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ABSTRACT 

 

A porous membrane support is prepared with low cost ceramic materials by a simple 

uniaxial compaction method. The effect of sintering temperature (850-1000°C) on 

porosity, mean pore size, pore size distribution, shrinkage, flexural strength and pure 

water permeability was investigated. The raw materials and sintered supports were 

characterized using thermo gravimetric analysis (TGA), particle size distribution 

(PSD), X-ray diffraction (XRD) and scanning electron micrograph (SEM) analysis. 

Based on the characterization results, the support sintered at 950˚C (porosity = 44%, 

flexural strength = 28 MPa, average pore diameter = 1.01 μm, and water permeability 

= 4.46×10-6 m/s kPa) is considered as the optimum support (referred as support-I) for 

membrane applications. Subsequently, the effect of TiO2 (3g and 6g) addition on the 

properties of the optimized support (support-I) is also examined and no substantial 

changes is observed for the TiO2 added membrane supports. All the membrane 

supports are investigated for the separation of oil and BSA from its solution. A higher 

rejection value of 90-99% is obtained for separation of oil through these supports. 

However, less rejection is observed for BSA. To improve the separation performance, 

a selective γ-Al2O3 layer (thickness = 2.6 μm, pore diameter = 5.4-13.6 nm) is 

developed on the support-I by dip-coating using a stable boehmite sol (davg =30.9 nm) 

synthesized from inexpensive aluminium chloride. The boehmite sol and the γ-Al2O3-

clay (clay refers to support-I) composite membrane are characterized with TGA, 

XRD, SEM, Fourier transform infrared spectroscopy (FTIR), dynamic light scattering 

(DLS) and liquid displacement techniques. The separation performance of the 

membrane is investigated using BSA and electrolyte (AlCl3 and MgCl2) solution by 

varying the process parameters such as pH, applied pressure and feed concentration. 
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The separation results confirm that the rejection and permeability mainly depend on 

electrostatic attraction/repulsion between the membrane and the solute molecules 

(BSA, electrolyte). The intrinsic rejection is estimated using Spiegler-Kedem model 

and the higher rejection (99% for BSA, 72% for MgCl2 and 88% for AlCl3) and 

permeate flux (3.4×10-5 m/s for BSA, 9.6×10-5 m/s for MgCl2 and 4.4×10-5 m/s for 

AlCl3) values confirm that the fabricated γ-Al2O3-clay composite membrane is 

potential for liquid phase separation applications. The estimated cost of the membrane 

(26.04 $/m2) suggests that this could be an alternate for high cost commercial ceramic 

membranes.  
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    1  

 

 

INTRODUCTION  

 

 

 

 

 

 

1.1 DEFINITION 

Membrane can be defined in several ways, however, the International Union of Pure 

and Applied Chemistry (IUPAC) defines the membrane as “a structure, having lateral 

dimensions much greater than its thickness, through which mass transfer may occur 

under a variety of driving forces” (Koros et al., 1996). A simplified working 

definition of a membrane can be conveniently stated as a permselective barrier (active 

or passive) that permits or restricts preferential passage of one or more selected 

species or components (ions and molecules) present in a gaseous and liquid mixture 

or solution, under the influence of a driving force (Ho and Sirkar 1992; Hsieh 1996; 

Baker 2004). Generally, the driving force for the separation could be pressure gradient 

(ΔP), concentration gradient (ΔC), electrical potential gradient (ΔE) and temperature 

gradient (ΔT). In some membrane separation operations, more than one driving force 

can be applied. In such cases, anyone of the above mechanism is dominant (Ho and 

Sirkar 1992; Tsuru 2001). The stream leaving a membrane module with penetrated 
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components is called as the permeate stream and the stream that leaves the membrane 

module without passing through the membrane is called as a retentate or raffinate 

stream (Koros et al., 1996; Tsuru 2001). 

1.2 CLASSIFICATION OF MEMBRANE PROCESSES 

Many types of membrane processes exist that can be classified into various groups 

based on various criteria (Hsieh 1996). Generally membrane classification is either 

based on the mode of operation or driving force. Operationally, membrane processes 

can be classified into either dead-end or cross flow mode. This is according to the 

direction of the feed stream relative to the orientation of the membrane surface (Hsieh 

1996; Koros et al., 1996). A schematic of the membrane process operated in different 

modes is shown in Fig. 1.1. In dead-end filtration mode, both the feed and permeate 

stream flow is perpendicular to the membrane surface and only outlet for upstream 

fluid is through the membrane. Generally, it is a batch separation process widely used 

in laboratory for the characterization of membranes. In cross flow filtration the fluid 

on the upstream side of the membrane moves parallel to the membrane surface and 

the fluid on the downstream side of the membrane moves away from the membrane in 

the direction normal to the membrane surface. This concept is widely used for the 

majority of the membrane separation applications. Any stagnant and accumulated 

rejected species on the membrane surface can be removed by the shear force exerted 

by the flowing feed stream. Due to this reason, permeation rate is enhanced. Cross 

flow filtration can be operated in co-current or counter-current mode using a sweep 

stream. In co-current flow, the fluid on the upstream and downstream sides moves 

parallel to the membrane surface and in the same direction.  
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Fig. 1.1 Schematic of different modes of operation in a membrane process.  

F- Feed; M-Membrane; P- Permeate; R-Retentate; S-Sweep stream  

F P 

M

(a) Dead-end flow filtration mode

F R 

P

M

(b) Cross flow filtration mode

F 

S P 
M

R 

(c) Co-current flow

F 

S 
M

R 

P 

(d) Counter-current flow 

(e)Perfectly mixed flow mode

F 

S 
M 

R 

P 
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In the case of counter current flow, the upstream and downstream fluid moves parallel 

to the membrane surface but in opposite directions. When the upstream and 

downstream fluid of the membrane unit is well-mixed individually, the flow is called 

as completely or perfectly mixed flow. 

Dead-end filtration can be used for treating feed streams containing less than 0.1% 

solids and the cross flow filtration can be used to treat the feed streams containing 

0.5% solids (Baker 2004). Both dead-end and cross flow mode filters can be used 

within these limits depending on the particular characteristics of the application. A 

semi dead-end filtration can be used for a feed stream containing very low solid 

loading or concentration such as removal of bacterial and virus from water. Initially 

the membrane unit is operated as a dead-end filter to maintain a useful flow across the 

filter (Baker 2004). When the pressure required to maintain the useful flow across the 

membrane filter reaches its maximum, the membrane is operated in cross-flow mode 

with backflushing using air or permeate solution. After a short period of backflushing 

in cross flow mode to remove material deposited on the membrane, the system is 

switched back to the dead-end operation (Baker 2004). 

The classification of the membrane separation process based on driving force is 

represented schematically in Fig. 1.2 (Mulder 1996; Li 2007). Pressure driven 

membranes have a wide and diverse range of applications. The driving force is the 

pressure gradient that provides the energy to separate the feed molecules. Pressure 

driven membrane processes are very popular because of their simplicity, cost 

effectiveness and higher feed processing rate.  
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Fig. 1.2 Classification of membranes based on driving forces. 

 

Table 1.1 Characteristics of the pressure driven membrane processes 

Process Pore size 

(nm) 

Pressure

(bar) 

Materials retained Materials passed 

MF > 100 < 2 Particles (bacteria, 

yeast, etc.) 

Water, salts and 

macromolecules 

UF 2-100 1-10 Macromolecules, 

colloids, lattices solutes 

MW > 10,000 

water, salts and 

sugars 

NF < 2 5-20 Solutes MW > 500, di 

and multivalent ions 

Water, sugars and 

monovalent ions 

RO  15-80 All dissolved and 

suspended solutes 

(sugars, salts etc.,) 

Water 

 

Pressure difference Chemical 
potential 

difference

Electrical 
potential 

difference

Classification Based on Driving Forces 

Dialysis Electro 
Dialysis 

Anion Exchange

Cation Exchange

Bipolar

Microfiltration 

Electro 
Osmosis 

Ultrafiltration 

Nanofiltration 

Reverse 
osmosis 

Temperature 
difference 

Membrane 
Distillation

Pervaporation 
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Pressure driven membrane processes are classified as microfiltration (MF) (where 

suspended particles and dissolved macromolecules larger than 0.1 μm are rejected), 

ultrafiltration (UF) (where particles and dissolved macromolecules smaller than 0.1 

μm and larger than 2 nm are rejected), nanofiltration (NF) (where particles less than 2 

nm are rejected) and reverse osmosis (RO) (liquid-phase separation process in which 

applied transmembrane pressure causes selective movement of solvent against its 

osmotic pressure difference). The characteristics of these processes are given in Table 

1.1 (Koros et al., 1996; Mulder 1996). 

Dialysis is a membrane process in which the transport of solutes is driven primarily 

by concentration difference, ie., chemical potential difference, rather than by pressure 

or electrical-potential difference, across the thickness of a membrane. Dialysis 

membrane is commonly used for kidney dialysis, in which the driving force is created 

by the higher concentration of the impurities in the blood compared to the buffer 

(Baker 2004; Li 2007). The electrical potential difference membrane process is 

classified as electro-dialysis (in which ions are driven through an ion-selective 

membrane under the influence of an electric field) and electro-osmosis (in which 

water is transported across the thickness of an ion-exchange membrane under an 

applied electric field).  

An overview of the typical membranes separation processes along with their fields of 

application and corresponding driving forces are given in Table 1.2 (Hsieh 1996; 

Nasef and Hegazy 2004).  
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Table 1.2 Overview of the typical membrane separation processes along with 

their field of application and the driving forces 

Membrane 
process 

Driving force 
(Membrane 
type) 

Phases 
involved 

Field of application 

Dialysis ∆C (Dense) Liquid/ 
liquid 

Purification of polymer solutions, 
hemodialysis, controlled-release, alcohol 
reduction in beer 

Reverse 
osmosis 

∆P (Dense) Liquid/ 
liquid 

Desalination 

Microfiltration ∆P (Porous) Solid/ 
liquid 

Clarification of beverages, cell 
harvesting, reduction of bacteria and 
particulate turbidity, production of ultra-
pure water for semiconductor industry 

Ultrafiltration ∆P (Porous) Liquid/ 
liquid 

Purification and concentration of juices 
and polymer solution, protein recovery 
and waste water purification in dairy 
industry, starch recovery and 
pharmaceuticals 

Nanofiltration ∆P (Porous) Liquid/ 
liquid 

Desalination of brackish and sea water, 
purification of waste water, metal 
recovery from galvanic industry waste 
water, concentration of juice and milk 

Electrodialysis ∆E (Dense/ 
porous) 

Liquid/ 
liquid 

Production of salt and ion free water from 
seawater, reduction of acidity of citrus 
juices, chloro-alkali, production of 
sulfuric acid 

Pervaporation  ∆P, ∆C and ∆T  
(Dense) 

Liquid/ 
vapor/ 
liquid 

Dehydration of organic solvents, 
separation of isomer solvents, recovery 
from water 

Membrane 
distillation  

∆P, ∆C and ∆T 
(Dense) 

Liquid/ 
vapor/ 
liquid 

Liquid production of pure water, solvent 
recovery 

Gas separation  ∆P (Dense/ 
composite) 

Gas/gas Natural gas purification, oxygen 
enrichment 

ΔC = Concentration difference; ΔP = Pressure difference; ΔE = Electrical Potential 
difference; ΔT = Temperature 
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Electro-dialysis membranes are ion exchange membranes which are classified into 

three basic categories such as anion exchange (membrane containing fixed cationic 

charges and mobile anions that can be exchanged with other anions present in an 

external fluid in contact with the membrane), cation exchange (membrane containing 

fixed anionic charges and mobile cations which can be exchanged with other cations 

present in an external fluid in contact with the membrane) and bipolar (synthetic 

membrane containing two oppositely charged ion-exchanging layers in contact with 

each other) membranes depending on the type of ionic groups attached to the polymer 

matrix (Li 2007). Most of the inorganic ion-exchange membranes are made up of 

zeolites. 

The type and concentration of the fixed ionic charges determine the permselectivity 

and electrical resistance of the membrane. Further, they also have a significant effect 

on the mechanical properties of the membrane. Temperature driven membranes are 

classified into pervaporation and membrane distillation. Their separation also depends 

on the pressure and concentration difference. Pervaporation is a membrane based 

separation process in which both the feed and retentate streams are liquid phases 

while permeate emerges at the downstream side of the membrane is a vapor (Baker 

2004). In membrane distillation process, liquid and gas phases are separated by a 

porous membrane, whose pores are not wetted by the liquid phase (Baker 2004). 

1.3 MEMBRANE CLASSIFICATION BASED ON NATURE 

Membrane classification based on the nature is schematically represented in Fig. 1.3. 

Membranes are classified into two types, namely natural or biological and synthetic 

membranes. 
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Fig. 1.3 Classification based on the nature of the membranes. 

Earlier stages of the membranes are made up of natural materials obtained from the 

bladders of pigs, cattle or fish as well as from the sausage casings of animal gut 

(Noble and Stern 1995; Baker 2004). Today these have been replaced with the 

synthetic membranes. Synthetic membranes are classified into two major groups, 

namely organic and inorganic. For the past 60 years, many polymeric membranes 

have been commercialized and successfully employed in industries for separation and 

purification applications due to their higher selectivity (Hsieh 1996; Baker 2004). 

However most of the recent research works have been focused on development of 

inorganic membranes attributed to their advantages, such as high thermal, chemical 

and mechanical stability (Burggraaf and Cot 1996; Tsuru 2001). Although it has many 

advantages over polymeric membranes, the implementation of inorganic membranes 

in industries is still limited due to certain difficulties associated with the modules, 

which are given in Table 1.3 (Caro et al., 2000; Tsuru 2001).  

 

Classification Based on Nature

Natural or Biological membrane Synthetic membrane

Organic membrane Inorganic membrane 

Polymeric membrane

Liquid membrane

Metal membrane

Ceramic membrane

Carbon membrane
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Table 1.3 The arguments (favor and against) of the inorganic membranes 

Arguments favor on inorganic membranes Arguments against inorganic membranes 

• Long-term stability at high temperature • High capital cost 

• Resistance to harsh environment • Brittleness 

• Resistance to high pressure  • Low membrane surface per module 

volume 

• Inertness to microbiological degradation • Difficulty in achieving high selectivities 

in large scale microporous membranes 

• Easy cleanability after fouling • Generally low permeability of the highly 

selective (dense) membranes at medium 

temperature 

• Easy catalytic activation • Difficult membrane-to-module sealing at 

high temperature 

 

Membranes which are made up of inorganic materials like ceramics, glass, metals, 

etc., are called as inorganic membranes. In general, ceramic membrane find more 

application, in liquid phase separation, in which most of the membranes are fabricated 

using inorganic oxides, such as alumina, titania and zirconia (Burggraaf and Cot 

1996; Tsuru 2001). 

1.3.1 Types of inorganic membranes 

In general, inorganic membranes are broadly classified into two categories, i.e., dense 

and porous membranes, based on the absence or presence of the pores in the 

membrane structure. However, the actual classification is based on the transport 

mechanism of the species through the membrane. If the separation mechanism is 

mainly controlled by sieving the species (molecules, ions etc.,) then it is called as 

porous membranes. If the membrane follows general solution-diffusion type 
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mechanism for the transport of species, then the membranes are referred as dense 

membranes. The separation mechanism is attributed to the affinity (selective 

adsorption and diffusion) of molecules with membrane materials and it plays an 

important and dominant role when the pore size is relatively small.  

1.3.1.1 Dense membranes 

Two major types of dense inorganic membranes, metal and solid electrolyte, have 

been studied and developed extensively for gas separation. Dense metal membranes 

made of palladium and its alloys have been suggested for hydrogen separation and 

purification applications (Hsieh 1996). Other metal membranes fabricated using 

tantalum, vanadium and niobium posses better selectivity for hydrogen. Solid 

electrolyte membranes are made of mixed conducting oxides (doped zirconia and 

thoria) that are selective to certain ionic species. These are widely applied for oxygen 

separation. Recently, liquid immobilised membranes (LIMs), which consist of a 

porous support filled with a liquid or molten salt which is semipermeable, are also 

regarded as dense membranes (Hsieh 1996). In general, dense membranes are widely 

applied for the separation and purification of gas systems. Hardly ever, they are used 

for liquid systems. Schematic of dense membrane is presented in Fig. 1.4(a). 

1.3.1.2 Porous membranes 

Porous inorganic membranes are prepared with several layers of porous materials. 

These layers have gradations of pore diameters and each layer is applied and 

stabilized so as to act as the support for the next finer layer. In general, 

microfiltration, ultrafiltration and nanofiltration membranes are porous in nature and 

employed in various industrial liquid phase applications to concentrate or purify dilute 

(aqueous) solutions (Noble and Stern 1995). The microstructure of the membranes 
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(shape, size, porosity, tortuosity etc.,) will strongly depend on the method of 

fabrication (Burggraaf and Cot 1996). Different pore morphologies of inorganic 

membranes are shown in Fig. 1.4. The simplest form is the symmetric pore 

morphology that consists of a single, uniformly structured wall of a certain material 

(also called as stand-alone membranes). Membranes containing indistinguishable 

separating layer and porous support of homogeneous structure in the direction of the 

membrane thickness are called as symmetric or isotropic membranes (Fig. 1.4(b)). 

The main challenge of these membranes is to withstand the processing conditions and 

especially pressure gradients. Very thin membranes do not exhibit good mechanical 

strength and a thick membrane creates more transport resistance and this results in 

decreased flux through the membrane. The above challenges have been overcome by 

the use of asymmetric membranes (Burggraaf and Cot 1996; Hsieh 1996; Mulder 

1997). Asymmetric membranes consist of a thin top selective layer that is supported 

on a porous support with large pores (low flow resistance) having sufficient 

mechanical strength (Fig. 1.4(c)). A composite membrane is a special type of 

asymmetric membrane, which consists of a porous support and a selective layer with 

or without one or more intermediate layers of gradually decreasing pore size (Fig. 

1.4(d)). The distinction between asymmetric and composite membrane is that the 

graded pore structure of asymmetric membranes are made from the same material 

across its thickness whereas in the composite membrane the graded pore layers are 

made with distinctively different materials (Burggraaf and Cot 1996; Hsieh 1996).  
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Fig. 1.4 Schematic of pore shapes. (a) Dense membrane, (b) symmetric membrane 

with cylindrical shaped pore, (c) asymmetric membranes with conical shaped pore 

and (d) composite membrane with interconnected pores (redrawn from Burggraaf and 

Cot 1996). 

 

Typical pore structure of a composite membrane (two layered) is schematically 

represented in Fig. 1.4 (d), which consists of a porous support system, with a few 

millimeters thickness and pore size in the range of 0.5-10 µm, which provides 

mechanical strength to the membrane; an intermediate layer, with 10-100 µm 

thickness and pore size in the range of 0.05-0.5 µm, which acts as transition phase and 

prevents the top layer from penetrating into the porous structure of the support; and 

finally a top layer, with 1-10 µm thickness and pore size in the range of 2-50 nm, 

which plays the main role in membrane filtration processes. 

(a) (b) 

(c) (d) 

TH-1041_06610703



Chapter 1 

 14

 

Fig. 1.5 Schematic representation of possible pore types in a porous membrane. 

a-isolated pore; b,f-dead end pore; c,d-tortuous and/or rough pores; e-conical pore 

(redrawn from Burggraaf and Cot 1996). 

 

The generic reasons for one or more layers are to decrease the average pore size, 

surface roughness and void defect density of the membrane support (Burggraaf and 

Cot 1996). In general, composite membranes must have interconnected pores of 

tortuous pore networks with many constrictions and dead-end pores. Different types 

of pores present in a porous membrane are presented in Fig. 1.5. Porosity, pore size 

distribution, pore shape, roughness, interconnectivity and orientation are the important 

parameters which influence transport properties and the economic performance. These 

parameters are indirectly related to the particle size distribution and shape of the 

starting raw materials (Burggraaf and Cot 1996). In general, a heterogeneous packing 

provides higher porous and permeable membrane supports with a lesser strength and 

surface smoothness.  The contrary applies for the homogeneous packing. 

a 
f 

b 
c 

c 

d 

d 

d 

e 
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Preparation of composite or multilayer ceramic membranes has been receiving more 

attention in the membrane technology due to their higher permeability and selectivity. 

A good composite ceramic membrane requires a macroporous membrane support with 

one or more thin defect free separation layers. The macroporous asymmetric 

membrane support minimizes the hydraulic resistance to the permeate flow resulting 

in a higher permeability and the thin separation layer resulting in a higher selectivity 

(Burggraaf and Cot 1996; Hsieh 1996; Mulder 1997; Tsuru 2001). 
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2.1 INTRODUCTION  

In this Chapter, firstly a detailed literature review on the fabrication of inorganic 

composite membranes is presented. Eventually, various steps involved for the 

fabrication of membrane supports and selective layers, advantages and disadvantages 

of each fabrication processes and various parameters that have influence on the 

membrane formation are presented. The Chapter also deals with the literature review 

on oil-water separation, bovine serum albumin (BSA) separation and electrolytes 

separation from their aqueous solutions using membranes. Finally the motivation 

towards the objective based on the broader literature review, impact of the thesis work 

to the research community and its organization are presented. 
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2.2 CERAMIC SUPPORT PREPARATION 

From Chapter 1, it is evident that the preparation of a composite ceramic membrane 

starts with the fabrication of an appropriate support. Generally, the ceramic supports 

are formed by shaping a powder in the desired shape followed with the consolidation 

of the green body by sintering. Generally, fabrication of any ceramic membrane 

support involves the following four main stages: 

1. Selection of appropriate inorganic raw materials or precursors 

2. Preparation of the powder/paste for membrane fabrication 

3. Membrane fabrication or shaping 

4. Heat treatment (sintering/firing) 

Choice of the raw materials decides the sintering temperature, pore characteristics 

(porosity, pore size and tortuosity) and cost (economy) of the membrane supports 

(Burggraaf and Cot 1996). Based on the fabrication methodology of the membrane 

supports the raw materials are prepared in the form of powder, paste or colloid. The 

choice of the shaping process decides the geometry of the final product. Circular or 

tubular shaped membrane supports are common in practice. However, monoliths 

(honey-comb) and hollow fiber modules are also recently fabricated and utilized for 

industrial application to process huge feed volumes (Burggraaf and Cot 1996).  
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Fig. 2.1 Different methods used for the fabrication of ceramic membrane 

supports. 

Many fabrication methods have been practiced by the researchers for their specific 

requirement. Eventhough it is very difficult to classify the ceramic support fabrication 

methods, the majority of the fabricated supports (commercial and home-made 

membrane supports) would fall under anyone of the following methods represented in 

Fig. 2.1. 

