubic, space group Ia3d), and (c) MCM-50 (lamellar, 

space group p2) [45]. 

 

5.2.2 Direct characterization of organic loading and pore structure for modified 

mesoporous silica membranes 

 The structural characterization of thin organic-modified silica membranes is 

general quite challenging, and most previous works are focused on silica powder 

characterizations as a surrogate for the membrane characterizations [31, 32, 138]. 

However, in this thesis it has been shown that the organic-modification characteristics of 

membranes can be different from those of powders. Properties such as the organic 

loading in the mesopores as well as details of the pore morphology in the for modified 

mesoporous silica membranes are still unknown due to the limitations of conventional 

characterization methods. Two factors causing this situation are the small amount of 

membrane sample on top of the much thicker polymeric support, and the curvature of 

hollow fiber support. This impedes the effectiveness of techniques such as X-ray 

diffraction and FT-ATR/IR. The use of thicker membranes on a flat support could be 

useful in gaining more precise information on the organic-modified silica membrane layer. 
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After dissolving out the polymer support, sufficient amount of sample may be obtained 

for direct characterizations such as thermogravimetric analysis and N2 physisorption. In 

addition, thicker modified mesoporous silica membranes on flat supports can allow more 

detailed X-ray/synchrotron and FT-ATR/IR studies. 

 

5.2.3 Application to dehydration of organic using hydrophilic mesoporous silica 

membranes 

 In this thesis, silylated hydrophobic mesoporous silica membranes have been 

studied for the organic/water separations. On the other hand, hydrophilic membranes 

are also of interest, for example in the dehydration of organic-rich streams as shown in 

Figure 5-2. As discussed in previous chapters, the as-synthesized mesoporous silica 

membranes are hydrophilic due to the large number of surface silanol groups. 

Incorporation of amino groups enables further hydrophilization of these organic-

inorganic hybrid materials. It has been recently shown that the polar nature of amine 

groups resulted in increased adsorption of water molecules in the functionalized 

mesopores, and this observation was applied to the dehydration of organics [216]. Since 

the present mesoporous silica membranes are already synthesized in a hollow fiber 

configuration as described in this thesis, they may also comprise a technologically 

scalable platform for water separations with hydrophilic membranes. 
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Figure 5-2. Hydrophilic membranes used to remove water from a chemical or mixture of 

chemicals. 
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