2.2.1 Powder pressing method 

Uniaxial pressing method is inexpensive and suitable for high volume production of 

simple geometrical shapes. The powder is compacted in a rigid die by applying 

pressure in a single axial direction through a rigid punch or piston. Uniaxial pressing 

is classified into two types, namely, dry pressing and wet pressing. Wet pressing 

involves the addition of binders to the ceramic raw materials for shaping and dry 

pressing involves only the dry powders (without any binder). During fabrication, care 

Method of fabrication of membrane supports

Powder pressing 
method 

Colloidal 
processing method 

Paste processing 
method 

1. Uniaxial 
pressing       
(Dry and wet 
pressing) 

2. Isostatic pressing 
(Hot and Cold 
pressing) 

1. Extrusion   

2. Manual paste 
casting 

1. Slip casting 
(Sedimentation, 
pressure or vacuum 
filtration and manual 
casting) 

2. Centrifugal casting 

3. Gel casting 
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must be taken to avoid the crack formation in the membrane supports, which can be 

caused by air entrapment, die wear and uneven pressure distribution. 

In isostatic pressing, the pressure is applied from multiple directions to achieve 

greater uniformity of compaction and increased shape capability compared to uniaxial 

pressing. Isostatic pressing methods are classified into cold and hot isostatic pressing.  

In the cold isostatic pressing, the isostatic pressure is created by applying an external 

pressure onto the fluid (water or oil) and this pressure is uniformly applied to ceramic 

powder to form a required shape. In the case of hot isostatic pressing, the isostatic 

pressure is created by heating the encapsulated fluid (generally argon gas) to the 

working temperature and this isostatic pressure is applied to the ceramic powder to 

form the desired shape. 

Many circular shaped membrane supports were fabricated using high purity α-

alumina of various particle sizes in mechanical press at high pressures without 

additives (Jayaraman et al., 1995; Kim and Lin 1999). Over the years, the dry 

pressing method was replaced with the wet pressing method by the addition of 

binders, especially organic binders such as poly vinyl alcohol (PVA), poly acrylic 

acid (PAA), poly ethylene glycol (PEG), methyl cellulose etc., which usually 

increases the green strength (handling strength), uniformity at the applied pressure 

and the pore network properties of the support (Palacio et al., 1998; Vercauteren et 

al., 1998; Falamaki et al., 2004a; Falamaki et al., 2004b; Chang et al., 2005; Wang et 

al., 2006; Dong et al., 2008). The binder is chosen in such a way that it must be 

completely burned off during sintering without leaving any ashes on the membrane 

support. The pore growth in the membrane supports is a function of the initial powder 

particle size and compaction pressure (Falamaki et al., 2004a). The investigation 

focused on the evolution of typical membrane characteristics, such as permeability 
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and tortuosity, of α-alumina and zircon (ZrSiO4) membrane supports and it revealed 

that the porosity, shrinkage and mean pore size mainly depends on the sintering 

temperature (Falamaki et al., 2004a). Enhancing the particle size of the raw materials 

increases the pore size of the membrane along with the compaction pressure required 

to form the support goes high. (Falamaki et al., 2004a; Falamaki et al., 2004b; Kim 

and Lin 1999). Only a significant change in the porosity of the membrane supports 

with an increase in the sintering temperature, however, it is greatly decreased with 

increased compaction pressure and decreased raw material particle size (De Vos and 

Verweij 1998; Kim and Lin 1999; Chang et al., 2005; Wang et al., 2006; Dong et al., 

2008). However, there is a limitation for compaction pressure and particle size of the 

raw materials. Increased sintering temperature results in densification of the support 

that always decreases the permeability and increases the mechanical strength of the 

support. Most of the research concluded that the optimum sintering temperature of a 

membrane support is the temperature when the membrane posses maximum 

permeability along with a reasonable mechanical strength value (De Vos and Verweij 

1998; Falamaki et al., 2004a; Bouzerara et al., 2006; Wang et al., 2006).  

Few works have been reported on the fabrication of membrane supports by isostatic 

pressing method (Luyten et al., 1997; De Vos and Verweij 1998; Vercauteren et al., 

1998; Gu et al., 2003; Fukushima et al., 2009). Sometimes the support is fabricated 

by uniaxial pressing followed by isostatic pressing (Luyten et al., 1997; De Vos and 

Verweij 1998). These investigations revealed that the isostatic pressing results in 

dense membrane supports with high mechanical strength than uniaxial pressing. 

Tubular shaped membrane supports could also be fabricated by isostatic pressing 

methods (Luyten et al., 1997; De Vos and Verweij 1998).  
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Typical sintering temperature (1200 to 1800°C) of alumina, titania and zirconia 

membrane supports inevitably increases the production cost. Many research works 

have been focused to reduce the sintering temperature (Zeng and Gao 1999; 

Chakradhar et al., 2006; Wang et al., 2006; Dong et al., 2008). Zeng and Gao (1999) 

pointed out that the reduced particle size of α-Al2O3 (<20 nm) resulted in low 

sintering temperature (below 1000°C). Several low temperature sintering technologies 

(such as liquid phase assisted sintering) involve the doping of raw powders with 

transition metal oxide and high reactivity nanometric size powders (Luyten et al., 

1997; Sathiyakumar et al., 2002; Wang et al., 2006; Dong et al., 2008; Fukushima et 

al., 2009). Instead of organic binders, some inorganic sintering aids have been used to 

decrease the sintering temperature as well as to enhance the pore property, porosity 

and strength of the membrane support. In many research works, calcium carbonate is 

used as an inorganic sintering aid to increase the porosity of the membrane support. 

Magnesium carbonate, sodium carbonate and calcium magnesium carbonate have also 

been used as porosifiers (Palacio et al., 1998; Bouzerara et al., 2006; Fukushima et 

al., 2009). The decomposition of CaCO3 produces largest pores at lower temperature 

(<1000°C). However, higher temperature (>1300°C) led to reduced pore size due to 

the liquid phase sintering mechanism, which produces low melting calcium-aluminate 

and calcium-aluminate-silicate species (Falamaki et al., 2004b). In addition, it also 

reduces the tortuosity and roughness that results in more rounded shaped pores. Their 

work confirmed that, with proper choice of the process parameters (such as sintering 

temperature and amount of porosifier), it is possible to fabricate rounded pore shape 

membrane supports with higher permeability. Wang et al., (2006) fabricated ceramic 

supports using α-alumina with titania (rutile) as sintering aid and their observations 
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revealed that the addition of rutile powder to alumina drastically reduces the porosity, 

pore size and the corrosion resistance of the membrane support. 

Several research works have been focused on the other way of reducing the cost of the 

ceramic support by the use of low cost raw materials (Palacio et al., 1998; Bouzerara 

et al., 2006; Dong et al., 2008). In order to reduce the fabrication cost, mullite 

ceramic supports have been synthesized from various inexpensive natural mineral 

materials, especially from kaolin. Other starting materials are sometimes added to 

increase the concentration of mullite phase (Palacio et al., 1998; Bouzerara et al., 

2006; Chakradhar et al., 2006; Dong et al., 2008; Bi et al., 2011). The addition of 

wollastonite to the ceramic mixtures reduces the sintering time and temperature as 

well as increases the strength of the membrane supports (Chakradhar et al., 2006; Bi 

et al., 2011).  

In general, most of the membrane supports are fabricated with high purity α-alumina 

powder as a starting material and sintered at high temperature, which increases the 

cost of the membranes (Luyten et al., 1997; De Vos and Verweij 1998; Dong and Lin 

1998; Vercauteren et al., 1998; Kim and Lin 1999; Falamaki et al., 2004a; Falamaki 

et al., 2004b; Wang et al., 2006). Kaolin based mullite ceramic supports have been 

found to be one of the best alternate for α-alumina, due to its outstanding properties, 

such as low thermal conductivity and expansion, excellent creep resistance and 

excellent thermal, chemical and mechanical stability. In addition, it will retain 

porosity at elevated temperatures. Although few reports were found for low cost 

kaolin supports, however, a complete investigation on its properties are not yet 

available as compared to the research carried out with commercialized high cost 

alumina, zirconia and titania membrane supports. 
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2.2.2 Colloidal processing method 

Based on the consolidation mechanism, the colloidal processing methods are 

classified in to three major classifications, namely slip, centrifugal and gel casting. In 

slip casting, ceramic membranes of several pore diameters have been fabricated by 

pouring a stable slip (suspension of clay or ceramic material in water) in porous 

mould; especially gypsum mould or in nonporous surfaces, such as petridishes or 

glass plates. Based on the fabrication and solvent removal mechanism, the slip casting 

is termed as sedimentation (Darcovich et al., 2001; Wang et al., 2001; Weir et al., 

2001), pressure or vacuum filtration (Garrido and Aglietti 2001; Shqau et al., 2006; 

Maleksaeedi et al., 2008; Mottern et al., 2008) and simply slip casting, which refers to 

casting the slip in porous moulds, (Hyun and Kang 1994; Huang and Chen 1995; 

Erdem et al., 2006). 

The first and foremost hard challenging task in the slip casting process is the 

preparation of stable colloidal suspension by controlling various interaction forces, 

such as Van Der Waals, steric, electrostatic and interparticle forces. The particle size 

and its concentration in the slip determine the pore characteristics of the membrane 

supports. In general, the pore size distribution of the membranes depends on the state 

of aggregation of the particles (see Fig. 2.2), which could be controlled with the 

addition of surfactants or dispersing agents and acids or bases. Generally, stable slips 

are obtained by controlling the pH at a particular value (Hyun and Kang 1994; Huang 

and Chen 1995; Darcovich et al., 2001; Erdem et al., 2006). In general, the colloidal 

suspensions are in dispersed and flocculated (weakly or strongly flocculated) states, as 

shown schematically in Fig. 2.2. 
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Fig. 2.2 Schematic illustration of different forms of colloidal suspension. 

In general, ammonium polymethylacrylic acid electrolyte (NH4
+PMA−, commercially 

referred as Darvan C) is used as a dispersing agent (Darcovich et al., 2001; 

Steenkamp et al., 2002; Hyun and Kang 1994; Erdem et al., 2006), starch as pore 

forming agent (Erdem et al., 2006) and pH was adjusted with acids or bases 

(Darcovich et al., 2001; Chowdhury et al., 2005; Shqau et al., 2006). Also, PVA is 

used as binder and colloid stabilizer (Huang and Chen 1995) and sometimes inorganic 

ceramic materials, such as kaolin, CaCO3, SiO2, alumina and yittria, have been used 

as sintering aids (Moreno et al., 1999; Jun-hui et al., 2002). 

Various methodologies, such as stirring, grinding (in ball mills), sonicating and 

degassing, have been practiced by the researchers to obtain a homogeneous slip 

solution (Huang and Chen 1995; Steenkamp et al., 2002; Shqau et al., 2006). The 

particle size and surface charge of the starting raw material decides the stability of the 

slip solution. Many investigations reported in literature were focused on the high 

purity α-alumina of different particle sizes by varying the concentrations of the slips 

(Huang and Chen 1995; Steenkamp et al., 2002; Shqau et al., 2006). In general, this 

technique is widely used for the fabrication of UF and NF membranes, however, some 

(a) Dispersed (b) Weakly flocculated (c) Strongly flocculated 
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macroporous supports have been fabricated by the flocculated slips (Huang and Chen 

1995; Darcovich et al., 2001; Erdem et al., 2006). Generally, the narrow particle size 

results in narrow pore size distribution and these membranes have higher selectivity. 

However the permeation and separation results reported by Darcovich et al., (2001) 

revealed that superior performance were obtained from the functionally gradient pore 

size membrane supports than the narrow pore size dense membrane supports. 

Centrifugal casting method is used to prepare tubular membrane supports from the 

slip solution subjected to a high centrifugal force. The largest particles present in the 

suspension move firstly to the mould wall followed by the smaller particles. The 

quality of the outer surface of the tubular support depends on the surface quality of 

the mould, whereas the inner surface of the support depends on the suspension 

quality, especially the quantity of the smallest particles present in the suspension 

(Burggraaf and Cot 1996; Steenkamp et al., 2002). Speed of the centrifuge and the 

particle size distribution of the slip solution are the main parameters that affect the 

mean pore size of the membrane supports.  

Gel casting is based on the theory of in-situ polymerization of monomers on ceramic 

slurry, which forms a strong and cross-linked polymer-solvent gel after poured into a 

mould (Liu et al., 2001; Prabakaran et al., 2002). The acrylate monomer in organic 

solvent was used in gel casting and was replaced with the acrylamide monomer in 

water due to the anticipation of environmental problems and additional costs 

concerned with the removal of the organic solvents. Generally, two monomers have 

been used; the main monomer (acrylamide) has a single double bond and forms a 

linear polymer upon polymerization and the second monomer is the crosslinking 

monomer (N,N-methylenebisacrylamide (MBAM)) which has at least two double 

bonds. When both are polymerized together, a cross linked polymer-solvent gel is 
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formed (Meng et al., 2000; Liu et al., 2001; Jun-hui et al., 2002; Prabakaran et al., 

2002). The highest health hazard rating (1-low, 2-moderate, 3-high and 4-extreme) of 

the monomers (acrylamide-4, MBAM-2) limits its commercialization. Some special 

fabrication methods, such as electro-deposition (Mohammadi and Pak 2003), have 

also been employed for the fabrication of the membrane supports by the colloidal 

processing method. 

2.2.3 Paste processing method 

Paste processing is one of the widely used traditional technique for the fabrication of 

ceramic membranes. Membrane supports are fabricated by extrusion and manual 

pasting method, in which extruded supports are most widely used for industrial 

application. In extrusion method, the homogeneous paste is forced through the 

opening of a die with the help of an endless screw, especially auger or extruder, (in 

industry) or a piston (in the laboratory). Ceramic membranes are fabricated with 

various specifications (for example, the number of channels, diameter of channels, 

external diameter of the tubes etc.,) by changing the geometry of the die. Generally, 

tubular and multi-channel membrane supports have been prepared by this method 

(Burggraaf and Cot 1996; Tsuru 2001). The high surface to volume ratio of the 

modules provides good opportunity to process large feed rates. Due to this reason, the 

membranes have enhanced implementation in industries. Most important parameters 

that determine the membrane properties (mean pore size and porosity) are particle size 

of the ceramic or clay powder, nature and proportion of organic additives, pugging 

and ageing of the paste, extrusion pressure and velocity. 

Unlike other fabrication methods, so far discussed, the majority of the membrane 

supports fabricated by extrusion method are made up of clays (Khider et al., 2004; 

Saffaj et al., 2004a; Mohammadi et al., 2005; Dong et al., 2006; Bouzerara et al., 
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2006; Kazemimoghadam and Mohammadi 2007;  Khemakhem et al., 2007; Jedidi et 

al., 2009). This is attributed to the rheological properties (plastic behavior) of the 

clay. Clay readily forms paste and can be easily extruded to the desired shape without 

much extrusion pressure. Processing of inorganic ceramics by mixing with binders, 

plasticizers, lubricants etc., as additives, will give the required plastic properties that 

provide excellent shape forming capabilities without losing its cohesion. In general, 

cellulose derivatives (methyl cellulose, carboxymethyl cellulose, hydroxyethyl 

cellulose, etc.) are used as binders, organic polymers (PVA, PAA, PEG, etc.) are used 

as plasticizers or lubricants and starch derivative, especially corn starch, is used as 

pore forming agent (Benito et al., 2005; Bouzerara et al., 2006; Wang et al., 2007a; 

Qi et al., 2010). Numerous research works have focused on the development of kaolin 

based supports by mixing with other sintering aids, such as alumina, quartz, ball clay, 

feldspath, calcium carbonate, magnesium carbonate, sodium carbonate, talc, titania 

(rutile), flyash, to enhance the porosity and mechanical strength of the membrane 

support (Almondoz et al., 2004; Benito et al., 2005; Mohamaddi et al., 2005; Dong et 

al., 2006; Bouzerara et al., 2006).  

In manual pasting method, the membrane supports are fabricated manually on a flat 

porous (gypsum) or nonporous surfaces. The pressure is applied manually to form the 

required shape. It is the simplest and the oldest technique compared to any other 

fabrication method and doesn’t require any instrument for fabrication. However, 

controlling the microstructure is a hard challenge and requires skills to achieve 

membrane supports without defects and to produce optimum reproducible results. 

Anil Kumar and coworkers (Potdar et al., 2002; Neelakandan et al., 2003; Sachdeva 

and Kumar 2008) fabricated kaolin supports using low cost ceramic clay mixtures and 

applied for various liquid separation applications. Similar type of ceramic clay 
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mixtures were also used by other researchers for the fabrication of ceramic membrane 

supports (Almondoz et al., 2004; Belouatek et al., 2005; Nandi et al., 2008).  

The advantages and disadvantages of the various support fabrication techniques are 

summarized in Table 2.1. A list of the commercial membranes used in the membrane 

application is given in Appendix-I. Although various commercial ceramic membranes 

are available today, there are few reports on the preparation of ceramic membrane 

supports, which presumptively resulted from strictly commercial secret. The main 

membrane transport properties depend on the pore structure parameters of membrane 

support such as open porosity, pore shape, pore size and its distribution. These are 

mainly influenced by the raw powders and sintering conditions. In summary, most of 

the ceramic supports are routinely prepared from high purity expensive powders as 

starting materials, accompanying with the combustion of organic pore-forming 

agents. 

2.3 SELECTIVE LAYER PREPARATION 

Several routes have been proposed and addressed for the preparation of the selective 

layer of a composite membrane, such as, dip-coating, physical vapor deposition 

(PVD), chemical vapor deposition (CVD), electrochemical deposition (anodic 

oxidation), electroless plating and spray pyrolysis of metal-organics (Lee et al., 1995). 

Among these methods, dip-coating have been widely used for membrane preparation. 

In general, low viscosity sols and lower withdrawal velocity of the support from the 

colloidal solution yield defect free membranes. Sol-gel technology is widely used due 

to its simplicity, doesn’t require any high cost sophisticated equipments, ease of 

control parameters (as compared to other techniques) and less energy consumption.  
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Table 2.1 Advantages and disadvantages of various support fabrication methods 

Method Advantages Disadvantages 

• Simple and cost effective 
• Ease of fabrication  
• High production rate 

• Fabrication is restricted to flat 
shaped membranes (disc, 
rectangular or square shaped) 

U
ni

ax
ia

l p
re

ss
in

g 

• Controlling parameters are 
very less  

• Possibility of defect formation is 
more due to air entrapment 

• Die wear and uneven pressure 
distribution 

• Fabrication of tubular 
supports and other 
configurations are possible 

• Dense products were obtained 
(not suitable for liquid phase 
membrane application due to 
nonporous nature) 

• Possibility of defect is less 
due to uniform pressure 
distribution  

• Complication in the press 
operation  

Is
os

ta
tic

 p
re

ss
in

g 

• Greater uniformity of 
compaction 

• Increased shape capability 

• Energy consumption is more than 
uniaxial pressing 

• High quality tubes are 
fabricated by this method   

• Very slow and more expensive 
process 

• All complicated shapes (for 
example: star, disc and 
tubular shaped) of membranes 
can be fabricated by this 
method.  

• Difficult to maintain controlling 
parameters of the colloidal sol 

• Chemicals requirements are high 
to produce stable colloidal sol 

Sl
ip

 c
as

tin
g 

• No instruments are required 
for fabrication 

• Environmental, safety and health 
hazards involved in using the 
precursors of the colloidal sol 

• Tubular membranes are 
produced in higher production 
rates 

• Higher fabrication cost, high 
energy consumption (due to the 
higher operating cost of the 
extruder)  

E
xt

ru
si

on
 

• High quality membranes are 
fabricated using low cost 
clays 

• Difficulty in maintaining the 
rheology of the paste (especially 
during pugging and ageing) 
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The inherent advantages of the sol-gel method is that it produces extremely active 

products with high surface area, controllable and facile incorporation of other 

compounds, such as promoters or stabilizers, fine-tuning of the products pore 

structure and direct casting of the selective layer over the membrane support 

(Agrafiotis and Tsetsekou 2002). In addition, it produces high purity products with 

narrow pore size distribution and requires low sintering temperature. Hence, the sol-

gel technique has been extensively used for the preparation of selective layers, such as 

alumina, titania, zirconia and silica, which are common in practice (Leenars and 

Burgraff 1985; Uhlhorn et al., 1992; Chang et al., 1994; Kuzniatsova et al., 2008). 

A sol is a colloidal suspension of very fine solid particles in a liquid. It is prepared by 

hydrolysis and condensation of the corresponding metal alkoxides or inorganic salts. 

The precursors used in the sol-gel process consist of a metal or metalloid element 

surrounded by various ligands, which are easily transformed into chemically reactive 

forms of oxoalkoxides on hydrolysis. In fact, the stable form of sols that could be 

gelled can obtained from oxoalkoxides rather than from hydrated oxides (Brinker and 

Scherer 1990; Caro et al., 2000). In the drying process of the coated sol, gelation took 

place and the thermal treatment crosslinks the gel particles to produce the desired 

product. In general, thin, crack free membrane layers are usually obtained with a 

stable colloidal sol consisting of either dense spherical particles or polymeric 

macromolecules as shown schematically in Fig. 2.3. 

The main parameters that determine or control the formation of the selective layer 

during dip coating process are  

1. Source of raw materials (used for the preparation of the sol) 

2. Sol peptizing agent (type and amount) 
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3. Concentration of the dipping sol 

4. Dipping time 

5. Properties of the support (roughness, pore size, surface charge and porosity) 

6. Calcination temperature 

 

 

Fig. 2.3 Schematic of inorganic membrane preparation by sol-gel method. 
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2.3.1 Synthesis of γ-Al2O3 powder for membrane fabrication 

Transparent porous alumina was first prepared by Yoldas from an alumina sol using 

aluminium alkoxide precursors (Yoldas 1975a; Yoldas 1975b), henceforth, alumina 

membranes have received a great deal of attention. He revealed that the gelling point 

of the sol mainly depends on the sol concentration and the peptizing agent. The effect 

of sol dispersion medium (methanol, ethanol, water, propylene glycol and triethylene 

glycol) on the pore morphology reveals that alumina with higher surface area and 

smaller pore diameter (55 Å) is obtained by using water as a dispersion medium. The 

partial replacement of water with alcohol results in smaller pore size due to capillary 

activeness, which accelerates the gel formation. The partial replacement of water with 

glycerol results in a larger pore size.  

Leenars et al., (1984), prepared a γ-Al2O3 membrane by dip coating process, which is 

basically a slip casting process, on a porous support with a colloidal solution of 

boehmite (γ-AlOOH). While, lower density gel layer is formed (using smaller 

boehmite particles) in the dipcoating process, whereas higher density gel layer is 

formed (using higher boehmite particles) in slip casting process. Leenars and Burgraff 

(1985), further investigated the formation of γ-Al2O3 membrane and its thickness with 

the variation in the dip coating process variables, such as, pore size of the support, sol 

concentration, peptizing agent and dipping time. They found that gel layer is formed 

irrespective of the peptizing agent (HCl, HNO3 and HClO4), when the pore size of the 

support is smaller (0.12 μm) whereas for the larger pore size supports (0.8 μm), the 

gel layer is formed only when HCl is used as a peptizing agent due to the higher 

boehmite particle size (due to the agglomeration of boehmite particles). Their 

investigation also revealed that the boehmite sol of higher concentration (>0.5 M) 

results in thick gel layer formation due to the agglomeration of boehmite particles. No 
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layers were formed at lower boehmite sol concentration (0.1 M). However, a gel layer 

could be formed at lower sol concentrations (0.1 M) by increasing the dipping time. 

They found that the ratio of the boehmite particle size (directly or indirectly related to 

sol concentration, peptizing agent, aging and dipping time) to the pore size of the 

support decides the gel layer formation. They also found that enhancement in the 

thickness of the gel layer increased with the square root of the dipping time.  

In general, the higher concentration of sol or longer dipping time leads to 

agglomerated boehmite particles and also it forms a thick selective layer that might 

increases the possibility of defects in membranes. Generally, lower concentration of 

properly dispersed sol has been used with shorter dipping time to avoid the defects. 

Multiple dipping procedures have also been used to form a thin defect free γ-Al2O3 

membrane (Uhlhorn et al., 1992; Lafarga et al., 1998).  

Generally, the stable dipping sol has been prepared by the addition of acid to the 

boehmite, which breaks up the agglomerates by partial dissolution and charge 

stabilization of the particles (commonly called as peptization). Strongly ionized acids 

(HCl, HNO3, HClO4) non-complexing with Al3+ provides sufficient dissolution and 

charging. The nature of the particle size of the sol solution with the addition of the 

acid during peptization is shown in Fig. 2.4. 

The effect of peptizing agent on the mean pore size of the γ-Al2O3 membranes was 

examined using various organic (CH3COOH) and inorganic (HCl, HNO3 and HClO4) 

peptizants by several researchers (Leenars and Burgraff 1985; Albani and Arciprete 

1992; Huang et al., 1997). The detailed investigation revealed that the acids in the 

order of HClO4 > HNO3 > HCl are found to be more effective in decreasing the size of 

the boehmite particles. The thickness of the layer increases with an increase in the 

size of the boehmite particles, which could be observed by an increase in the turbidity 
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of the sol (Leenars and Burgraff 1985). Albani and Arciprete (1992) reported that the 

inorganic peptizants (HCl, HNO3 and HClO4) yielded a γ-Al2O3 layer of smaller pore 

size (39 Å) than the organic peptizant (CH3COOH, pore size = 54 Å). Huang et al., 

(1997) found that stable sol could be obtained at a suitable concentration (H+/A13+ 

molar ratio = 0.07:1) of peptizant acid. At a lower peptizant concentration, the sols 

becomes unstable and form precipitates. They have also found that HC1, HNO3, 

CH3COOH are suitable peptizant agents for forming stable boehmite sol and H2SO4 

cannot be used as a peptizant because it will not peptize the boehmite particles. 

Peptizing the sol in closed containers at 75 to 95°C under stirring conditions 

transforms the agglomerated boehmite into regular rectangular plate-like morphology 

that forms a gel layer.  

 

Fig. 2.4 Effect of acid on the size of the particle present in the sol.  

In
cr

ea
si

ng
 p

ar
tic

le
 si

ze
  

Acid addition 

Precipitation 

Peptized stable sol 

Aggregates 

TH-1041_06610703



Chapter 2 

 36

Research emphasizing continuous variations of the Yoldas method have reduced the 

mean pore radii of γ-Al2O3 membranes from about 96 Å to about 10 Å (Anderson et 

al., 1988; Hsieh et al., 1988; Albani and Arciprete 1992; Sheng et al., 1992; Uhlhorn 

et al., 1992; Alanmi-Younssi et al., 1994; Larbot et al., 1994; Chang et al., 1994; 

Kuzniatsova et al., 2008). In general, most of the γ-A12O3 membranes were prepared 

by particulate sol method using the alkoxide precursors, such as aluminium tri sec-

butoxide, aluminium sec-butoxide and aluminium iso propoxide. The temperature of 

the hydrolysis reaction was usually maintained above 80°C (range of 80-90°C) to 

avoid the formation of gibbsite (bayerite, doyleite and nordstrandite) and especially 

bayerite (β-Al(OH)3). These hydroxides cannot form gel and hinder the gel layer 

formation (Anderson et al., 1988; Huang et al., 1997; Lafarga et al., 1998; Van Gestel 

et al., 2002; Agrafiotis and Tsetsekou 2002; Li et al., 2006; Ahmad et al., 2008; 

Kuzniatsova et al., 2008). However, few researchers reported that the bayerite formed 

by hydrolysis of aluminium alkoxide at temperatures <80°C could be converted to 

boehmite by heating to its boiling point immediately after hydrolysis, which can be 

peptized (Sheng et al., 1992; Huang et al., 1997). However, the preparation of γ-

Al2O3 layer from boehmite has been encouraged by the researchers and still boehmite 

is considered as a direct parent for highly pure γ-Al2O3. This is attributed to certain 

advantages of boehmite over gibbsite (Huang et al., 1997; Panias and Krestou 2007). 

Boehmite is an energy saving precursor material for the production of γ-Al2O3. 

Although boehmite dehydrates at a higher temperature (490°C) than gibbsite (310°C), 

the enthalpy of the dehydration reaction of boehmite (72 kJ/mol Al2O3) is low when 

compared to that of gibbsite (187 kJ/mol Al2O3) (Panias and Krestou 2007). The 

aforementioned advantages of boehmite have forced the researchers to develop 

various new procedures for the preparation of boehmite, especially boehmite with low 
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crystallinity. Because the high crystalline boehmite usually produces lower surface 

area γ-Al2O3 that is not preferred for membrane applications (Panias and Krestou 

2007). 

In many cases, these precursors are very sensitive to water as well as alcohols (2-

propanol or 2-butanol). This creates difficulty in controlling the hydrolysis reaction, 

which is a hard challenge for the researchers (Uhlhorn et al., 1989; Albani and 

Arciprete 1992; Ahmad et al., 2008; Zhang et al., 2008). Many research works have 

been focused on decreasing the mean pore size of γ-Al2O3 by certain modifications in 

the hydrolysis step, especially varying the ratios of water/alkoxide, acid/alkoxide and 

alcohol/alkoxide (Uhlhorn et al., 1989; Larbot et al., 1994; Huang et al., 1997).  

The effect of calcination temperature on the microstructural characteristics of alumina 

was investigated by several researchers (Lin et al., 1991; Chang et al., 1994; Alami-

Younssi 1994; De Lange et al., 1995; Lafarga et al., 1998; Van Gestel et al., 2002). 

Upon controlled calcination, boehmite undergoes topotactic transformation into 

various metastable states of aluminas (γ-, η-, δ- and θ-alumina) to a stable α-alumina 

(Lin et al., 1991; De Lange et al., 1995; Ersoy and Gunay 2004a). It was observed 

that the temperatures at which transitions have been observed are somewhat variant 

and are dependent upon the starting materials and thermal treatment. However, the 

transition follows the same sequence from γ- to α-alumina. The investigation reveals 

that, with an increase in sintering temperature, aluminium monohydroxide (boehmite, 

up to 400°C) is transformed to γ-Al2O3 (400 to 800°C) and then to other transitional 

aluminas (θ-Al2O3 at 900°C via η- and δ-Al2O3 and α-Al2O3 at 1000°C). The phase 

transformation of the alumina results in decreased surface area and increased pore 

size. The wide investigation by the researchers revealed that the boehmite coated 
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membrane supports sintered at 600°C yielded γ-Al2O3 that is free from other 

polymorphs (such as η-, δ- and θ-Al2O3 phases).  

Some researchers used different sintering techniques to enhance the pore 

characteristics of the γ-Al2O3 membrane. Chang et al., (1994) performed the heat 

treatment under two different conditions: dried air and steam/air (1:1) atmospheres.  

The pore sizes of the alumina membranes after firing under the steam/air atmosphere 

are larger than those under dried air. Their studies revealed that the steam enhances 

the process of pore structure change of the γ-Al2O3 membrane at high temperatures. 

Larbot et al., (1994) used flash firing technique to obtain the γ-Al2O3 membrane. 

During heat treatment, there may a possibility of formation of the defects (cracks and 

pinholes), which should be usually avoided by addition of organic additives and 

controlled (very slow) rate heating and cooling of the membranes. 

In general, poly-vinylalcohol (PVA), has been employed as an organic additive for the 

production of defect free γ-Al2O3 membranes by the dip coating method. It adjusts the 

viscosity of the sol and controls the drying rate, which reduces the residual stresses 

created during heat treatment process (Uhlhorn et al., 1989; Lin et al., 1991; Huang et 

al., 1997; Luyten et al., 1997; Van Gestel et al., 2002; Agrafiotis and Tsetsekou 2002; 

Ahmad et al., 2008). Furthermore, the addition of PVA (molecular weight, 72000 

g/mol) did not result in a significant change in the microstructure of γ-Al2O3 layer 

after sintering (Uhlhorn et al., 1989). Larbot et al., (1994) prepared γ-Al2O3 

membranes (thickness = 0.5 to1 μm) without any inorganic binders by flash firing 

method. However, this method is suitable only if the thickness of γ-Al2O3 layer is 

small (< 2 μm). This heat treatment cannot be useful for membranes prepared by dip 

coating process because dip coating process forms higher thickness membranes (~20-

50 μm). 
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In many research works, the pore size of the γ-Al2O3 membrane was estimated by 

BET (Brunauer-Emmett-Teller) pore size distribution analysis and the pore size 

reported was the mean pore size of the unsupported membranes (unsupported or 

nonsupported membranes refers to the γ-Al2O3 membranes prepared by pouring the 

dipping sol solutions in the petridishes and the dried membranes are heat treated by 

the same heat treatment procedure as that of the γ-Al2O3 membranes). The work done 

by De Lange et al., (1995) revealed that the supported membranes showed a slightly 

higher pore radius (2.5 nm) than the unsupported membranes (2.2 nm), which is 

attributed to the support constraints. However, this is not a significant variation. 

Generally, α-alumina membrane supports with very low mean pore diameter (0.2 μm) 

have been used for the preparation of γ-Al2O3 membrane. Few research works have 

focused on the coating of γ-Al2O3 layer on cordierite and kaolin supports (Santos et 

al., 1997; Agrafiotis and Tsetsekou 2002; Ersoy and Gunay 2004b; Benito et al., 

2005). Even though the alumina and kaolin supports had similar pore diameter (0.76 

μm for kaolin and 0.67 μm for alumina), the quality of the membranes deposited upon 

alumina was much better and this was attributed to the narrower pore structure of 

alumina when compared to that of kaolin (Santos et al., 1997). However, Benito et al., 

(2005) revealed that the γ-Al2O3 layer deposited on cordierite or alumina supports 

have similar pore structural characteristics. 

In summary, the wide literature survey reveals that aluminium alkoxide precursors 

have been widely used for the preparation of boehmite sol. However, these metal 

alkoxide precursors have some disadvantages such as being expensive, flammable and 

toxic (Li et al., 2006) and very sensitive to water and alcohols due to which 

hydrolysis reaction cannot be controlled (Uhlhorn et al., 1989; Larbot et al., 1994; 

Huang et al., 1997). Therefore, some researchers search towards an alternate route to 
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fabricate γ-Al2O3 membranes using inexpensive inorganic salt precursors, such as 

aluminium nitrate (Varma et al., 1994; Music et al., 1998; Chuah et al., 2000; 

Hochepied and Nortier 2002), aluminium chloride (Furuta et al., 1994; Zeng et al., 

1998; Hwang et al., 2001; Pacewska et al., 2005; Li et al., 2006; Seok et al., 2006; 

Liu et al., 2008) and aluminium sulphate (Unuma et al., 1998; Mishra et al., 2000; 

Castillo et al., 2005; Xu et al., 2006). The existence of anions (NO3
−, Cl−, SO4

2−) in 

the hydrosol would affect the boehmite sol properties. Therefore, the preparation of 

the boehmite hydrosol without these undesirable anions is the hard challenge in this 

process. Precipitation of boehmite from these inorganic aluminum salts (AlCl3, 

Al2(SO4)3 and Al(NO3)3) solutions under similar reaction conditions revealed that the 

hydrolysis of Al2(SO4)3 occurs at lower temperature and the transformation of 

boehmite to γ-Al2O3 occurs at a higher temperature than the AlCl3 and Al(NO3)3 

solutions (Mishra et al., 2002; Castillo et al., 2005). More homogeneous surfaces can 

be produced using aluminium chloride than the aluminium sulfate attributed to 

delayed crystallization, which is due to the presence of residual sulfates (Castillo et 

al., 2005). Maintaining the pH at 8.0 during the hydrolysis reactions yielded boehmite 

(without the formation of gibbsite), which can be easily gelled during membrane 

preparation (Hwang et al., 2001; Padmaja et al., 2004; Castillo et al., 2005). Few 

research works have been reported on the fabrication of γ-Al2O3 membrane using 

stable boehmite sol prepared from low cost aluminium chloride precursor (Furuta et 

al., 1994; Hwang et al., 2001; Li et al., 2006). 

The formation of boehmite to γ-Al2O3 follows sequence of reactions (during 

hydrolysis and calcination). The sequence of reactions involved for the formation of 

γ-Al2O3 using aluminum chloride as the starting precursor follows different schemes 

based on the experimental conditions and the possible schemes are given below. 
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2.3.2 Possible schemes of chemical reactions involved during hydrolysis, 

condensation and calcination 

 

From the above schemes it is clear that the scheme 1 and 2 will produce γ-Al2O3 and 

are highly preferred for the preparation of γ-Al2O3 membranes whereas the scheme 3 

cannot be used for the preparation of γ-Al2O3 membranes. 

Scheme 1 

o50 80 CAlCl 3NH OH AlO(OH) 3NH Cl H O3 4 4 2
−+ ⎯⎯⎯⎯⎯→γ − + +   (2.1) 

o400 600 C
2 3 2AlO(OH) Al O H O−γ − ⎯⎯⎯⎯⎯→γ − +     (2.2) 

o o o700 800 C 800 900 C 1100 C
2 3 2 3 2 3 2 3Al O Al O Al O Al O− −

γ − δ − θ − α −⎯⎯⎯⎯⎯→ ⎯⎯⎯⎯⎯→ ⎯⎯⎯⎯→  (2.3) 

Scheme 2 

3AlCl 3NH OH Al(OH) 3NH Cl3 4 4+ ⎯⎯→ +     (2.4) 

o100 400 C
3 22Al(OH) AlO(OH) H O−⎯⎯⎯⎯⎯→γ − +     (2.5) 

o o400 600 C 800 1000 C
2 3 2 3AlO(OH) Al O Al O− −γ − ⎯⎯⎯⎯⎯→ − ⎯⎯⎯⎯⎯⎯→α−γ   (2.6) 

Scheme 3 

3AlCl 3NH OH Al(OH) 3NH Cl3 4 4+ ⎯⎯→ +     (2.7) 

o o o250 400 C 500 600 C 1000 C
3 2 3 2 3 2 3Al(OH) Al O Al O Al O− −

− κ − α −⎯⎯⎯⎯⎯→χ ⎯⎯⎯⎯⎯→ ⎯⎯⎯⎯→  (2.8) 
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2.4 LIQUID PHASE SEPARATION 

Membranes have been used for various liquid phase separation applications (Tsuru et 

al., 2001; Mohammadi et al., 2004; Belouatek et al., 2005; Hwang et al., 2006; Tung 

et al., 2007). This thesis focuses on three different liquid phase separation 

applications that have prominent research interests. These correspond to the reduction 

of oil content from oil-water solution, BSA concentration and purification from 

aqueous solutions and electrolytes separation from aqueous solutions. The reason for 

choosing the above application and its necessity, challenges involved in achieving the 

separation or purification, factors influencing its efficiency and optimum conditions to 

achieve greater efficiency are discussed in the following sub-sections. 

2.4.1 Separation of oil from oil-water solution 

In general, large volumes of oily wastewater with oil concentrations ranging between 

50 and 1000 ppm have been produced from food processing, petroleum refineries, 

petrochemical, metallurgical and transportation industries (Arnot et al., 2000; 

Cumming et al., 2000; Mohammadi et al., 2004; Ezzati et al., 2005; Razi et al., 2009; 

Chen et al., 2009). Almost all industries produce oil-water wastes from the 

machineries in which oil is used as a lubricant. The disposal of large volume of oily 

wastewater paces a significant burden on the environment and this ecologically 

hazardous oily wastewater should be treated before being discharged. Based on the 

environment regulation of the country, the existing tolerance limits of total oil and 

grease concentrations in wastewater is about 10 to 50 ppm (Hua et al., 2007; Mallada 

and Menendez 2008; Nandi et al., 2009). The Central Pollution Control Board 

(CPCB) of India fixed the norms of discharge wastewater as 10 ppm for most of the 

industries and 20 ppm for edible oil and vanaspathi industry 

(http://cpcb.nic.in/Industry_Specific_Standards.php). Various traditional methods 
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such as gravity settling (API separator), skimming, dissolved air flotation, 

coalescence and centrifuging, etc., have been applied for treating the unstable 

oil/water emulsion (Srijaroonrat et al., 1999; Cumming et al., 2000; Hua et al., 2007; 

Zhou et al., 2010). Each conventional technology has their own advantages and 

disadvantages as mentioned in the literature (Razi et al., 2009). 

Many technological solutions have been reported for the treatment of oily 

wastewaters using membrane for the feed oil concentrations of 500 to 3000 ppm. 

Higher oil concentration of the feed contains unstable oil droplets having sizes greater 

than 50 μm that could be treated easily (Srijaroonrat et al., 1999; Mohammadi et al., 

2004; Ebrahimi et al., 2009). However, the oil emulsion containing oil droplets less 

than 20 μm size exists in feed with oil concentrations below 100 ppm is so stable and 

it can’t be treated effectively by traditional methods (Srijaroonrat et al., 1999; Pan et 

al., 2007; Razi et al., 2009; Zhou et al., 2010). In such cases, membrane technology 

has been found to be more effective than the conventional methods. Both MF (pore 

size = 0.1 and 10 μm) and UF (pore size <0.1 μm) polymeric or ceramic membranes 

have been used for concentrating/treating oil emulsions, as they are highly efficient 

for removing oil, do not require chemical additives and are more economical than 

conventional separation techniques. However, ceramic membranes are preferred over 

delicate polymeric membranes because they have better tolerance to higher processing 

temperature, high oil content, foulants, and strong cleaning agents (Mohammadi et al., 

2004; Lobo et al., 2006; Bader 2007; Cui et al., 2008; Razi et al., 2009). 

Most of the investigations on the separation of oil from oil-water solution were 

conducted using alumina, zirconia, titania and zeolite or ZrO2/α-Al2O3, TiO2/α-Al2O3, 

TiO2/ TiO2 membranes (Yang et al., 1998; Srijaroonrat et al., 2009; Lobo et al., 2006; 

Cui et al., 2008; Ebrahimi et al., 2009; Ebrahimi et al., 2010). The studies revealed 
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that the performance of oil-water separation is directly related to the properties of 

membrane materials, such as surface tension or surface energy, surface charge and ion 

sorption in aqueous solution and the adsorption behavior of the oil with the membrane 

surfaces. In general, fouling is greater in hydrophobic membranes than in the 

hydrophilic membranes. This is due to the effect of concentration polarization (CP). 

The CP effect can be minimized by operating at a transmembrane pressure lower than 

the capillary pressure. Recent research works have focused on the utilization of low 

cost membranes, such as kaolin and carbon membranes. Various researchers 

investigated the potential of these membranes for the separation of oil from oil-water 

solution (Mohammadi et al., 2004; Pan et al., 2007; Razi et al., 2009; Nandi et al., 

2009). 

2.4.2 Concentration of bovine serum albumin (BSA) from aqueous solution 

Separation of bovine serum albumin (BSA) is a topic of profound significance in 

bioscience and biotechnology. BSA separation is regarded as a very important 

downstream processing operation that requires membranes having high permeability 

and selectivity for cost effective and efficient separation (Hwang et al., 2006; Tung et 

al., 2007; Fakhfakh et al., 2010). Generally, it is difficult to separate BSA by size 

sieving because BSA is a globular prolate ellipsoid of dimensions 140×40×40 nm 

with an iso electric point (IEP) of 4.9 (Zeman and Zydney 1996; Persson et al., 2003; 

Lin et al., 2008). Since it is a charged protein, the effective separation can be achieved 

by regulating the pH of the solution (Saksena and Zydney 1997; Ghosh and Cui 1998; 

Persson et al., 2003). Several researchers examined the separation of BSA using 

polymeric and ceramic membranes and found that the IEP plays a vital role in the flux 

and rejection of BSA (Randon et al., 1995; Saksena and Zydney 1997; Ghosh and Cui 

1998; Pujar and Zydney 1998; Persson et al., 2003; Shah et al., 2007; Ke et al., 2009). 
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Many articles examined the basis of electrostatic interactions between charged 

proteins and charged membranes and reported that the pH values and ionic strengths 

have profound effects on BSA separation (Saksena and Zydney 1997; Ghosh and Cui 

1998; Pujar and Zydney 1998; Persson et al., 2003; Shah et al., 2007; Ke et al., 2009). 

Numerous researches have been carried out on polymeric membranes, especially on 

polyethersulfone or polysulfone membranes, due to their higher selectivity (Feins and 

Sirkar 2005; Wilharm and Rodgers 1996; Iratani et al., 1995; Persson et al., 2003; 

Rao and Zydney 2006; Hwang et al., 2006; Tung et al., 2007; Lin et al., 2008). Most 

of the literatures are interested on the fouling mechanism of the membranes (mostly 

polymeric) for various BSA concentrations, especially in the dead end filtration 

module (Iratani et al., 1995; Su et al., 1999; Maruyama et al., 2001; Iratani et al., 

2002; Feins and Sirkar 2005; Rao and Zydney 2006; Lin et al., 2008). In general, the 

dead-end stirred cell devices are commonly used in laboratories to characterize the 

separation behavior of the ultrafiltration membranes. The membrane flux and 

separation data have been used for scale-up of membranes process. Typically, the 

operating conditions (pressure and temperature) are inherently different for 

continuous or semi-continuous industrial processes. Few research works have been 

reported on comparison of dead-end filtration and cross flow filtration to optimize the 

laboratory data to industrial application (Youm et al., 1996; Shukla et al., 2000; Becht 

et al., 2008). In general, the tendency of the membranes for fouling is more and 

obvious for BSA separation; it is very difficult to determine the actual rejection 

obtained by the membranes especially for the case of dead-end filtration. Due to the 

difficulties associated with the measurement of BSA concentration on the membrane 

surface during ultrafiltration, various theoretical models, such as gel polarization, 

osmotic pressure, boundary layer and cake filtration models, have been proposed to 
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find the actual rejection of the membrane (Iritani et al., 2002; Noordman et al., 2002; 

Afonso et al., 2009). Although, significant amount of research have been attempted to 

find the real rejection, the osmotic pressure model holds good for separation of dilute 

solutions to understand the rejection mechanism completely (Noordman et al., 2002; 

Afonso et al., 2009). Numerous efforts have been made to increase the rejection and 

permeate flux by optimizing operating parameters, such as pressure, flow rate, 

temperature, pH and feed concentration (Maruyama et al., 2001; Persson et al., 2003; 

Hwang et al., 2006; Ke et al., 2009). The overall investigation reveals that the 

protein-protein and protein-membrane interactions are very important in achieving 

higher rejection and permeate flux. This could be optimized by controlling the process 

parameters (Ghosh and Cui 1998; Pujar and Zydney 1998; Su et al., 1999; Persson et 

al., 2003; Hwang et al., 2006; Ke et al., 2009). Eventhough significant research 

efforts have been carried out for BSA separation using membranes, only few works 

have been reported for the separation of BSA using ceramic membranes. Amongst 

these, most of the investigations are conducted on commercially available membranes 

(Randon et al., 1995; Su et al., 1999; Erdem et al., 2002; Erdem et al., 2006; Ding et 

al., 2006; Ke et al., 2009; Fakhfakh et al., 2010). 

 

2.4.3 Separation of electrolytes from aqueous solution 

Currently, UF/NF membranes have been widely employed in many industries for the 

removal of ionic salts, which form an electrolyte solution with water, due to the 

advantage of the lower operating pressures than that of the reverse osmosis process 

(Bowen and Mukthar 1996). Lower operating pressures increase the membrane life 

time, consume less energy (economically efficient) and also increase the throughput 

that facilitate the treatment of large volumes of electrolytes.  
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In general, the solute flux through an UF membrane is the sum of convective (due to 

applied pressure across the membrane) and a diffusive flux (due to concentration 

difference on both sides of the membrane). The factors influence the flux and 

retention could be explained with various separation mechanisms of the electrolytes, 

such as sieving, electrostatic interactions between the membrane and the ions or 

between the ions mutually and differences in diffusivity and solubility or a 

combination of both. Several models such as irreversible thermodynamic, pore 

sieving, space charge, fixed charge, electrostatic and steric-hindrance, donnan-steric 

pore and dielectric exclusion models have been established to express the separation 

performance of UF membranes for neutral and charged solutes in aqueous solutions 

for better understanding of separation mechanism (Levenstein et al., 1996; Maryasova 

and Semin 1998; Peeters et al., 1998; et al., 2000; Labbez et al., 2002; Wang et al., 

2002; Shang et al., 2006; Tu et al., 2010). Moreover, these models are used in the 

prediction of rejection behavior of a given membrane for a particular electrolyte 

solution. This is very useful during scale-up of laboratory results to industrial 

processes (Peeters et al., 1998; Labbez et al., 2002; Tu et al., 2010). 

So far, various polymeric (polyamide, polysulfone, regenerated cellulose, etc.) and 

inorganic (Al2O3, SiO2, TiO2, ZrO2, HfO2, SnO2, etc.,) materials have been tested and 

used for manufacturing commercial and laboratory membranes for the separation of 

electrolyte solutions (Palmeri et al., 2000; Elmarraki et al., 2001; Bandini et al., 2005; 

Chung et al., 2005; Vazquez et al., 2005; Mazzoni et al., 2009; Tu et al., 2010). 

Rejection of charged molecules, especially simple ions, is influenced by the inherent 

charge of the membranes. The retention measurement with model salt solutions of 

various compositions gives an overview about the efficiency of the process. The 

retention of single salt solutions mainly depends on the distribution of the co-ions 
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between membrane and solution that can be influenced by the interaction between the 

ions and membrane material for both charged and uncharged membranes (Peeters et 

al., 1998; Xu and Lebrun 1999; Koter 2006). Ceramic ultrafiltration membranes with 

pore size higher than 2 nm indicated good filtration capability of electrolyte solutions 

due to the strong interactions developed between the surface groups of ceramic 

material that are responsible for the rejection of the electrolytes (Elmarraki et al., 

2001). The amphoteric behavior is an interesting property of membrane material that 

makes the membrane negatively or positively or neutrally charged by adjusting the pH 

of the solution. It is found to be useful in the efficient separation of electrolyte 

solution (Xu and Lebrun 1999; Elmarraki et al., 2001; Tu et al., 2010).  

Most of the research works were focused on the separation of common electrolyte 

solutions, such as NaCl, CaCl2, Na2SO4, CaSO4, MgCl2, KCl, Na2SO4 and MgSO4 

using polymeric and ceramic membranes (Bowen and Mukthar 1996; Chung et al., 

2005; Peeters et al., 1998; Xu and Lebrun 1999; Palmeri et al., 2000; Elmarraki et al., 

2001; Labbez et al., 2002; Chung et al., 2005). In addition, the effect of operating 

conditions such as salt concentration, applied pressure, pH and type (valence of the 

ion) of the solute (Xu and Lebrun 1999; Labbez et al., 2002; Mazzoni et al., 2009) 

was investigated using these membranes. Although significant literature have been 

found for the separation of electrolyte solution using ceramic membranes (Peeters et 

al., 1998; Palmeri et al., 2000; Elmarraki et al., 2001; Wang et al., 2002; Vazquez et 

al., 2005; Zhao et al., 2005), most of them are commercial membranes. However, few 

researchers have used home made γ-Al2O3 composite membranes prepared by the sol-

gel process using expensive aluminium alkoxide precursors (Alami-Younssi et al., 

1995; Peeters et al., 1998; De Lint and Benes 2005). 
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Treatment of AlCl3 and MgCl2 effluent produced from various sources, such as, the 

effluents from Friedel craft acylation reaction, waste water effluents (in which those 

are used as coagulating or flocculating agents) and ore mining and refining effluents. 

This must be treated before disposal to reduce the hazardous impact on the 

environment (Stringer and Johnston 2001; Kogel et al., 2006; Sheldon et al., 2007; 

Hodge and Popovici 1994; Tan et al., 2000). Most of the research investigation was 

focused to develop the theoretical models using commercial or home made 

membranes. Few researchers investigated for the real (intrinsic) rejection of charged 

membranes (Xu and Lebrun 1999; Labbez et al., 2002; Wang et al., 2002; Chung et 

al., 2005; Shang et al., 2005; Shukla and Kumar 2005; Zhao et al., 2005). The real 

rejection of the charged membrane depends on the concentration of feed on the 

membrane surface. Due to concentration polarization, the concentration of the solute 

on membrane surface is higher than the bulk solution, which enhances or hiders the 

solute permeation. Hence various models have been developed to evaluate the 

realistic scenario. The thermodynamic irreversible Spiegler-Kedem black box model 

holds good for single electrolyte solution (Levenstein et al., 1996; Xu and Lebrun 

1999; Koter 2006). This model approach is simple and describes the filtration 

characteristics of membranes in contact with ionic solutes very well. Also, the 

obtained results have been found to be good agreement with the Nernst-Planck 

equation for the case of single salt solutions (Peeters et al., 1998; Xu and Lebrun 

1999; Koter 2006). 

2.5 THESIS OBJECTIVE 

The main objective of the thesis is to develop a low cost clay composite membrane 

capable for liquid phase separation applications. The objective of the thesis is majorly 

categorized into three folds, namely (i) develop a ceramic porous support using low 

TH-1041_06610703



Chapter 2 

 50

cost raw materials (clays) and optimize its properties with the sintering temperature, 

(ii) formation of selective layers by dip-coating method using a stable sol prepared 

from inexpensive precursors (inorganic salts) and (iii) evaluate the potential of the 

membrane for diverse liquid phase applications.  

In the first phase, the purpose is to prepare the membrane support using low cost 

clays, such as kaolin, ballclay, quartz, pyrophyllite, feldspar and calcium carbonate, 

by simple uniaxial pressing method. A detailed characterization is carried out to 

obtain the optimum ceramic support based on sintering temperature (850 to1000°C) 

Also, the variation in the pore characteristics by incorporating TiO2 to the low cost 

raw materials during support fabrication is investigated. Eventually, membrane 

separation capability is evaluated for the separation of oil from oil-water solution.  

Later, the second objective is achieved by the formation of γ-Al2O3 layer on the 

membrane support. The γ-Al2O3 layer is prepared with a boehmite sol using 

aluminium chloride instead of commonly used expensive aluminium alkoxide 

precursor (boehmite sol prepared by modified Yoldas method using aluminium 

alkoxide precursors that is generally followed by other researchers).  

The third and important part of the objective is to examine the potential of the 

membrane for its separation capability in the diverse field of industrially important 

applications, such as BSA protein and electrolyte (AlCl3 and MgCl2) separation 

applications. 

2.6 IMPACT OF PROPOSED RESEARCH 

The first achievement of this work is the fabrication of a stable ceramic support by 

reducing the cost, in three ways, that is using low cost raw materials (kaolin, ballclay, 

quartz, pyrophyllite, feldspar and calcium carbonate), low sintering temperature 
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(950°C) and simple fabrication technique (uniaxial pressing method). Uniaxial 

fabrication of membrane supports with mixed low cost raw materials is a new attempt 

and so far not practiced by other researchers with raw materials of similar type and 

composition. Moreover the support itself acts as a standalone microfiltration 

membrane that possess some separation capabilities due to the narrow pore size 

distribution with an average pore size in the range of microfiltration application. 

The second achievement is the development of γ-Al2O3-clay composite membrane 

using the stable boehmite sol prepared from inexpensive aluminium chloride 

precursor and this approach is also a new attempt in the field of ceramic membrane 

technology. 

2.7 THESIS ORGANIZATION 

The first concern of the research is the fabrication of a stable membrane support. 

Chapter 3 deals with the detailed fabrication procedure of the support and its 

characterization using various techniques such as particle size distribution (PSD), 

thermogravimetric analysis (TGA), X-ray diffraction (XRD) and scanning electron 

micrograph (SEM) analysis along with the measurement of the porosity, flexural 

strength, corrosion resistance, water permeability and solvent permeability.  Prior to 

that, a brief analysis of clay powders (which is used as the raw material for membrane 

support fabrication) is discussed. In addition, optimization of the membrane supports 

based on sintering temperatures is also presented in this chapter. 

The Chapter 4 of the thesis addresses the effect of addition of TiO2 powder along with 

other raw materials used for the preparation of the support (support-I) in Chapter 3. 

The performance of the fabricated TiO2 supports (3G and 6G support) and support-I 

for separation of oil and BSA from its solution are investigated and compared. 
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Detailed cost estimation is made and presented for the three fabricated membrane 

supports. 

Chapter 5 deals with the synthesis of γ-Al2O3 selective layer over the support-I (γ-

Al2O3-clay composite membrane) by dip coating technique using boehmite sol 

derived from inexpensive aluminium chloride salt. The membrane is characterized 

with various techniques to ensure the γ-Al2O3 phase and to verify any defects in the 

membrane and the projected cost for the preparation of the membrane is also 

estimated. 

Chapter 6 deals with the detailed investigation of the separation of BSA protein and 

AlCl3 and MgCl2 electrolytes from aqueous solution using γ-Al2O3-clay composite 

ultrafiltration membrane by varying the process parameters such as pH, applied 

pressure and feed concentration. In addition, the intrinsic rejections of BSA and 

electrolyte solution are estimated using the Spiegler-Kedem model.  

In Chapter 7, the overall conclusions obtained from this thesis work and suggestions 

for future work are presented.  
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 COST RAW MATERIALS AND ITS OPTIMIZATION  

BASED ON SINTERING TEMPERATURE 
 

 

 

 

 

 

3.1 INTRODUCTION 

The main aim of this Chapter is to fabricate a macroporous membrane support having 

better permeability, porosity and mechanical strength using low cost clays as starting 

raw materials. As mentioned earlier that the cost of the membrane supports mainly 

depends on the starting raw materials, sintering temperature and the method of 

fabrication. Therefore a new low cost starting materials (clay mixtures) is used for the 

fabrication of membrane supports by simple uniaxial compaction technique and 

sintered at comparatively low temperature (850 to1000°C) than that of commercial 

membrane supports (>1200°C) is the main theme of this Chapter. The membrane 

supports sintered at different temperatures are characterized with various techniques 

to find the optimum one that would be an alternate for high cost commercial α-

alumina, zirconia and titania membrane supports. 
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3.2 MATERIALS AND METHODS 

The raw materials, i.e. the clay powders kaolin, ball clay, feldspar, pyrophyllite, 

quartz and calcium carbonate, used in this work were collected from Kanpur, India. 

Calcium carbonate (CaCO3), sulfuric acid (H2SO4), hydrochloric acid (HCl), sodium 

hydroxide (NaOH) and poly vinylalcohol (PVA; mol. wt. = 72,000) were procured 

from Merck India Ltd. Water used in this work was collected from Millipore system 

(Elix-3). All the other chemicals used in this work were procured from Merck India 

Ltd unless otherwise stated. 

3.2.1 Fabrication of the ceramic membrane support  

The composition of the clay powders used for the fabrication of membrane supports 

along with its significance is given in Table 3.1 and the fabrication procedure is 

schematically represented in Fig. 3.1. The clay powders were mixed in a stainless 

steel ball mill (dimension 140×140×360 mm, 50 numbers of S.S balls having 12.7 

mm diameter) with 4 ml (2 wt.%) of aqueous poly vinylalcohol (PVA) solution for 

1200 s at 40 rpm. The resulting powder was sieved in a 40 mesh standard screen. A 

requisite (~30 gm) amount of screened powder was uniaxially pressed at a pressure of 

50 MPa with the help of stainless steel mould, designed for single-ended pressing, to 

form a circular disc shaped green support having 63 mm diameter and 4.5 mm 

thickness. The fabricated green supports were first dried at ambient condition for 24 h 

and then dried in hot air oven at 200°C for 24 h. The above controlled drying process 

ensures maximum removal of moisture and also eliminates any thermal stresses 

during moisture removal. 
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Table 3.1 Composition of clay powders used for the preparation of membrane 

support 

Raw Materials Composition
(wt.%) 

Significance 

Kaolin 
(Al2(Si2O5)(OH)4) 

14.45 Low plasticity and high refractory 
property 

Ball Clay 
(3SiO2Al2O3) 

17.58 Provides plasticity and strength to the 
green support 

Feldspar 
((Na, Ca) 
(AlSi3O8)) 

05.60 Acts as a flux to form glassy phase at low 
temperature 

Quartz 
(SiO2) 

26.59 Increases mechanical and thermal 
stability 

Calcium carbonate 
(CaCO3) 

17.14 Pore forming agent 

Pyrophyllite 
(Al2(Si2O5)2 (OH)2) 

14.73 To reduce crazing 

 

The binder, PVA enhances the handling strength of the green support before drying. 

The dried supports were placed vertically in the grooves of an insulation bricks to 

ensure uniform sintering. Then, the supports were sintered at 850, 900, 950 and 

1000°C for 6 h with a heating and cooling rate of 2°C/min in a muffle furnace at air 

atmosphere. The rate of heating in the furnace was kept low to minimize the 

possibility of bending due to radiation shock waves. The cooling rate was kept low 

(2°C/min) to reduce the cooling stresses as well as to achieve the homogeneity of the 

microstructure. It also improves the porosity of the support due to the formation of 

large grain size at lower cooling rate (Rittidech and Tunkasiri 2009). The mould used 

for the fabrication of the membrane support and the support at various stages are 

presented in Fig. 3.2. 
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Fig. 3.1 Schematic representation of membrane support fabrication. 

A minimum of four supports was prepared for each sintering temperature. After 

sintering, the change in the support diameter and thickness was measured. The rigid 

and porous sintered supports were polished and shaped to 42 mm diameter and 4 mm 

thickness with silicon carbide abrasive papers (C-120, C-220 and C-320) to get a 

uniform smooth surface. The polished membrane supports were kept in 250 ml beaker 

containing 200 ml of Millipore water and sonicated for 15 minutes in an ultrasonic 

bath (Elma, India, model: TranssonicT 460) to remove the loose particles adhered on 

4 ml PVA (2 wt.%) Clay powder 

Mixing in ball mill (40 rpm, 20 min) 

Dry compaction at 50 MPa  

Drying at room temperature for 24 h 

Characterization 

Support drying at 100°C 

Ultrasonication for 15 min to remove loose 
particles 

Polishing the support  

Support sintering (850 to 1000°C) 

Drying at 200°C for 24 h 
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the surface of the support during polishing. The fabricated supports were kept in a 

vacuum desiccator to avoid the possibility of impurities adhere on the surface. 

 

Fig. 3.2 Photographs of the membrane support at various stages. (a) Stainless 

steel mould, (b) green membrane supports, (c) and (d) membrane supports placed in 

insulation bricks, (e) sintered membrane support and (f) shaped membrane support. 

(a) (b) 

(c) (d) 

(e) (f) 
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3.2.2 Characterization methods  

Thermal degradation behavior of the raw materials was characterized through Mettler 

Toledo thermo gravimetric analyzer (TGA/SDTA 851® model) under nitrogen 

atmosphere at a heating rate of 10°C/min from 25 to 970°C in a 150 µL platinum 

crucible. The particle size distribution analysis of the raw materials was carried out in 

a particle sizing machine Malvern Mastersizer 2000 (APA 5005® model, hydro MU) 

in wet dispersion mode by circulating the heterogeneous feed at constant flow rate 

(pump speed = 2700 rpm) with an ultrasound to avoid the agglomeration of the clay 

powders during analysis. The X-ray diffraction (XRD) profile of the sintered ceramic 

supports was carried out on a Bruker AXS instrument using Cu Kα (λ = 1.5406 Å) 

radiation operating at 40 kV and 40 mA. The patterns were acquired for 2θ range 

between 5 and 75° with a scan speed of 0.05°/s. Scanning electron microscope (SEM) 

analysis was carried out using variable pressure digital scanning electron microscope 

(LEO 1430VP® model) with an energy dispersive X-ray spectroscopy (EDX). 

Porosity of the support was calculated by Archimedes’ principle using water as an 

immersing medium. Corrosion resistant of the fabricated supports was characterized 

in terms of mass loss before and after corrosion using 20 wt.% of H2SO4, HCl and 

NaOH solutions individually. Three point flexural strength measurements were 

performed on 60mm × 5mm × 5mm rectangular bars using Universal Testing 

Machine (M/s Deepak Polyplast, Model: DUTT-101, Mumbai). Span length of 50 

mm and crosshead speed of 0.5 mm/min were used. Permeation tests were conducted 

in home made dead-end filtration setup made up of stainless steel 316. Four samples 

of each sintering temperature were tested for all the experiments and the average 

value was reported. 
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3.3 RESULTS AND DISCUSSIONS 

3.3.1 Characterization of clay powders 

Particle size of the clays determines the pore size and sintering temperature of the 

ceramic support. Pore growth in the ceramic supports is a function of initial powder 

particle size and compaction pressure (Luyten et al., 1997; Vercauteren et al., 1998; 

Biesheuvel and Verweij 1999; Falamaki et al., 2004a; Fukushima et al., 2009). Finer 

(nanosized) particles require relatively low temperature for sintering but results in a 

large transport resistance because of too small effective pore size. On the other hand, 

courser particles require relatively high sintering temperature and results in a small 

transport resistance because of the macropores but the mechanical strength is reduced 

(Gu et al., 2003; Wang et al., 2007b). The particle size distribution of the clay 

powders is shown in Fig. 3.3. All the analysis is done two times for the laser 

obscuration limit greater than 10% and the averaged value of the results is presented 

in Table 3.2. The volume or mass moment mean, D[4,3] and the surface area moment 

mean, D[3,2] are calculated using the following formula 

4

3
dD[4,3]
d

∑=
∑

    (3.1) 

3

2
dD[3,2]
d

∑=
∑

    (3.2) 

where, d is the diameter of the particle (μm). The advantage of this method of 

calculation (equation 3.1 and 3.2) is that the formulae do not contain the number of 

particles and therefore the calculations of the means and distributions do not require 

knowledge of the number of particles involved. D[4,3] is usually reported in a 

prominent manner. 
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Fig. 3.3 Particle size distribution of the clay powders used for preparation of 

membrane supports. 
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Table 3.2 Particle size distribution of various clay powders used in the 

preparation of membrane support 

Particle size 

 

Clay Powder 

D(V,0.1) 

(µm) 

D(V,0.5) 

(µm) 

D(V,0.9) 

(µm) 

Span Specific 

surface 

area 

(m2/g) 

D[3,2] 

(µm) 

D[4,3] 

(µm) 

Kaolin 1.852 04.656 9.814 1.710 1.750 3.419 05.354 

Feldspar 3.855 22.925 56.284 2.287 0.315 6.898 27.082 

Quartz 2.680 08.650 27.107 2.824 0.994 6.034 12.242 

CaCO3 2.083 06.460 14.299 1.891 1.610 3.735 07.557 

Ballclay 0.954 05.039 24.749 4.722 0.923 2.499 09.659 

Pyrophyllite 2.805 08.428 22.786 2.371 0.379 5.581 10.926 

Mixture 1.840 07.326 24.450 3.125 0.516 4.094 10.639 

D[3,2]    =  surface area moment mean or the Sauter Mean Diameter (SMD). 

D[4,3]    =  volume or mass moment mean or the De Broucker mean. 

D[v,0.5] =  volume median diameter sometimes shown as D50 or D0.5. 

 

The diameter of the clay particles calculated using volume weighted mean formula is 

found to be in the range of 5 to 10 µm. Clays having particle size of this range would 

quite useful for the preparation of macroporous ceramic supports. Similar particle size 

distributions of the clays were discussed and applied for the fabrication of 

macroporous membrane support (Almondoz et al., 2004; Belouatek et al., 2005; 

Bouzerara et al., 2006). The surface area of the raw materials are in the sequence of 

feldspar < pyrophyllite < ballclay < quartz < calcium carbonate < kaolin, which is also 

considered while choosing the composition of the raw materials for support 

preparation. This gives a rough idea about the composition of the raw materials to be 

taken for the fabrication of support.  
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Span is also another useful parameter in determining the usability of the clay mixture 

that can be calculated using the formula. 

90 10

50

D DSpan
D
−

=     (3.3) 

A large span value may be due to one or more of the following: (a) very high D90 and 

very small D10 (b) moderate D90 and D10 but very small D50. A very high span value 

with a very high D90 is undesirable in the preparation of ceramic supports due to 

higher percentage of coarser particles (Wang et al., 2007b). Span values obtained 

from the analysis are found to be in the similar range (1.8 to 3) for all the clay 

powders used in this work, which indicates similar width of the size distributions. 

This provides a good mixing and uniform distribution between the particles that might 

result in good microfiltration membrane support. 

Scanning electron microscope images of the clays along with the EDX is presented in 

Fig. 3.4. The EDX analysis (qualitative analysis) of kaolin, ball clay and pyrophyllite 

indicates that the clay powders contain oxides of aluminium and silicon. However, no 

other peaks are obtained even using spot EDS at higher magnification, suggesting that 

it is free from other impurities or has only a trace amount of impurities (<5 wt.%) that 

cannot be detected by SEM. The quartz showed only the oxides of silicon that 

indicates its purity and the Ca elemental peak obtained for feldspar indicates that the 

feldspar is of plagioclase type, which is triclinic in nature. The commercially 

purchased calcium carbonate shows only the peaks of Ca and O, which confirms its 

purity. The Si/Al ratio obtained with the EDX analysis of the different clays is 

apparently closer to the theoretical value of those clays (Castellano et al., 2010). 
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Fig. 3.4(a-d) SEM and EDX analysis of the clay powders used in support 

fabrication. (a) Kaolin, (b) Ball clay, (c) Quartz, (d) Pyrophyllite. 

 

(a) 

(b) 

(c) 

(d) 
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Fig. 3.4(e-f) SEM and EDX analysis of the clay powders used in support 

fabrication. (e) Feldspar and (f) CaCO3 

Similarly, all the clay powders were analyzed with XRD and the obtained patterns are 

very well matching with the standard Joint Committee on Powder Diffraction 

Standards (JCPDS) files. The XRD patterns of the clay powders are presented in Fig. 

3.5. The XRD peaks of the kaolin match well with the reflections of standard JCPDS 

card number 14-164 and the other additional reflections match with the JCPDS card 

number 10-446. This indicates that kaolin also contains dickite, which is the same 

composition as kaolinite with different crystal structure (Mohammadi et al., 2005; 

Shameri and Rong 2009; Castellano et al., 2010). The main crystalline phases 

observed in the ball clay corresponds to kaolin (2θ = 12.25 and 24.85°) and quartz. 

The 2θ reflections (2θ = 20.85 and 26.65°) of quartz match well with the JCPDS card 

number 46-1045, which corresponds to the pure quartz phase (Gonzalez et al., 2007). 

(e) 

(f) 
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Similarly the 2θ reflections of the pyrophyllite and feldspar clays match with the 

standard JCPDS card number 12-203 and 09-456, respectively (Sugiyama et al., 1993; 

Hojamberdiev et al., 2011). 

 

 

Fig. 3.5 XRD Patterns of the clays used for the preparation of membrane 

supports. 
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Sintering temperature is one of the important parameter for controlling the porosity, 

pore size and mechanical stability of the membrane supports. Thermal analysis of 

individual clays was done to identify the minimum sintering temperature for a stable 

support and the obtained results are plotted in Fig. 3.6. The weight loss at temperature 

less than 150°C is mainly due to the removal of physisorbed water and at higher 

temperature (500 to 800°C), the loss corresponds to the dehyroxylation of surface 

hydroxyl group or removal of structural water. Thermal decomposition (540 to 

760°C) of CaCO3 results in major weight loss and forms CaO and CO2. The porosity 

of the membrane support mainly depends on the path taken by the evolved CO2 gas. 

Due to the increased release of OH groups attached to Al and Si and subsequent 

conversion of kaolin to metakaolin ball clay show a relatively higher weight loss 

(14.15%) than that of kaolin (5.58%) and pyrophyllite (4.46%). 

 

Fig. 3.6 Thermogravimetric analysis (TGA) of the clay powders. 
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The typical weight loss obtained for feldspar is difficult to explain, however, the 

possible reason might be the degradation of calcium feldspar to form CaO and CO2 

that causes greater weight loss. Similar type of results was reported for K-feldspar and 

K2CO3 (Miao et al., 2005). 

It is also observed that, after 820°C, only a negligible weight loss has been found for 

the clays suggests that the green support has to be sintered to a minimum of 850°C to 

get a stable membrane support having higher thermal and mechanical stability. 

Furthermore, the binder burnout mechanism has also been studied for the given 

composition of clays (with and without binder) as depicted in Fig. 3.7.  

 

 

Fig. 3.7 Thermogravimetric curves of the clay mixture with and without binder. 
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During sintering, the binder initially spreads on the clays as a thin layer and then 

burnout uniformly. The degradation of the organic binder occurs in two steps; 

elimination of the side-groups at temperature between 200 and 350°C and the 

decomposition of the main chain of PVA between 450 and 650°C. The binder is 

completely removed at 720°C. The PVA chain enhances the thermal stability of the 

ceramic support (Falamaki et al., 2004a; Guo et al., 2007; Dong et al., 2008).  

3.3.2 Characterization of the fabricated membrane supports 

3.3.2.1 XRD analysis 

The crystallization or phase transformation behavior of the membrane supports was 

identified by XRD analysis as shown in Fig. 3.8. Sintering produces a series of 

chemical reactions and phase transformations that leads to the formation of new 

phases, which results in the appearance or disappearance and shifts in the XRD peak 

positions. There may be an existence of amorphous silica evidenced by a background 

noise in the XRD pattern for 850°C sintered support (Gualtieri et al., 1995). Complete 

crystalline phase is identified for the supports sintered at 900, 950 and 1000°C. The 

main observed phases of the sintered support are quartz (SiO2), mullite 

(3Al2O3.2SiO2), anorthite (CaO.Al2O3.2SiO2) and wollastonite (CaSiO3). The phase 

transformation of kaolin to mullite via metakaolinite is occurred in the temperature 

ranges between 800 and 1000°C, which is due to the decomposition of kaolin 

structure (Palacio et al., 1998; Bouzerara et al., 2006; Guo et al., 2007). This 

transformation is clearly seen from the Fig. 3.8(b).  
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Fig. 3.8 XRD pattern of the sintered membrane support at different 

temperatures. � Quartz;   z Kaolin; \ Wollastonite; S Mullite; V 

Anorthite; � Calcium Oxide; � Feldspar. 
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Crystallite size of the membrane supports before and after sintering is calculated using 

Scherer’s formula 

XRD
Kd
cos
λ

=
β θ

    (3.4) 

where, K is the shape constant (0.9), λ  is the wave length (1.5406 Å) of CuKα 

radiation, β  is the full width at half maximum and θ  is the diffraction angle (degree). 

A decrease in crystallite size is found at higher temperature (1000°C) indicates a 

higher degree of particle interlocking which may lead to densification of the support. 

For all the sintered supports, quartz is found to be the major phase and its decreased 

peak intensity during sintering indicates the newly formed silicates and mullite. 

3.3.2.2 Volume shrinkage and porosity analysis 

The shrinkage of the membrane supports was determined using the initial and final 

volume of the supports before and after sintering. As the sintering temperature 

increases the shrinkage of the support also increases as shown in Fig. 3.9. A 

maximum shrinkage of 5.5% is obtained for 1000°C sintered support. It is evident that 

the shrinkage of the support sintered at 900°C is found to be more (~ 4.5%) than the 

850˚C sintered support due to the removal of binder and phase transformation of 

kaolin to mullite at the temperatures between 850 and 900°C. Increased shrinkage is 

found for 850 to 900°C. The shrinkage is less pronounced for the sintering 

temperatures 900 and 950°C. Again, an increase in the shrinkage for 1000°C sintered 

support indicates the internal rearrangement (densification process) of the support 

which may lead to blind pores (Whittemore and Sipe 1974; Falamaki et al., 2004a). 
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Fig. 3.9 Volume shrinkage versus sintering temperature of the membrane 

support. 

Porosity of the membrane supports sintered at different temperature is calculated 

using the Archimedes’ principle (Laux et al., 2005).  

w D

w A

m m
m m

−
ε =

−
     (3.5) 

where Dm  is the mass of the dry support, wm is the mass of the support with pores 

filled with water (pores are filled with water under vacuum), Am is the mass of the 

water saturated support measured in water (A refers to Archimedes) and ε  is the 

porosity. 
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Fig. 3.10 Porosity versus sintering temperature of the ceramic support. 

 

Fig. 3.10 depicts the porosity of the membrane supports as a function of the sintering 

temperature. It is seen that the porosity versus sintering temperature curves follow a 

‘convex’ trend with maximum at 900°C within the studied temperatures. The decrease 

in porosity from 900 to 1000°C is an indication of the densification of the support. 

The porosities of the sintered support lies in the range of 41 to 46% and the support 

sintered at 900°C have the maximum porosity of 46%. Falamaki et al., (2004a) have 

also reported the similar trends of porosity and shrinkage for alumina and zircon 

supports. 
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3.3.2.3 Flexural and corrosion resistance analysis 

 

Fig. 3.11 Flexural strength as a function of sintering temperature of the 

membrane support. 

Figure 3.11 shows the flexural strength (three points bending) of the supports sintered 

at different temperatures calculated by the following equation 

p
fl 2

3F L

2bt
σ =     (3.6) 

where flσ  is the flexural strength (MPa), pF  is the load at the fracture point, L  is the 

span length, b  is the width of the sample and t  is the thickness of the sample. 
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Flexural strength increases (25 to 32 MPa) with increase in the sintering temperatures 

(850 to 1000°C). It is clearly seen from the Fig. 3.11 that the flexural strength 

increases linearly with the sintering temperature. The increase in the flexural strength 

is due to the densification of the support. Similar trends were also reported for 

supports fabricated from other types of inorganic clays (Falamaki et al., 2004a; Wang 

et al., 2006). 

Corrosion tests were performed using 20 wt.% of HCl, H2SO4 and NaOH solutions 

individually at room temperature and 110°C to check the chemical stability of the 

membrane supports. For this, the membrane supports (Ø = 63 mm and thickness = 4 

mm) are placed in the corrosive environments (100 ml) for 30 days at room 

temperature (without stirring) and also for 8 h in boiling state at 110°C.  Corrosion 

resistance of the fabricated membrane supports is analyzed in terms of mass loss and 

flexural strength. The weight loss due to the corrosion of acids and alkali is shown in 

Fig. 3.12 and it is found to be decreasing in the order of HCl > H2SO4 > NaOH. 

Similar types of results have also reported for other inorganic supports (Wang et al., 

2006; Dong et al., 2007). The flexural strength of the corroded support is also 

calculated and depicted in Fig. 3.11. 

The average percentage loss of flexural strength of the supports after the corrosion 

test in boiling liquids (NaOH, H2SO4 and HCl) at 110°C for 8 h is found to be 14, 27 

and 38%, respectively. Dong et al., (2007) have also reported similar type of results 

for cordierite and alumina support. The obtained results revealed that the fabricated 

support shows greater corrosion resistance in both acidic and basic media than that of 

cordierite and alumina support (Dong et al., 2007). Hence it can be utilized for 

membrane applications. 
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Fig. 3.12 Corrosion resistance of the sintered supports in acid and alkali media. 

3.3.2.4 SEM analysis 

Surface morphology of the sintered membrane supports analyzed by SEM is shown in 

Fig. 3.13. The pore size distribution and average pore diameter of the sintered support 

are estimated from the SEM micrographs using ImageJ software (open source 

software provided by National Institute of Health (NIH), weblink: 

http://rsbweb.nih.gov/ij/download.html) for pores (~100 pores per micrograph) having 

circularity greater than 0.8. To minimize the errors of image analysis, eight SEM 

micrographs (randomly selected sections of 4 supports) are analyzed for each sintered 

temperature. 
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(A) (B) 

Support sintered at 1000°C 

Support sintered at 950°C 

Support sintered at 900°C 

Support sintered at 850°C 

Fig. 3.13 SEM micrographs of the sintered membrane supports at two different 

magnifications. (A) 1.00 KX and (B) 2.00 KX. 
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The average pore size, avgD  of the membrane supports is calculated by the following 

equation 

n
i i

i i
avg n

i
i 1

n d
D

n

=

=

∑
=

∑
    (3.7) 

where, avgD  is the average pore diameter (μm), n is the number of pores and id is the 

diameter of the ith pore (μm). 

It is clearly seen from the Fig. 3.13 that the compact structure of the 850°C sintered 

support is transformed into an open structure at 900 and 950°C. The support sintered 

at 1000°C seems to have a densified structure. The average pore diameter is found to 

be 0.87, 0.96, 1.01 and 1.10 µm for the supports sintered at 850, 900, 950 and 

1000°C, respectively. The pore diameter distribution of the sintered supports is 

plotted against sintering temperature as shown in Fig.3.14. The supports sintered at 

950 and 1000°C shows a unimodal distribution having maximum number of pores 

(90-95%) between 0.2 and 1.2 µm. The supports sintered at 850 and 900°C shows a 

bimodal distribution having maximum number of pores in two regions, 60 to 70% of 

pores between 0.2 and 1.4 µm and 20 to 30% of pores between 1.4 and 2.4 µm.  

Based on the porosity and image analysis, it is observed that with increase in sintering 

temperature, pore diameter increases while porosity decreases. This is because of 

adjacent pores tend to fuse together to form bigger pores at an elevated sintering 

temperature. Some of the pores may even disappear during sintering resulting in 

shrinkage of the membrane support. It is reported in literature that the membrane 

thickness has important influence on the pore size distribution. The mean pore size of 

the supports decreases and the pore size distribution becomes narrower with the 
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increase of membrane thickness (Wang et al., 1999). By virtue of these reasons, the 

support thickness is fixed when the effect of sintering temperature was studied. 

 

Fig. 3.14 Effect of sintering temperature on pore size distribution. 

 

Mapping analysis of the SEM as shown in Fig. 3.15 confirms the uniform distribution 

of the silica-aluminates throughout the membrane supports. The elements identified 

by the EDX are Al and Si, which is in the form of oxides (Al2O3 and SiO2), Ca in the 

form of calcium oxide as well as wollastonite and anorthite. 
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Fig. 3.15 SEM mapping analysis of the sintered support. (a) Zone at which EDX 

and mapping analysis done, (b), (c), (d) and (e) represents the mapping results of Si, 

Al, O and Ca, respectively. 

3.3.2.5 Pure water permeation experiments 
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Pure water and organic solvent permeation studies were carried out in a dead-end 

flow setup made up of stainless steel 316. The schematic and photographs of the 

permeation setup along with its specifications are depicted in Fig. 3.16 and 3.17, 

respectively. 

  

 

Fig. 3.16 Schematic of batch permeation experiment setup 
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Fig. 3.17 Photographs of home-made permeation setup. (a) Permeation cell 

connected to nitrogen cylinder (b) bottom compartment (c) casing (d) membrane 

support sealed in the casing and gasket is kept over the casing (e) bottom and top 

compartment and (f) permeation cell under operating condition. 
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The setup consists of two parts, a cylindrical top part and a base plate with a provision 

to keep a support. The membrane support is rested on a perforated disk (casing) and 

placed in the bottom compartment. Neoprene “O” ring or gasket is compressed 

against the membrane support to prevent leakage. The upper compartment of the 

batch cell is pressurized using N2 gas by setting a desired pressure through the 

regulator attached with the nitrogen cylinder. Prior to permeation studies, pure water 

is passed thorough the fresh supports at higher pressure to remove any loose particles 

(particles which are not removed during ultrasonication) present in the pore path. All 

the experiments were carried out by filling 250 ml of water in the top compartment. 

After discarding the first 50 ml of water at a fixed pressure, the time required to 

collect next 50 ml was noted down to calculate the water flux at that applied pressure 

using the following equation 

w
QJ

A T
=

Δ
    (3.8) 

where, wJ  is the pure water flux (m/s), Q  is the volume of water permeated (m3), 

A is the effective membrane area (m2) and TΔ  is the sampling time (s). Four supports 

from two different batches were analyzed for each sintering temperature. 

Typical result of water flux on the sintered (850, 900, 950 and 1000°C) membrane 

supports is shown in Fig. 3.18. Water flux increases with increase in sintering 

temperature (up to 950°C) due to increase in the average pore diameter. Decreased 

water flux for 1000°C sintered support is due to the reduced porosity. Higher sintering 

temperature (1000°C) eliminates pore connectivity to a large extent that leads to dead-

end pores. The linear dependence of water flux on pressure drop across a support 

indicates Poiseuille flow through the pores.  
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Fig. 3.18 Pure water flux on the membrane supports as a function of applied 

pressure. 

 

The average pore radius of the membrane support is estimated by using the deduced 

form of Hagen-Poiseuille (H-P) equation by assuming the pores are cylindrical. 

m
8 xJr

P
μΔ

=
εΔ

    (3.9) 

where mr is the mean pore radius (μm), μ is the viscosity (kPa s), xΔ is the thickness 

(μm), J is the permeate flux rate (μm/s), ε  is the porosity, PΔ  is the transmembrane 

pressure (kPa), J
PΔ

is the permeability (μm/s kPa), determined from the slope of the 

linear relationship between the pure water flux ( J ) and transmembrane pressure 

( PΔ ). 
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It is observed from the Fig. 3.19 that the average pore size calculated from water 

permeation data using H-P equation is higher than the SEM image analysis. The 

possible reason may be that the small nanosized pores cannot be obtained from the 

SEM image of the membrane support due to instrument limitations that might have 

also contributed in the permeation. The mean pore diameter obtained by the H-P 

equation is an average along the total permeation pathway through which a solute 

travels (free from dead-end pores) whereas the mean pore diameter obtained by SEM 

is an average of the surface pores on the membrane supports. 

  

 

Fig. 3.19 Mean pore size versus sintering temperature of the membrane 

supports. 
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Eventhough the pore diameter of the 1000°C sintered support calculated by the SEM 

analysis is higher than the other sintered supports, the water permeability experiments 

confirm that the membrane support has the possibility of more dead-end pores due to 

the densification of the membrane support at higher temperature. Based on the 

detailed analysis of the support, the membrane support sintered at 950°C is selected as 

an optimum support because of its high flexural strength (28 MPa), average pore 

diameter (0.98 µm) and good porosity (44%).  

3.3.2.6 Solvent permeation experiments 

Pure organic solvent permeation studies were performed with ethanol, butanol, 

acetone, toluene and n-hexane for the ceramic support sintered at 950°C and the 

solvent flux results are plotted in Fig. 3.20. 

 

Fig. 3.20 Solvent flux of the optimized membrane support (sintered at 950°C). 
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Permeation experiments were started with butanol and ended with n-hexane. While 

changing the solvents from one to other, the cell was loaded and flushed with the next 

solvent (~ 100 ml). In all the cases, the solvent flux increases linearly with the applied 

pressure which indicates that pressure difference is the only driving force for the 

permeation of solvents. When the transport mechanism obeys the viscous flow model, 

the flux versus pressure plot should be expressed as a straight line which coincides 

with the origin, irrespective of the types of feed solution (Darcy’s law). It can be seen 

from Fig. 3.20 that the solvent flux increases with decreasing viscosity of the solvent 

indicating that the viscosity is a main factor which controls the transport of solvent 

through the support.  

 

 

Fig. 3.21 Variation of solvent permeability of 950°C sintered membrane support. 
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Figure 3.21 validates the above comments showing a good correlation between the 

solvent permeability and the inverse of the solvent viscosity. It is observed that the 

non-polar solvents (n-hexane, toluene) show higher permeability than the polar 

solvents. The permeability of n-hexane is ten times greater than butanol while the 

permeability of water is two times greater than butanol. It confirms that the ceramic 

supports reported in this work are hydrophobic in nature. If the viscosity of the 

solvent is only the controlling factor then the flux of n-hexane and acetone would be 

identical because of identical viscosities. However, it is evident from the Fig. 3.20 and 

3.21 that the flux of n-hexane and acetone are dramatically different. This implies that 

the support-solvent interactions also influence the solvent permeability in addition to 

viscosity (Bhanushali et al., 2001; Chowdhury et al., 2003). It is reported in the 

literature (Machado et al., 1999) that the solvent interactions can be expected to vary 

with changes in solvent properties such as surface tension, di-electric constant and 

molecular size.  

In general, the polarity of the solvent also plays an important role i.e increasing the 

polarity of the solvent decreases the solvent flux for hydrophobic membranes because 

polarity of organic solvents is strongly related with surface tension (Machado et al., 

1999). Hexane has a lower surface tension (17.9 mN/m) than acetone (23.3 mN/m) 

that causes it to penetrate faster through the hydrophobic support. Bhanushali et al., 

(2001) have also shown that the surface tension of solvents is inversely proportional 

to flux for hydrophobic membranes. Based on these results, it is clear that the solvent 

flux of the hydrophobic support is mainly influenced by applied pressure, solvent 

viscosity and interactions of the solvent with support. Similar observations were also 

reported in the literature for α-alumina and other types of hydrophobic membrane 

(Machado et al., 1999; Bhanushali et al., 2001; Guizard et al., 2002; Chowdhury et 
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al., 2003). The weight of the dry support before and after each solvent permeation 

studies has been checked and no weight loss is observed after the permeation studies. 

This implies that the support is very stable in all the studied solvents. 

3.4 COST ANALYSIS 

Although ceramic membranes have good chemical, mechanical and thermal properties 

over polymeric membranes, their usage in industrial application is limited due to its 

high cost. Cost of conventional polymeric membrane is around 20-200 $/m2 (Bhide 

and Stern 1991). Generally, the cost of the ceramic membrane is 3-5 times higher than 

the polymeric membranes (Garmash et al., 1995). The cost of the ceramic membranes 

is projected around 500-1000 $/m2 (Cheryan 1998; Koros and Mahajan 2000). The 

high cost of ceramic membranes is compensated by its higher permeability and longer 

lifetime, which reduces the operating and maintenance cost.  

The cost of the fabricated membrane support is estimated based on the raw materials 

used in this work. The projected cost of the fabricated membrane support is presented 

in Table 3.3. The estimated cost is found to be Rs. 480/m2 (10 $/m2). Including the 

pumping cost, maintenance cost, cleaning and replacement cost, labour cost etc., for 

the above support, the cost of the inorganic membrane may reach a value, which 

would be closer to the value of polymeric membrane (Cheryan 1998). The reported 

value of the membrane cost is conceptual in nature and may vary significantly 

depending on the above cost factors. However, permeability and mechanical strength 

data obtained in this work indicates a long time performance, which in turn may 

reduce the above cost factors. The result of cost evaluation indicates that the 

fabricated support is of low cost than that of alumina and zirconia supports based on 

the raw materials cost and sintering temperature used in this work. 
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Table 3.3 Cost analysis of the fabricated support based on unit cost of raw 

materials 

Raw material Unit price

(Rs./kg) 

Amount of raw materials 

used for the fabrication of 

one membrane support 

(kg) 

Cost estimated for 

the fabrication of one 

membrane support 

(Rs.) 

Kaolin 6.00 4.335 × 10-3 0.02601 

Ball Clay 3.00 5.274 × 10-3 0.015822 

Feldspar 4.00 1.68 × 10-3 0.00672 

Quartz 10.00 7.977 × 10-3 0.07977 

Pyrophyllite 5.00 4.419 × 10-3 0.022095 

Calcium carbonate 240.00 5.142 × 10-3 1.23408 

Raw materials cost for one membrane support fabrication 1.3844 

Cost of one ceramic membrane support of 4 mm thickness and 

63 mm diameter (rounded value)  

 

1.50/support 

Estimated raw materials cost per unit area of the 

fabricated membrane support 

 

480/m2 

 

3.5 SUMMARY 

Porous ceramic membrane supports have been successfully prepared by uniaxial 

compaction method using low cost clays as raw materials. The support is sintered at 

different temperature (850 to1000°C) and analyzed with various characterization 

techniques to find an optimum membrane support. Initial analysis on the clays for the 

particle size distribution suggests that the particle diameter between 5 and 10 μm, 

which is suitable for macroporous membrane supports. The XRD and SEM analysis 

of the clays confirms that the clays are matching with the corresponding JCPDS files 

and mostly containing silica and alumina as well as trace amounts of other exchange 

ions, for example Ca. Thermal characterization confirms that the binder is completely 

removed at 720°C suggesting that the support must be sintered above this temperature 
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to get a binder free support and negligible weight above 820°C suggests that the 

minimum temperature for a good support might be 850°C. The porosity of the 

membrane supports sintered at different temperatures is ranging between 41 and 46%. 

The percentage shrinkage of the support is found to be 5.5% for the studied 

temperature. Thermal and XRD analysis inferred various reactions and phase 

transformations undergone during sintering and quartz is found to be the major phase 

in all the sintered supports. The pore size distribution based on image analysis showed 

a good unimodal distribution for 950 and 1000°C and bimodal distribution for 850 

and 900°C sintered supports. The result of SEM analysis reveals that the average pore 

diameter of the supports increases with increase in the sintering temperature. All the 

supports showed good mechanical strength (> 20 MPa) and chemical stability (< 12% 

weight loss in acidic media and < 3% weight loss in basic media) for both acidic and 

basic media. The support sintered at 950°C is concluded as an optimum support for 

membrane applications due to its good mechanical strength (28 MPa) and uniform 

pore size distribution having an average pore diameter of 0.98 µm with a porosity of 

44%. The conducted solvent permeation studies on the optimized support (950°C) 

showed that the support is hydrophobic in nature. Despite the use of simple 

fabrication method, lower sintering temperature and inexpensive raw materials, the 

excellent properties of the membrane supports substantiates that it could be 

effectively used for the development of composite membranes for industrial 

applications. 
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EFFECT OF TIO2 ADDITION ON THE PROPERTIES OF 

OPTIMIZED MEMBRANE SUPPORT AND ITS PERFORMANCE 

EVALUATION FOR THE SEPARATION OF OIL AND BOVINE 

SERUM ALBUMIN (BSA) FROM ITS SOLUTION 

 

 

 

 

4.1 INTRODUCTION 

The main objective of the work reported in this Chapter is to study the changes in the 

properties of the membrane supports (pore size, porosity, mechanical strength and 

pure water permeability) by the addition of titanium dioxide (TiO2). The fabricated 

membrane supports are characterized with various analytical techniques and testing 

methods as reported in Chapter 3.  In general, macroporous membrane supports are 

applied for various separation applications such as the separation of salt, dye, heavy 

metals, oil emulsion, protein etc., (Saffaj et al., 2004b; Belouatek et al., 2005; Ezzati 

et al., 2005; Ding et al., 2006; Erdem et al., 2006; Saffaj et al., 2006; Becht et al., 

2008). Few literature are available on the membrane separation for oil droplets from 

oil-in-water emulsion, however, separation of oil droplets having size less than 20 μm 

(oil concentrations below 100 ppm) is still a challenging task. So the fabricated 
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membrane supports are tested for the separation of oil at low concentration. Also an 

attempt is been made for the separation of bovine serum albumin (BSA) protein from 

its aqueous solution. For the better understanding of the rejection mechanism, a brief 

study on fouling of the membrane supports for oil-water system is also been carried 

out and discussed in this Chapter. 

4.2 MATERIALS AND METHODS 

The raw materials (kaolin, ball clay, feldspar, pyrophyllite and quartz) were collected 

from Kanpur, India. Calcium carbonate, titanium dioxide, HCl, NaOH, BSA and Poly 

vinyl alcohol (PVA, M.W. 72000) were procured from Merck India Ltd. Crude oil 

was collected from Guwahati Refinery, Indian Oil Corporation Limited (IOCL), India 

and oil-in-water emulsions were prepared without any further treatment of crude oil. 

Water used in this work was collected from Millipore system. 

4.2.1 Fabrication of membrane supports  

The composition of the clay powders used for the fabrication of the three membrane 

supports is given in Table 4.1. The fabrication procedure is schematically represented 

in Chapter 3 (Fig. 3.1). 3g and 6g of TiO2 were added by removing an equal amount 

of CaCO3 from porous membrane support composition (fabricated in Chapter 3) to 

form the new membrane supports. The membrane supports were fabricated by 

uniaxial pressing method and sintered at 950°C. The initial optimized membrane 

support (as detailed in Chapter 3) was named as support-I and the other two 

membrane supports prepared with 3g and 6g TiO2 loading were named as 3G and 6G 

supports, respectively. 
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Table 4.1 Raw materials composition of the membrane supports 

Raw materials Support-I 

(wt %) 

3G support 

(wt %) 

6G support 

(wt %) 

Kaolin 14.5 14.5 14.5 

Ball Clay 17.6 17.6 17.6 

Feldspar 05.6 05.6 05.6 

Quartz 26.6 26.6 26.6 

Pyrophyllite 14.7 14.7 14.7 

Calcium carbonate 17.0 14.0 11.0 

Titanium dioxide ------ 03.0 06.0 

 

4.2.2 Preparation of feed solutions for microfiltration experiments 

Five different concentrations (50, 75, 100, 150 and 200 ppm) of oil-in-water 

emulsions were prepared using a sonication bath (Make: Elmasonic; Model: S30H). 

Stable oil-in-water emulsions were obtained by operating the sonication bath for 15-

25 h at a temperature of 25°C and no surfactant was added due to the natural 

surfactants present in the crude oil that itself yield a highly stable emulsion. The 

completion of the emulsification process can be evidenced by the disappearance of the 

oily layer on the water surface. However, the stability of the emulsion was further 

confirmed by measuring the oil droplet size distribution and its absorbance 

wavelength (236 nm) at regular intervals using UV-visible spectrophotometer 

(Perkin-Elmer, model: Lambda 35, USA). The prepared emulsions were stable for 7-8 

days. After that, a thin oil film on the water surface was formed indicating that the oil 

droplets were coalesced and formed unstable emulsion. Therefore, all separation 

performance experiments were carried out within 1 or 2 days and analyzed 

immediately to avoid any experimental errors. The standard deviation of the 

absorbance of each prepared samples varies within ± 0.102. 
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BSA samples were prepared by dissolving the appropriate amount of BSA in 

Millipore water. The pH of the freshly prepared solution was found to be 7.0. The 

prepared BSA solution was utilized within 6 h to minimize the aggregation or 

denaturation of protein during storage. 

4.2.3 Characterization procedures 

The membrane supports and clays were characterized under the same conditions as 

already reported in Chapter 3 (section 3.2.2). Nitrogen adsorption/desorption 

isotherms of the membrane supports were measured by the BET method at -196°C 

using Beckmen-Coulter surface area analyzer (SATM 3100 model). Prior to the N2 

adsorption/desorption analysis, the membrane supports (Diameter = 3 mm. and 

thickenss = 2 mm) were degassed at 150°C for 3 h. Rejection performances of the 

membrane supports for oil-in-water emulsion and BSA were carried out with the 

dead-end filtration setup (see Fig. 3.17, Chapter 3). The concentration of oil and BSA 

was determined using a standard calibration graph of absorbance versus concentration 

prepared with a UV-visible spectrophotometer (Perkin-Elmer, model:Lambda 35, 

USA) at the wavelength of 236 and 280 nm, respectively. The pH of the solution was 

measured using a calibrated pH meter (Eutech instruments, model: pH 510). The 

surface tension of the oil-water emulsion was estimated at 25°C with a GBX 3S 

tensiometer, with an accuracy of 0.01 mN/m. A platinum du Nuoy ring was used as 

the probe and standardized with Millipore water. The reported values were the 

average of at least three measurements and represent the equilibrium surface tension 

values. Three membrane supports of each composition were tested for all the 

permeation and separation experiments and the average value was reported. 
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4.3 RESULTS AND DISCUSSIONS 

4.3.1 Characterization of raw materials 

The particle size distribution of the commercial TiO2 is analyzed and the result is 

depicted in Fig. 4.1. The volume average mean diameter of the TiO2 is 1.826 µm. 

This indicates that the particle size of TiO2 is smaller than that of other clays used in 

the fabrication of the membrane supports. Although the average particle size of TiO2 

is smaller, the similar span value (2.049) suggests that the uniform mixing can be 

achieved (Sarkar et al., 2005; Aimable et al., 2010). The particle size distribution of 

the three different membrane support clay mixtures is found to be in the range of 0.3 

to 90 μm with an average particle size varying between 7.5-8.6 μm. This indicates 

uniform mixing of raw materials to accomplish a good macroporous membrane 

support.  

 

Fig. 4.1 Particle size distribution (PSD) of TiO2 Powder. 
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Fig. 4.2 Particle size distribution of the three different membrane support 

mixtures used for the membrane support fabrication. 

From Fig. 4.2, it is clear that the addition of TiO2 significantly shifts the particle size 

distribution towards right, which means that the particle size is higher than the 

support-I and the removal of calcium carbonate may have detrimental effect on the 

pore characteristics of the membrane supports. 

Since the commercial TiO2 is calcined at higher temperature, no weight loss could be 

occurred during the thermogravimetric analysis and the binder burnout mechanism 

follows the same trend for the three membrane supports. The binder is completely 

burnt off at 720°C for all the membrane supports as shown in Fig. 4.3.  
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Fig. 4.3 Thermogravimetric analysis of the membrane supports with and without 

binder. (a) Support-I; (b) 3G support; (c) 6G support (Dashed line denotes with 

binder, solid line denotes without binder). 

4.3.2 Characterization of the membrane supports 

4.3.2.1 XRD analysis 

XRD patterns of membrane supports before and after sintering are presented in Fig. 

4.4. Although many phase transformation occurs during tsintering of membrane 

supports, the main phase transformation of the prepared membrane supports is the 

conversion of kaolin to mullite, which is evidenced by the disappearance of the peaks 

at 2θ value of 8.8, 9.6 and 12.6 degrees.  
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Fig. 4.4 XRD patterns of the membrane supports before and after sintering.     

(a) Support-I, (b) 3G support and (c) 6G support. C-Calcium carbonate; CaO-Calcium 

oxide; F- Feldspar; K-Kaolin, M-Mullite; P-Pyrophyllite; Q-Quartz; R-Rutile. 
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A rutile phase of TiO2 is observed for the 3G and 6G supports before and after 

sintering. The background noise in the XRD pattern of the sintered supports suggests 

that there may be an existence of amorphous silica (Gualtieri et al., 1995; Cultrone et 

al., 2001). This amorphous silica reacts with the CaO to form new phases such as 

wollastonite (CaSiO3) and anorthite (CaO.Al2O3.2SiO2). This is also identified in the 

XRD analysis. Quartz remains as the most abundant phase for all the three membrane 

supports. Few unidentified weak peaks are also observed after sintering, which is 

attributed to other calcium aluminates or silicate.  

Crystallite size of the membrane supports before and after sintering is calculated using 

Scherrer’s formula and the results are presented in Table 4.2. The decrease in the 

crystallite size is found to be 8, 20 and 23% for the support-I, 3G and 6G supports, 

respectively. The results suggests that there may be a decrease in pore size and pore 

size distribution of 3G and 6G supports in comparison to support-I. Due to this 

reason, permeability is significantly influenced. 

Table 4.2 Crystallite size obtained from the XRD analysis of the membrane 

supports 

Membrane 

support 

Sintering 

condition 

Full width at half 

maximum 

2θ 

(Degree) 

crystallite size 

(nm) 

Before sintering  0.174 26.64 46.86 Support-I 

After sintering   0.189 26.47 43.16 

Before sintering  0.195 26.64 41.97 3G support 

After sintering   0.244 26.61 33.49 

Before sintering  0.182 26.64 44.96 6G support 

After sintering   0.235 26.61 34.73 
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Fig. 4.5 Microstructure and pore size distribution analysis of the membrane 

supports. (a) Support-I; (b) 3G support; (c) 6G support; (d) Pore size distribution of 

the supports estimated using ImageJ open software. 

4.3.2.2 SEM analysis 

Surface morphology of the sintered membrane supports is presented in Fig. 4.5. The 

pore size distribution and average pore diameter of the sintered membrane support are 

estimated from SEM micrographs (see Fig. 4.5) using ImageJ software (open source 

software provided by National Institute of Health (NIH), weblink: 

http://rsbweb.nih.gov/ij/download.html) for pores having circularity greater than 0.8. 

The average pore diameter of the support-I, 3G and 6G supports is found to be 1.01, 

1.06 and 0.97 μm, respectively. 

 

(c) 

(a)  (b)

0 1 2 3 4

0

5

10

15

20

25

N
um

be
r o

f P
or

es
 (%

)

Pore Size (μm)

 Support-I
 3G Support
 6G Support

TH-1041_06610703



Effect of TiO2 addition on the properties of optimized membrane support… 

 101

4.3.2.3 Porosity and flexural strength analysis 

Porosity of the membrane supports is calculated using the Archimedes’ principle and 

is found to be 44, 38 and 36% for the support-I, 3G and 6G supports, respectively. 

The decrease in the porosity of the 3G and 6G supports is due to the decrease in the 

amount of the porosifier (i.e. CaCO3). Similar results were reported in the literature 

for the increase in porosity with an increase in the amount of the porosifier (Falamaki 

et al., 2004b; Bouzerara et al., 2006; Boudaira et al., 2009). Flexural strength for the 

support-I, 3G and 6G supports is found to be 28, 31 and 33 MPa, respectively. The 

increase in the flexural strength of the 3G and 6G supports might be due to the 

reduction in the pore size. Linear correspondence of the flexural strength for the three 

supports and a reduction in the porosity of the 3G and 6G supports validates the above 

point. 

4.3.2.4 Water permeation experiments 

Water permeation studies were carried out using a home-made filtration setup to 

estimate the mean pore size of the three membrane supports. Water flux of the 

membrane supports with applied pressure is presented in Fig. 4.6. The linear 

dependence of water flux on the pressure drop across membrane supports indicates 

Poiseuille flow through the pores and the average pore diameter calculated from the 

water permeation data using Hagen-Poiseuille equation is found to be 0.98, 0.93 and 

0.83 μm for the support-I, 3G and 6G supports, respectively. 
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Fig. 4.6 Pure water flux of the membrane supports 

 

4.3.2.5 Solvent permeation experiments 
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nature of the membrane supports (hydrophobic/hydrophilic) as well as the resistance 
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solvent. The physical properties of the solvents used in this work are presented in 

Table 4.3. 
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Table 4.3 Physical properties of the solvents used in the permeation experiments  

Solvent Molar 
volume  

(cm3/mol) 

Viscosity

(cP) 

Density 

(g/cm3) 

Surface 
energy 

mN/m 

Kinetic 
diameter 

(nm) 

Molar 
volume 
/Viscosity 

(cm3/mol cP) 

Methanol 40.7 0.59 0.7917 22.6 0.38 69.0 

Ethanol 58.5 1.20 0.7893 22.3 0.44 48.8 

Propanol 76.9 2.25 0.7854 23.8 0.48 34.3 

Butanol 91.5 2.95 0.810 24.6 0.50 31.0 

Water 18.0 1.02 0.998 72.0 0.27 17.7 

Acetone 74.0 0.30 0.792 23.3 0.63 247.0 

Toluene 25.4 0.56 0.8669 28.0 0.59 184.4 

Pentane 116.2 0.234 0.626 16.0 0.43 496.0 

Hexane 131.6 0.32 0.659 17.9 0.45 411.3 

Heptane 146.2 0.40 0.684 19.7 0.47 366.0 

 

For all membrane supports, the flux increases linearly with the applied pressure for all 

solvents (Fig. 4.7 (a-c)) indicating that the pressure difference is the only driving 

force for the permeation of solvents. The linear fit for the flux versus applied pressure 

plot is greater than 0.9, irrespective of the types of the solvents. This reveals that the 

transport mechanism obeys the viscous flow model given by Darcy (Burggraaf and 

Cot 1996; Mulder 1997). From Fig. 4.7(a-c), one can clearly seen that the solvent flux 

increases with decreasing viscosity of the solvent indicating that the viscosity is a 

main factor that controls the transport of solvent through the membrane supports. 

Permeability of the three membrane supports are presented in Fig. 4.7 (d). 
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Fig. 4.7(a-b) Solvent flux of various solvents through the membrane supports.  

(a) Support-I and (b) 3G support. 
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Fig. 4.7(c-d) Solvent flux of 6G support (4.7(c)) and permeability of the 

membrane supports for various solvents (4.7(d)). 
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A good correlation between the solvent permeability and the inverse of the solvent 

viscosity (except for acetone and toluene) validates the above comments (see Fig. 

4.8). It is observed that nonpolar solvents (hexane, toluene) show higher permeability 

than polar solvents that confirms the membrane supports are hydrophobic in nature. If 

the viscosity of the solvent is the only controlling factor then the flux of hexane and 

acetone as well as methanol and toluene would be identical because of the identical 

viscosities. This implies that the support-solvent interactions must have significant 

influence on solvent permeability in addition to the viscosity (Bhanushali et al., 2001; 

Chen et al., 2010).  

 

 

Fig. 4.8 Variation of the solvent permeabilities to its viscosity of the three 

different membrane supports. 
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In general, solvent interactions can be expected to vary with changes in solvent 

properties such as surface tension, and molecular size (Machado et al., 1999; 

Bhanushali et al., 2001; Chen et al., 2010). In addition to the above parameters, 

polarity of the solvent also plays a vital role because it is strongly related with surface 

tension (Machado et al., 1999).  Increased solvent polarity results in decreased flux 

for hydrophobic membranes (Bhanushali et al., 2001). Based on these results, it is 

clear that the solvent flux of hydrophobic membrane supports is mainly influenced by 

applied pressure, solvent viscosity and interactions of the solvents with membrane 

supports. Similar observations were also reported in literature for α-alumina and other 

types of hydrophobic membranes (Machado et al., 1999; Guizard et al., 2002; 

Chowdhury et al., 2003; Chen et al., 2010).  

4.3.3 Separation of oil droplets from oil-in-water emulsion 

Performance of the membrane supports for the separation of oil-in-water emulsion 

was tested with the permeation cell filled with 100 ml of the feed solution. At a fixed 

pressure, the first 20 ml of the collected permeate was discarded and the time required 

to collect the next 10 ml of permeate was noted down to calculate the permeate flux at 

that pressure. The observed rejection of the membrane support was calculated by the 

following equation 

f p

f

C C
R 100

C
−

= ×     (4.1) 

where, R is the observed rejection (%), fC is the concentration of the feed solution 

(ppm) and pC  is the concentration of the permeate solution (ppm). After each 

experimental run, the membrane supports were cleaned with a detergent solution to 

obtain the same water flux of the membrane supports. The variation in pure water flux 
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of the membrane supports before and after cleaning was found to be negligible  (< 

±2%).  

The performance of the membrane supports for rejecting the oil-in-water emulsion 

was performed at five different concentrations (50, 75, 100, 150 and 200 ppm) and 

applied pressure ranging between 69 and 345 kPa. The oil droplet size distribution of 

the feed solution having different concentration is obtained using particle size 

analyzer is presented in Fig. 4.9. The oil droplet diameter is ranging between 0.05 and 

4 μm with a volume median diameter (d0.5) ranging between 0.716 and 0.743 μm for 

oil concentrations of 50, 75 and 100 ppm solutions. A volume median diameter (d0.5) 

ranging between 1.183 and 1.211 μm is observed for 150 and 200 ppm solutions. The 

volume median diameter of the oil droplet is higher than the pore diameter of the 

membrane supports suggesting a greater possibility for the rejection of oil droplets. 

The rejection and permeate flux of the membrane supports for oil-in-water emulsion 

system are shown in Figs. 4.10-4.12. In general, the permeability depends on diameter 

of the pores and characteristics of the membrane supports. Therefore, larger support 

pore sizes provided higher permeabilities. The rejection increases with an increase in 

the concentration and decreases with an increase in the applied pressure. The 

increased rejection obtained at higher concentration for all the membrane supports is 

due to the increase in oil droplet size and droplet density. All the supports showed 90-

99% rejection and the maximum rejection of the oil-in-water is in the following 

sequence: 6G support > 3G support > support-I. The rejection pattern with applied 

pressure follows similar trend for all the membrane supports. However, one can see 

the flux is more affected if the concentration of oil-in-water emulsion is increased.  
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Fig. 4.9 Droplet size distribution of the oil-in-water emulsion. 

 

Figs. 4.10-4.12 clearly indicate that the higher feed oil concentrations corresponds to 

greater flux reduction and rejection. Higher concentration of oil leads to coalescence 

of the oil droplets forming a bigger droplet that result in a higher rejection. The 

coalesced oil adheres on the surface of the membrane supports which causes fouling 

and this results in reduced flux. Similar types of results were reported in literature 

(Srijaroonrat et al., 1999; Arnot et al., 2000; Mohammadi et al., 2004; Nandi et al., 

2009; Chakrabarty et al., 2008). 
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Fig. 4.10 Permeate flux and rejection performance of support-I for oil-in-water 

emulsion system. (a) Permeate flux and (b) Rejection. 
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Fig. 4.11 Permeate flux and rejection performance of 3G support for oil-in-water 

emulsion system. (a) Permeate flux and (b) Rejection. 
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Fig. 4.12 Permeate flux and rejection performance of 6G support for oil-in-water 

emulsion system. (a) Permeate flux and (b) Rejection. 
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At higher pressures, the oil droplet will deform and pass through the small pores and 

results in decreased rejection. Sometimes the rejection of oil is found to be higher at 

higher pressures. This may be due to the formation of large oil droplets. The reduction 

in the flux is due to the pore blocking mechanism of oil with the membrane supports. 

To understand the pore blocking mechanism, studies were carried out for the oil 

concentrations of 100 and 200 ppm at 69 kPa for all the membrane supports and the 

permeate is collected continuously for 30 min . 

In general, the resistance to permeate flow in microfiltration occurs due to two major 

factors. The first factor is due to the pores partially occupied by small 

particles/molecules, which is related to membrane properties. The second one is due 

to the formation of a fouling layer on the membrane surface, which is related to the 

operating conditions such as transmembrane pressure difference and feed 

concentration (Srijaroonrat et al., 1999; Cumming et al., 2000; Pan et al., 2007). The 

membrane fouling in dead-end filtration at a constant pressure has been generally 

explained by the Hermia’s model. The reformatted form of Hermia’s model is given 

by the following formula (Arnot et al., 2000; Pan et al., 2007).  

2 n 1/(n 2)
0 0J J [1 k(2 n)(AJ ) t]− −= + −    (4.2) 

where, 0J and J  represents the permeate flux at time t = 0 and t = t, respectively. The 

parameter, n, represents different fouling mechanisms. The values of n corresponds to 

1.5, 1.0 and 0 in the above equation represents the standard pore fouling, the 

intermediate pore fouling and the cake filtration models, respectively. The obtained 

experimental permeate flux was fitted with the above models (linearized form).  

The plots of flux versus time are presented in Fig. 4.13 and the obtained parameter 

values are given in Table 4.4.  
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Fig. 4.13 Linear plot of flux versus time for different pore blocking models. (a) 

Intermediate pore fouling (b) Standard pore fouling and (c) Cake filtration. (left- 100 

ppm and right – 200 ppm of initial oil concentration). 
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Table 4.4 Parameters of the pore fouling models fitted with linear regression for 

the oil-in-water feed concentration of 200 ppm at 69 kPa. (The values in the 

parenthesis indicate the parameter values at 100 ppm) 

 

The regression coefficients of the experimental data (see Table 4.4) indicate that the 

cake filtration is the dominating mechanism for fouling. However, it is very difficult 

to identify the region at which it switches from one dominant fouling mechanism to 

another. 

 

Model Parameter Value support-I  3G support 6G support 

Slope (Ki) 

(1/m) 

31.96 

(25.04) 

53.38 

(35.57) 

58.39 

(47.71) 

Intercept (1/J0) 

(s/m) 

1.98 x 104 

(1.72 x 104) 

3.33 x 104 

(2.77 x 104) 

3.77 x 104 

(2.99 x 104) 

Intermediate pore 

fouling model 

R2 0.9262 

(0.9402) 

0.8876 

(0.9147) 

0.9335 

(0.9565) 

Slope (Ks) 

(1/m.s)0.5 

0.078 

(0.067) 

0.103 

(0.079) 

0.105 

(0.094) 

Intercept  (1/J0
0.5) 

(s/m)0.5 

146.12 

(135.07) 

186.54 

(169.46) 

199.72 

(179.81) 

Standard pore 

fouling model 

R2 0.8883 

(0.8769) 

0.8248 

(0.8441) 

0.8586 

(0.9027) 

Slope (Kc) 

(s/m2) 

2.91 x 106 

(1.89 x 106) 

7.94 x 106 

(3.94 x 106) 

9.94 x 106 

(6.64 x 106) 

Intercept (1/J0
2)  

(s/m)2 

0.058 x 109 

(0.062 x 109) 

0.360 x 109 

(0.401 x 109) 

0.230 x 109 

(0.110 x 109) 

Cake filtration 

model 

R2 0.9561 

(0.9723) 

0.9378 

(0.9756) 

0.9769 

(0.9802) 
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In general, hydrophobic membrane supports have a greater tendency to foul than that 

of hydrophilic membrane supports (Srijaroonrat et al., 1999; Mohammadi et al., 2004; 

Zhou et al., 2010). Since, all prepared membrane supports are hydrophobic in nature, 

they have a greater tendency to foul. However, one can reduce the fouling by 

operating at a pressure lesser than the capillary pressure of oil droplets (Srijaroonrat et 

al., 1999). 

The surface tension of the oil-in-water emulsion is obtained using tensiometer 

(ranging between 54.25 and 57.25 mN/m) and the estimated capillary pressure of oil 

droplets is ranging between 110 and 130 kPa. The above results indicate that the 

employment of applied pressure greater than 130 kPa is probably unwise for 

separation of oil-in-water emulsion in the dead-end experiments and this may lead to 

poor flux due to pore blocking.  

The permeability and percentage rejection of the prepared membrane supports 

compared with other commercial and laboratory made membranes are presented in 

Table 4.5. From Table 4.5, it is clear that the fabricated membrane supports have the 

potential of removing the oil from oil-water solution and the obtained results are 

comparable with other membranes. 

4.3.4 Separation of BSA from its aqueous solution 

The BSA separation performance of the membrane supports was carried out for the 

concentrations ranging between 100 and 3000 ppm at 207 kPa. The effect of pressure 

on the separation of BSA was performed at the feed concentration of 500 ppm by 

applying pressure ranging between 69 and 345 kPa. The rejection performance of 

BSA with respect to applied pressure and concentration on the membrane supports are 

presented in Fig. 4.14 and 4.15, respectively. 
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Table 4.5 Comparison of permeability and rejection of other membranes with 

the fabricated membrane supports 

Membrane/ 
support 
Material 

Mean 
pore size 

Feed 
Concentration 
(ppm) 

Permeability
(m/s kPa)  

Rejection 
(%) 

Reference  

γ-Al2O3/ 
α-Al2O3 

10 nm 5000  5×10-8 99.8 Yang et al., 
(1998) 

α-Al2O3/ 
α-Al2O3 

0.2 μm 5000  6.1×10-8 99.9 Yang et al., 
(1998) 

α-Al2O3/ 
α-Al2O3 

1.0 μm 5000  7.5×10-8 94.3 Yang et al., 
(1998) 

ZrO2/ 
α-Al2O3 

0.2 μm 
 

5000  25.8×10-8 99.8 Yang et al., 
(1998) 

Poly(vinylide
ne)flouride 
(PVDF) 

0.10 μm 
0.34 μm 
0.52 μm 

10000 9.06×10-8  
14.5×10-8  
6.58×10-8  

77.0 Kong and Li  
(1999)     

ZrO2  50 nm 1000  68.9×10-8  ----- Srijaroonrat 
et al., (1999) 

ZrO2  100 nm  1000  97.9×10-8  ------ Srijaroonrat 
et al., (1999) 

α-Al2O3  500 nm 1000  80.8×10-8  ------ Srijaroonrat 
et al., (1999) 

NaA zeolite/ 
α-Al2O3 

1.2 μm 100  16.7×10-8   98.8 Cui et al., 
(2008) 

NaA zeolite/ 
α-Al2O3 

0.4 μm 100  1.38×10-8   99.4 Cui et al., 
(2008) 

α-Al2O3 2.1 μm 100  13.9×10-8  55.0 Cui et al., 
(2008) 

Al2O3 0.16 μm 600 to 11000  1.42×10-8   98.0 Cui et al., 
(2008) 

α-Al2O3 0.1 μm 150  88.6×10-8  61.4 Ebrahimi et 
al., (2010) 

TiO2/TiO2 1000 Da 565  17.7×10-8   99.5  Ebrahimi et 
al., (2010) 

Support-I 0.98 μm 50 96.2×10-8 86.5 Present work 
 

3G support 0.93 μm 50 48.1×10-8 89.5 Present work 
 

6G support 0.83 μm 50  37.0×10-8 92.0 Present work 
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Fig. 4.14 Effect of applied pressure on BSA separation through the membrane 

supports. (a) Permeate flux and (b) Rejection. (Concentration = 500 ppm; pH = 6.98). 
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Fig. 4.15 Effect of Concentration on BSA separation through the membrane 

supports. (a) Permeate flux and (b) Rejection. (Concentration = 500 ppm; pH = 6.98). 
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The observed rejection is found to reduce with an increase in BSA concentration. 

Also, rejection remained almost constant for concentrations above 500 ppm for all 

membrane supports. BSA is a globular prolate ellipsoid of dimensions 140×40×40 nm 

and has a molecular weight of 67 kDa. The approximate size of the BSA is calculated 

using the equation given in literatures (Ding et al., 2006; Becht et al., 2008) and is 

found to be 11 nm in diameter. Since the diameter of BSA is lower than the average 

diameter of the pore, the observed rejection is very low and doesn’t show any further 

rejection above 500 ppm of BSA solution. 

The observed rejection is found to be decreased with an increase in the applied 

pressure. However, a considerable amount of BSA rejection is obtained for all 

membrane supports. This may be due to the presence of nanopores. To confirm this, 

BET isotherm was carried out for each membrane support and the pore size 

distribution is reported in Fig. 4.16. It clearly indicates the presence of nanopores in 

the membrane support, which might have an effect on BSA rejection. All membrane 

supports illustrate a type-II adsorption/desorption curve having H1 hysteresis 

suggesting the presence of nanopores and open porosity with a cylindrical geometry 

(Uhlhorn et al., 1992; Leite et al., 2003). It is to be noted that there is no change in 

pore geometry (means that the pores present in all the membrane support are 

cylindrical) of the membrane supports (see Fig. 4.16) due to the addition/removal of 

TiO2/CaCO3. A higher rejection of BSA solution is obtained for the 3G and 6G 

support than the support-I. The possible reason for this is that the presence of more 

number of nanosized pores present in the 3G and 6G supports than the support-I. 
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Fig. 4.16 Nitrogen adsorption/desorption isotherms of the sintered supports. 

(Inset shows the pore size distribution of the supports). 

 

4.4 COST ANALYSIS 

In general, the high cost of ceramic membranes is compensated by their higher 

permeability and longer lifetime, which reduces the operating and maintenance cost. 

Cost analysis is of the membrane supports including the fabrication and sintering cost 

along with the raw materials cost is estimated and presented in Table 4.6. The 

estimated cost is ranging between 13 and 17 $/m2. 
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Table 4.6 Cost analysis of the fabricated support based on unit cost of raw 

materials 

Amount of raw materials required for 

the fabrication of one membrane 

support (diameter = 63 mm and 

thickness = 4 mm) 

(g) 

Raw materials used for 

the fabrication of 

membrane supports 

Unit price 

(Rs./kg) 

Support-I 3G support 6G support 

Kaolin 6.00 4.335 4.335 4.335 

Ball Clay 3.00 5.274 5.274 5.274 

Feldspar 4.00 1.680 1.680 1.680 

Quartz 10.00 7.977 7.977 7.977 

Pyrophyllite 5.00 5.142 4.242 3.342 

Calcium carbonate 240.00 4.419 4.419 4.419 

Titanium dioxide 520.00 ----- 0.900 1.800 

Raw materials cost per membrane support 

(Rs.) 1.5 1.8

 

2.0 

Raw materials cost per unit area of the 

membrane support 

(Rs./m2) 480 580

 

 

640 

Raw materials cost per unit area of the 

membrane support 

($./m2) 10.00 12.08

 

 

13.33 

Total fabrication cost (including pressing 

and sintering cost) of the membrane 

support 

($./m2) 

13.53 15.61

 

 

16.86 

 

The reported value of the membrane cost is conceptual in nature and may vary 

significantly depending on the above cost factors. The result of cost evaluation 
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indicates that the fabricated support is inexpensive than that of alumina and zirconia 

supports based on the raw materials cost and sintering temperature used in this work. 

4.5 SUMMARY 

This work indicates that the porosity and pore size of the support decreases with the 

removal of calcium carbonate and the addition of TiO2 increases the mechanical 

strength of the membrane supports. The porosity of the support-I, 3G and 6G supports 

was found to be 44, 38 and 36% with an average pore diameter of 0.98, 0.93 and 0.83 

μm, respectively. Flexural strength of the membrane support increases with the 

addition of TiO2 and a maximum flexural strength of 33 MPa was obtained for 6G 

support. Solvent permeation experiments confirmed that all the membrane supports 

were hydrophobic in nature. All the membrane supports showed higher rejection at 

lower pressure and higher feed concentration. However, to reduce fouling, it is 

advisable to operate the membrane support with lower concentration and at an applied 

pressure less than 130 kPa. The attempted bovine serum albumin (BSA) separation 

using the prepared membrane supports gave a maximum observed rejection of 40% 

for lower concentrations (100 ppm). The obtained result suggests that the membrane 

support could be used for microfiltration application. These results suggest that 

changing the composition of the raw materials would not reduce the pore size of the 

membrane support for ultrafiltration or nanofiltration applications. Moreover, the 

addition of TiO2 also enhances the cost of the membrane supports. Instead of 

changing the composition, one can obtain a membrane for UF and NF applications by 

forming a selective layer over the support by any one of the coating techniques. 

Therefore, support-I can be utilized for the fabrication of composite membrane, but 

not the 3G and 6G supports 

.
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     Chapter 
    5  

 

 

PREPARATION AND CHARACTERIZATION OF γ-Al2O3-CLAY 

COMPOSITE ULTRAFILTRATION MEMBRANE FROM 

BOEHMITE NANOMATERIAL BY 

 DIP-COATING TECHNIQUE 

 

 

 

5.1 INTRODUCTION 

In this Chapter, the preparation of γ-Al2O3 selective layer on the membrane support-I 

by dip-coating technique using boehmite sol is discussed. In order to reduce the 

fabrication cost of γ-Al2O3-clay composite membrane, inexpensive aluminium 

chloride salt is used as a starting material for the preparation of boehmite sol instead 

of expensive aluminium alkoxide precursors. Boehmite powder and the sol are 

investigated by means of TGA, XRD, SEM, FTIR, N2 adsorption-desorption isotherm 

and DLS analysis to obtain its characteristics and to confirm the conversion of 

boehmite to γ-Al2O3. In addition, the fabricated γ-Al2O3-clay composite membrane is 

characterized by liquid displacement technique to find the pore size distribution of the 

membrane. Pure water flux and the fabrication cost of the prepared membrane are also 

estimated for its possibility in industrial application. 
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5.2 MATERIALS AND METHODS 

Aluminium chloride (AlCl3.6H2O, 99.5% pure), calcium carbonate (CaCO3), nitric 

acid (HNO3), hydrochloric acid (HCl), aqueous ammonia solution (30 wt.%) and 

sodium hydroxide (NaOH) were procured from Merck India Ltd. Water used in this 

work was collected from Millipore system. 

5.2.1. Synthesis of γ-Al2O3-clay composite membrane 

Boehmite sol was synthesized from aluminium chloride by controlled precipitation 

followed by peptization using dilute nitric acid at pH 3-3.5. Aqueous ammonia 

solution (30 wt.%) was added drop by drop to the aluminium chloride (4 wt.%) 

solution at room temperature under constant stirring until the pH of the precipitate 

reaches 8.0. A white boehmite precipitate formed was filtered and washed repeatedly 

with Millipore water to remove the excess chlorides present in the precipitate. 

Boehmite powders were obtained by the controlled precipitation method was 

transferred into a beaker and the stable sol was obtained by peptizing it with the 

addition of 0.3 wt % HNO3 at the pH of 3.5. The binder, PVA (0.5 wt.%) was mixed 

with the sol and refluxed at 85°C for 24 h to get a stable and a clear or slightly 

translucent dipping sol. The PVA is used for the adjustment of the sol viscosity (as a 

thickener) as well as it protects the thin alumina layer from cracking during 

calcination. It generally burns off during calcination without leaving ash. Finally, the 

γ-Al2O3-clay composite membrane was prepared by dipping the membrane support 

(support-I) into the above prepared sol for one minute. Prior to this, one side of the 

clay support (support-I) was wrapped with polytetrafluoroethylene (PTFE) sealing 

wrap and the coating was applied only on the other side. Before dipping into the 

boehmite sol, the polished support-I were heated at 200°C for 2-3 h and then cooled in 

a desiccator. After dipping, the dip-coated clay support was dried overnight at room 
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temperature followed by heating at 50°C for 24 h to remove maximum moisture. 

Finally, the boehmite coated membrane support was calcined at 600°C for 3 h with a 

controlled heating rate (0.5°C/min) to obtain a γ-Al2O3-clay composite membrane  

5.2.2 Characterization of boehmite and γ-Al2O3 particles 

For characterization purpose, γ-Al2O3 powder was prepared by pouring the boehmite 

sol (without adding PVA) on a glass plate and then dried overnight at 50°C. Then, this 

as-dried sample (boehmite) was calcined to γ-Al2O3 at the same conditions as 

followed for γ-Al2O3-clay composite membrane. Thermo-gravimetric analyses of 

boehmite was conducted in a TGA instrument of Mettler Toledo thermo gravimetric 

analyzer (TGA/SDTA 851® model) under air atmosphere at a heating rate of 

10°C/min from 25 to 900°C. To identify phases and their crystallinity of as-

synthesized (boehmite) and calcined sample (γ-Al2O3), X-ray powder diffraction 

(XRD) pattern was recorded in a Bruker AXS instrument using Ni filtered Cu Kα 

radiation (λ = 1.5406 Å) operating at 40 kV and 40 mA. Diffraction intensities were 

measured by scanning from 10 to 80° (2θ) with a step size of 0.05°/s. The FTIR 

spectrum of the γ-Al2O3 powder was obtained on a Nicolet Impact-410 Fourier 

transform infrared spectrometer (Nicolet Impact-410). The transformation 

temperature of boehmite to  γ-Al2O3 was determined from the DTG curve. The BET 

(Brunauer–Emmet–Teller) specific surface area, pore volume and pore size 

distribution of the γ-Al2O3 powder was determined by N2 adsorption-desorption 

isotherm at -196°C measured in a surface area analyzer (make: Beckman-Coulter; 

model: SA 3100). The pore size distribution was determined by a BJH (Barett-Joyner-

Halenda) model from the adsorption branch of the nitrogen isotherms. The pore 

volume was calculated from the amount of nitrogen adsorbed at a relative pressure, 

P/P0 of 0.99, where it was assumed that all the pores were filled. The particle size 
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distribution of dipping boehmite sol was examined by dynamic light scattering 

equipment (make: Horiba; model LB-550V) with a He–Ne laser source. Scanning 

electron microscopy (make: LEO; model: 1430VP) was used to determine the surface 

morphology of clay support as well as γ-Al2O3-clay composite membrane. The top 

layer thickness of the alumina thin films was determined from SEM image of the 

cross-section of the composite membrane. Pure water permeation test was conducted 

in home made dead-end filtration setup made up of stainless steel 316. Pore size 

distribution of the γ-Al2O3-clay composite membrane was determined by liquid 

displacement technique using water as a wetting liquid and butanol as a non-wetting 

liquid. 

5.3 RESULTS AND DISCUSSIONS 

5.3.1 Thermogravimetric analysis 

Thermogravimetric (TG) and differential thermo gravimetric (DTG) curves of 

boehmite is depicted in Fig. 5.1. The boehmite appears to undergo three stages of 

decomposition during heating. The first stage of decomposition (<120°C) is the 

liberation of physically adhered water present in the pores. The second stage of 

weight loss between 120 and 320°C can be assigned to the removal of the crystal 

water in the sample. The final step (>320°C) corresponds to dehydroxylation of 

boehmite to γ-Al2O3 (Mani et al., 1994; Hwang et al., 2001; Padmaja et al., 2004; Li 

et al., 2006). As can be seen from DTG curve, an endothermic peak at around 100°C 

corresponds to the removal of water molecules adsorbed on the gel. The second 

endothermic peak at about 277°C corresponds to the loss of crystal water from this 

sample. The third endothermic peak around 390°C is ascribed to boehmite 
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decomposition to produce γ-Al2O3 involving elimination of OH groups (Mani et al., 

1994; Li et al., 2006). 

5.3.2 XRD analysis 

XRD patterns of the boehmite and γ-Al2O3 powder are depicted in Figs. 5.2. All the 

reflections of diffraction peaks (Fig. 5.2(a)) matches well with the JCPDS PDF No. 

21-1307, which corresponds to boehmite with an orthorhombic unit cell (Liu et al., 

2008; Zhang et al., 2008). The XRD patterns of calcined samples (Fig. 5.2(b)) 

matches very well with the JCPDS PDF No. 10-0425 that confirms the formation of 

γ-Al2O3 phase. The strongest intensity of the diffraction peaks (400 and 440) confirms 

the presence of γ-Al2O3 nanocrystallites in the walls of the framework (Liu et al., 

2008).  

 

Fig. 5.1 Thermogravimetric (TG) and differential thermogravimetric (DTG) 

profile of boehmite sol. 
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Fig. 5.2 XRD pattern (a) boehmite sol and (b) γ-Al2O3. 

The crystallite size of the boehmite and γ-Al2O3 is calculated using Scherer equation 

from the broadening of the (020) diffraction peak (Fig. 5.2(a)) and (400) diffraction 

peak (Fig. 5.2(b)), respectively, and it is found to be 2.4 nm and 3.3 nm, respectively. 

The calculated crystallite size values confirm the presence of γ-Al2O3 phase and 

matches with the reported literature (Padmaja et al., 2004; Li et al., 2006). 

5.3.3 FTIR analysis 

Figure 5.3(a) shows the FTIR spectrum of boehmite. The bands at 744, 628 and 1075 

cm−1 can be assigned to the defined characteristics of boehmite (Frost et al., 1999). It 

is observed an intense band at 1075 cm-1 and a shoulder at 1171 cm-1, which are 

assigned to the symmetric and asymmetric bending modes of Al-O-H, respectively 
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(Colomban 1988). The intense band at 1634 cm−1 and broad band centered at 3414 

cm−1 are assigned to the bending and stretching modes of adsorbed water molecule 

(Colomban 1988). The OH torsional mode expected around 750 cm-1 could not be 

observed because it overlaps with the Al-O stretching vibrations. The weak band at 

2098 cm-1 observed for boehmite is assigned to a combination band, which disappears 

in the spectra of the calcined samples (see Fig. 5.3(b)). In aluminium oxides, 

aluminium can have different types of coordination with oxygen. If the coordination 

is octahedral (AlO6), the Al-O stretching and bending modes are expected in the 

region 500-750 cm-1 and 330-450 cm-1, respectively. However, a tetrahedral 

coordination (AlO4) is expected to give stretching modes in the narrow range of 750-

870 cm-1 and bending modes between 250 and 320 cm-1. 

 

Fig. 5.3 FTIR spectra of (a) boehmite sol and (b) γ-Al2O3. 
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For boehmite (Fig. 5.3(a)), the bands observed at 744 and 628 cm-1 are assigned to the 

stretching modes of AlO6 (McMillan and Piriou 1982). Fig. 5.3(b) depicts the FTIR 

spectra of the γ-Al2O3. Upon controlled calcinations at 600°C, the IR bands observed 

at ~1075 and 2098 cm-1 for boehmite sample disappears suggesting the complete 

dehydration or dehydroxylation of boehmite and its conversion to γ-Al2O3. Broad 

bands observed around 3445 and 1644 cm-1 are due to the water absorbed during 

pelletization. The peak at 592 cm-1 is assigned to AlO6 and the shoulder observed at 

867 cm-1 is assigned to AlO4. From these results, we conclude that γ-Al2O3 (calcined 

samples) contain tetrahedral and octahedral Al-O, where as boehmite is purely 

octahedral in nature (Cross 1964). 

5.3.4 N2 adsorption/desorption analysis 

N2 adsorption-desorption isotherm of γ-Al2O3 powder is shown in Fig. 5.4. The γ-

Al2O3 particles give an isotherm of type IV with an H2 hysteresis loop according to 

the IUPAC classification. This kind of hysteresis loop is an indication of a network of 

interconnected pores with narrower parts. Pore size distribution of γ-Al2O3 was 

computed from the adsorption isotherm by the BJH method (Jones and Barron 2007) 

as shown in Fig.5.5. This plot confirms that the pore size of γ-Al2O3 is in the 

mesoporous range. It also shows a unimodal narrow pore size distribution with pores 

in the range of 3.6-10 nm in diameter. Moreover, 85% of the pores are smaller than 

6.0 nm for γ-Al2O3. BET surface area and pore volume of γ-Al2O3 are calculated to be 

216.89 m2/g and 0.30 ml/g, respectively, which are strongly higher than the values 

reported in literature (Buelna and Lin 1999; Kandri et al., 1999). 
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Fig. 5.4 N2 adsorption-desorption isotherm of γ-Al2O3 particles. 

 

Fig. 5.5 BJH pore size distribution of γ-Al2O3 particles. 
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Particle size distribution of the boehmite sol obtained from DLS is depicted in Fig. 

5.6. Dipping sols with large particle size will necessarily have large interstitial spaces, 

and, because of site exclusion, will not cover the surface uniformly leaving patches of 

exposed untreated surface. The obtained narrow particle size distribution of the 

boehmite sol with a mean particle size of 30.9 nm suggests that a uniform coating can 

be applied on the surface of the support using this stable sol. 

5.3.5 SEM analysis 

Figures 5.7(a) and (b) show the top surface and cross section of the clay support 

obtained from SEM micrographs. The macroporous structure and connectivity 

between the pores of the support is clearly visible in Fig. 5.7. The average pore size of 

the support estimated using ImageJ analysis is found to be 1.01 μm.  

 

Fig. 5.6 Particle size distribution of boehmite sol. 
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Fig. 5.7 SEM images of clay support ((a) top surface and (b) cross section) and γ-

Al2O3-clay composite membrane ((c) top surface and (d) cross section). 

SEM images of the top and cross sectional view of γ-Al2O3 composite membrane is 

presented in Fig. 5.7(c-d). After coating, reduction in the pore sizes is clearly visible 

when compared with pore sizes of clay support. The top layer (γ-Al2O3) has a finer 

structure because of smaller particle size of the sol. Fig. 5.7(d) also clearly 

demonstrates a uniform interphase between the γ-Al2O3 layer and the macroporous 

clay support, suggesting that the γ-Al2O3 layer has good adhesion to the support. 

Furthermore, it is found that no infiltration of sol particles occurred during the dip-

coating process. Thickness of the coated γ-Al2O3 layer is measured using the cross-

section of SEM image of the composite membrane and is found to be ~2.6 μm. Two 

distinct layers are also clearly seen from the SEM image.  

(b) (a) 

(c) (d) 

TH-1041_06610703



Chapter 5 

 136

5.3.6 Pore size distribution estimated by liquid displacement technique 

Pore size distribution of γ-Al2O3-clay composite membrane was determined using 

water as a wetting liquid and butanol as a non-wetting liquid. This method essentially 

measures the differential pressure needed to overcome the resistance offered to the 

displacement of a wetting liquid (water) by a non-wetting liquid (butanol). The 

differential pressure is given by the Laplace equation 

2 cosP
r

γ θ
Δ =      (5.1) 

where r is the radius of capillary shaped pore (nm), γ  is the interfacial tension 

between the two fluids (mN/m) and θ  is the contact angle between the fluids and the 

γ-Al2O3 membrane (degrees). The contact angle and surface tension of water-butanol 

system are taken from literature (Jakobs and Koros 1997). 

The pore size distribution of the composite membrane is determined employing liquid 

displacement technique. Here, water was selected as a wetting liquid and butanol used 

as a non-wetting liquid. First, butanol flux was measured through a dry membrane as 

a function of pressure and a straight line was obtained as shown in Fig. 5.8. Then the 

membrane was wetted with water and again butanol flow rate was determined as a 

function of applied pressure. Up to a certain pressure, there was no flow due to the 

resistance offered by wetting liquid (water). It was observed at a certain minimal 

pressure of 276 kPa, butanol flow started where it was assumed that largest pore was 

empty. Then at a certain higher pressure of ~ 700 kPa, the butanol flow of the dry 

membrane was equal to wet membrane i.e. all the pores were available for butanol 

flow. By using the equation (5.1) with the knowledge of these pressures, the pore size 

range for the membrane was calculated and found in the range of 5.4-13.6 nm. 

 

TH-1041_06610703



Preparation and characterization of γ-Al2O3-clay composite UF membrane… 

 137

 

Fig. 5.8 Flux-pressure curve for pore size distribution of γ-Al2O3-clay composite 

membrane. (a: Butanol flux, b: Butanol flux when the membrane pores are filled 

with water). 

The same data is plotted in a different manner in order to define a flow averaged pore 

size (Fig. 5.9). The experimental data obtained by butanol-water flux is divided by the 

butanol flux obtained at the same pressure to get the flux ratio. This flux ratio is 

plotted against the pore radius as shown in Fig. 5.9. The curve in the graph gives a 

cumulative fraction of the hydrodynamic flux that flows through pores of a desired 

size and all smaller pores (Jakobs and Koros 1997). Fifty percent of the flow of the 

binary mixture is passing through pores of roughly 5 nm (Fig. 5.9) and smaller and 

hence this is the flow weighted average pore size. To evaluate the hydraulic 

permeability of the membrane support and composite membrane, the pure water flux 

was measured at different applied pressures using batch permeation setup.  

0 100 200 300 400 500 600 700
0.0

0.5

1.0

1.5

2.0

Fl
ux

 X
 1

05  (m
/s

)

Pressure (kPa)

 a
 b

TH-1041_06610703



Chapter 5 

 138

 

Fig. 5.9 Flow weighted average pore size distribution of γ-Al2O3-clay composite 

membrane. 

 

5.3.7 Water permeation experiment 

The permeation cell was initially filled with 250 ml of water and the required pressure 

was applied. For water flux determinations at each pressure, 50 ml of permeate was 

allowed to pass and the time required for collections of the next 25 ml permeate was 

noted down. The reported values of water flux were average of three readings. The 

hydraulic permeability was evaluated from the slope obtained from the experimental 

data of the pure water flux versus applied pressure.  
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where, pL  is the hydraulic permeability (m/s kPa), wJ  is the pure water flux (m/s) and 

PΔ is the applied differential pressure (kPa). Figure 5.10 shows the pure water flux of 

the support-I and γ-Al2O3-clay composite membrane. It is found that the water flux of 

the composite membrane is much lower than that of the clay support which indicates 

the decrease in pore size resulting in decreased hydraulic permeability of γ-Al2O3-clay 

composite membrane. The hydraulic permeability of the support-I and the composite 

membrane is found to be 4.838×10-6 and 2.357×10-7 m/s kPa, respectively. 

 

 

Fig. 5.10 Pure water flux of clay support and γ-Al2O3-clay composite membrane 

as a function of pressure. 
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5.4 COST ANALYSIS 

A detailed cost analysis is made and presented in Table 5.1. The cost of the prepared 

γ-Al2O3-clay composite membrane is estimated to be 26.04 $/m2. 

Table 5.1 Cost analysis of γ-Al2O3-clay composite membrane 

Details Price ($) 

Fabrication cost for the ceramic support 

Raw materials cost for ceramic support prepared from low cost clays $ 10/m2  

Compaction or Pressing cost (based on particle size and compaction 
pressure ) 

 

$ 2 (Brookes 2008) 

Sintering cost  for the support (950˚C for 6 h)  $ 1.53 

Total cost required for the fabrication of a ceramic support  $ 13.53/m2 

Preparation cost for γ-Al2O3 layer 

Raw materials cost (4 g Aluminium chloride + other chemicals) for the 
preparation of the boehmite sol  

 

$ 0.1022 

Raw materials cost for the preparation of one membrane (42 mm diameter 
and 2.6 μm thickness membrane)  $ 0.01022 

Cost required for the preparation of γ-Al2O3 layer $ 7.38/m2 

Cost required for reflux condenser operation $ 2.62 

Cost required for sintering (600˚C for 3 h) $ 2.51 

Total cost required for the preparation of γ-Al2O3 layer on clay 
support (rounded value)  $ 12.51/m2 

Total cost required for the preparation of γ-Al2O3-clay composite 
membrane  $ 26.04/m2 

 

5.5 SUMMARY 

A γ-Al2O3-clay composite ultrafiltration membrane has been successfully developed 

with a boehmite sol derived from inexpensive aluminium chloride salt. The particle 

size distribution of the boehmite sol used for coating is very narrow with a mean 
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particle size of 30.9 nm. The prepared composite membrane has the pore size in the 

range of 5.4-13.6 nm and the pure water permeability of the membrane is found to be 

2.357 × 10-7 m/s kPa. The estimated cost of the prepared membrane is 26.04$/m2, 

which would be relatively lower than other commercial membranes in the market. 
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SEPARATION OF BSA PROTEIN AND ELECTROLYTES FROM 

AQUEOUS SOLUTION USING γ-Al2O3-CLAY COMPOSITE 

ULTRAFILTRATION MEMBRANE 

 

 

 

 

 

 

 

6.1 INTRODUCTION 

In this Chapter, the separation potential of the fabricated low cost γ-Al2O3-clay 

composite membrane is investigated for BSA and electrolytes (MgCl2 and AlCl3) 

from its aqueous solution. This Chapter is divided into two sections; the influence of 

pH, feed concentration and applied pressure on BSA separation is investigated in the 

first section and in the second section, the separation performance is investigated for 

the two electrolyte solutions (AlCl3 and MgCl2) by varying the pH, applied pressure 

and feed concentration. In addition, an investigation is carried out on the real rejection 

of BSA and electrolytes through the membrane using Spiegler-Kedem model. 
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6.2 MATERIALS AND METHODS 

Magnesium chloride, aluminium chloride, hydrochloric acid and sodium hydroxide 

were procured from Merck India Ltd. Sodium dodecyl sulfate (SDS) was purchased 

from Loba Chemie, Mumbai. Bovine serum albumin (BSA; mol. wt: 67000 Da) was 

obtained from Spectro Chem. Pvt. Ltd., Mumbai. Water used in this work was 

collected from Millipore system. 

6.2.1 Experimental procedure for BSA separation 

BSA feed solution (500 ppm) was prepared by dissolving 0.5g of BSA in 1000 ml 

volumetric flask using Millipore water and stirred continuously for 1 h. Influence of 

pH on BSA separation experiments was conducted at different pH values ranging 

between 3 and 8 at a fixed applied pressure of 207 kPa. The pH of the solution was 

adjusted with NaOH or HCl. The effect of applied pressure on the permeate flux and 

retention behavior of BSA was studied with a feed concentration of 500 ppm at pH 3. 

The influence of feed concentration was also investigated in the range between 100 

and 500 ppm at a constant pressure of 207 kPa. For all these experiments, the 

permeation cell was filled with 100 ml of protein solution. After discarding the first 

20 ml of the protein solution at a fixed pressure, the time required to collect the next 

10 ml of permeate was noted down to calculate the permeate flux at that pressure. 

BSA concentration in the permeate solution was determined spectrophotometrically at 

280 nm with a UV-visible spectrophotometer (Make: Perkin-Elmer; model: Lambda 

35). The prepared BSA solution was utilized within 6 h to minimize the aggregation 

or denaturation of proteins during storage. After each experiment, the membrane was 

initially rinsed with Millipore water and then it was washed with a mixture of NaOH 

and sodium dodecyl sulfate (SDS) solution for 30 min in order to regenerate the 

membrane. Finally, the membrane was rinsed again with Millipore water until it 
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reaches neutrality (i.e., the pH of the rinsed water equals the pH of pure water). 

Complete recovery of the membrane was checked by measuring the membrane 

hydraulic permeability equals to the actual hydraulic permeability or within the limits 

of ±2% of actual permeability. Single composite membrane has been used for these 

studies to eliminate any issues that can arise from membrane to membrane variability. 

However, the variation in the permeability of multiple membranes (prepared at 

different times using the same procedure) was also been checked and the variation 

was found to be ± 6%. 

6.2.2 Experimental procedure for electrolyte separation 

The separation capability of the membrane was investigated for single salt solution of 

MgCl2 and AlCl3 as a function pH, salt concentration, applied pressure and nature of 

cation present in the solution. The pH was studied in the range of 3-8 at a constant 

pressure of 207 kPa with a feed concentration of 3000 ppm. The pH of the salt 

solution was adjusted by adding dilute NaOH and HCl solution. The effect of pressure 

on the separation of electrolytes was studied in the ranges between 138 and 550 kPa at 

pH 3 for the feed concentration of 3000 ppm and the effect of concentration was 

investigated for the range of 1000 to 5000 ppm at pH of 3 for an applied pressure of 

207 kPa. The electrolyte solutions were prepared using Millipore water. The 

membrane can adsorb the electrolyte salts during the separation experiments. It is 

important to determine the extent of adsorption of electrolytes in order to avoid the 

errors in calculating the observed rejection. This experiment was carried out in two 

methods at a pressure of 207 kPa by the following procedure (Neelakandan et al., 

2003). In the first method, a fresh membrane was taken and carried out the experiment 

with 250 ml of salt solution (1000 ppm). Each run 20 ml of permeate was collected 

for the determination of the rejection. Similar runs were performed on the same 
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membrane, till the rejection becomes constant. In the second method of experiment, 

fresh membrane was soaked in higher concentration (2000 ppm) of salt solution for 6 

h and then carried out the separation experiments with 1000 ppm solution as 

described in the first method. These trial run experiments reveals that, when the 

membrane is fresh (without soaking in higher concentration), the rejection remains 

positive (higher for first run) and becomes constant after third run i.e. after passage of 

40 ml of permeate. When the membrane is soaked in higher concentration, it was 

found that the first reading shows negative rejection but the rejection becomes 

positive from the second reading and constant after the passage of 40 ml of permeate. 

Based on this information, for each run, the cell was filled with 250 ml of electrolyte 

solution and the first 45 ml of permeate passed through the membrane was discarded. 

Permeate flux was calculated by measuring the time interval corresponding to next 25 

ml permeate volume. The concentrations of the salts in the feed and permeate were 

determined by a calibrated conductivity meter (Model: VSI-04, India) with 0.1 μmho 

accuracy. The calibration was carried out using 0.1N KCl solution. After each 

experiment, the membrane was flushed with Millipore water at higher pressures to 

regain its original water permeability. 

6.3 SPIEGLER–KEDEM MODEL 

6.3.1 Theory 

The transport of the solute through a membrane by pressure driven membrane 

processes can be described by irreversible thermodynamics, where the membrane is 

considered as a black box. The solute flux through the membrane can be described as 

the sum of a convective (due to applied pressure gradient across a membrane) and 

diffusive (due to concentration difference) flux. In ultrafiltration (UF) and 

nanofiltration (NF), the rejection factor is defined as  
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P
obs

f

CR  1 -  
C

=     (6.1) 

p
int

m

C
R   1 -  

C
=     (6.2) 

where, pC  is the concentration of solute in the permeate, fC  is the bulk concentration 

of feed, mC  is the concentration on the surface of the membrane, obsR  is the 

observed rejection and intR  is the intrinsic (real) rejection. intR  is an inherent 

property of the membrane whereas obsR  depends strongly on the operating 

conditions. Therefore, it is desirable to report the separation performance of a 

membrane interms of intR  even though the determination of mC  is difficult. The mC  

can be determined by either of the two following techniques (Shukla and Kumar 

2005). 

(i) Direct measurement of mC through interoferometric method 

(ii) Optical shadow measurements 

Apart from the above two techniques, mC  can also be determined by solving 

transport equations in the polarization layer. Accuracy of the estimated mC  depends 

upon the validity of the hydrodynamic model used.  

In the second technique, the following equations are used for determination of mC . 

The membrane surface concentration is calculated using the osmotic pressure model 

(Clifton 1982; Shukla and Kumar 2005). 

v PJ =L ( P- )Δ σΔπ     (6.3) 
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where, vJ  is the permeate flux, PL  is the pure water permeability, PΔ  is the applied 

pressure difference, σ  is the membrane reflection coefficient and Δπ  is the osmotic 

pressure difference. 

 

The osmotic pressure difference is calculated using the van’t Hoff equation for 

electrolytes. 

RT CΔπ = ν Δ      (6.4a) 

where, ν  is the number of moles of ions given by each mole of the electrolyte in the 

solution, R  is the universal gas constant, T  is the absolute temperature and CΔ  

(= mC - pC ) is the difference in the concentration of the solute at the membrane 

surface (upstream side) and in the permeate  

The osmotic pressure can't be determined by the linear Van't Hoff for BSA solution 

because of its high concentrations. Therefore, the osmotic pressure can be related to 

the solute concentration of the membrane by a polynomial equation as given below 

(Bhattacharjee and Bhattacharya 1992; Afonso et al., 2009; Darcovich et al., 2009; 

Sarkar and De 2011).  

2 3 4
0 m 1 m 2 m 3 ma C a C a C a CΔπ = + + +    (6.4b) 

where, 0a , 1a , 2a  and 3a  are the virial coefficients, which becomes important for 

high solute concentrations. Based on their experimental data, the best polynomial fit 

of third or fourth order yields the virial coefficients. However, a polynomial 

expression for the osmotic pressure as a function of concentration used in this work is 

taken from the literature data (Sarkar and De 2011) up to third virial coefficient.  
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2 3
m m m134.70369C 0.40688C 0.00225CΔπ = − +   (6.4b) 

The above correlation of osmotic pressure is valid in the range of 0-500 ppm 

concentration of BSA. However, similar correlations given by other authors (Afonso 

et al., 2009; Darcovich et al., 2009) (for BSA concentration of 0-500 ppm) also gave 

similar results of relection coefficient (σ ) with a percentage error less than 0.6%. 

The reflection coefficient related to the intrinsic rejection of the membrane by the 

following equation (Spiegler and Kedem 1996). 

int
(1- F)R     

1- F
σ

=
σ

    (6.5) 

where, F is given by the expression 

v

m

exp( (1 )J )F  
P

− −σ
=     (6.6) 

where, mP  is the solute permeability of the membrane. According to equation 6.5 and 

6.6, the rejection increases with increasing the water flux ( vJ ). The reflection 

coefficient, σ is a characteristic of the convective transport of the solute. If σ  = 1 

means that the convective solute transport does not take place at all. This is the case 

for ideal reverse osmosis (RO) membranes where the membranes have no pores 

available for the convective transport. For the UF and NF membranes having pores, 

the σ  value will be less than 1 if the solutes are small enough to enter the membrane 

pores. The parameter mC ,  σ  and mP  are determined using equation (6.3) to (6.6) 

following an iterative technique schematically represented in Fig. 6.1 (Ghose et al., 

2000; Shukla and Kumar 2005). In this technique, the mC  is calculated using 

equations (6.3) and (6.4a or 6.4b) by assuming a σ  value. The mP  values and its 
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standard deviation for various experimental data are then calculated using equations 

(6.5) and (6.6).  

 

Fig. 6.1 Flowchart showing the algorithm used to find Cm and the intrinsic 

rejection. 

NO

Input   Jv, Cb, Cp,   ∆P, Lp 

Assume σ 

For each Jv Calculate. ∆П Using equation 6.3 

Calculate Cm using equation 6.4 or 6.5 

Calculate Rint and Pm using equation 6.5 and 6.6 

Calculate average value of Pm and its standard deviation 

Start 

YES

NO
Is std. 
deviation 
minimum?? 

Calculate Cm value for each Jv using the average value of Pm 

Do the Cm values calculated in previous step 
and step 4 differ by <2% 

END 
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The standard deviation of the mP values is minimized by adjusting the σ  value and 

the obtained σ  value obtained is used to calculate the surface concentration ( mC ) of 

the membrane. If the value of surface concentration of the membrane ( mC ) calculated 

from equation 6.2 and 6.4 satisfies the convergence criterion (less than 2 %) then the 

program ends and gives the optimized value of σ  and mP . The obtained mC  value is 

used for the calculation of intrinsic rejection.  

6.4 RESULTS AND DISCUSSIONS 

6.4.1 Separation of BSA protein solution 

Filtration studies of different proteins using charged membranes demonstrated that the 

membrane charge, pore size, applied pressure, solution pH and concentration have 

marked effect on the protein rejection (Reed 1998). The separation potential of the 

fabricated γ-Al2O3-clay composite membrane was studied using BSA protein solution 

and the influence of the operating condition such as applied pressure, pH and feed 

concentration was also investigated to understand the separation mechanism. 

6.4.1.1 Effect of pH on BSA separation 

The electrical charge of the protein as well as the membrane can be altered by 

changing the pH of the solution that creates either an electrostatic attraction or 

repulsion between the membrane and BSA. The solution pH can also alter the 

conformation (size and shape of the molecule) of BSA, which can affect the rejection 

and permeation of the membrane (Pujar and Zydney 1998; Giacomelli et al., 1999). 

BSA can exist in three different conformations depending upon pH of the solution, 

namely, normal form (pH 5 to 8), fast form (pH 3-4) and expanded form (pH <3). In 

general, the separation ability of the membranes increases as the conformation (size) 

of the feed solute increases. The size increasing trend of the BSA molecule follows 
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the sequence of normal form < fast form < expanded form (Giacomelli et al., 1999; 

Freeman et al., 2004). 

Fig. 6.2 illustrates the variation of BSA flux and rejection with pH for a feed 

concentration of 500 ppm at 207 kPa.  It is observed from Fig. 6.2 that the permeate 

flux increases with increase in the pH of the solution, which is due to the electrostatic 

interaction between BSA and the γ-Al2O3-clay composite membrane. It is already 

reported in the literature that the isoelectric point (IEP) of the γ-Al2O3 membrane is 8-

9 and hence is electrically positive for pH values lower than 8-9 and negative for pH 

values greater than 8-9 (Rios et al., 1996; Zeman and Zydney 1996; Pujar and Zydney 

1998; Persson et al., 2003; Lin et al., 2008). So the prepared composite membrane is 

positively charged at the studied pH in this work. When the solution pH is less than 

4.9 (ie., pH < IEP), both BSA and membrane are positively charged, which causes an 

increase in the electrostatic repulsion between the membrane and BSA, resulting in 

lower permeate flux. At pH = IEP (ie., pH = 4.9), BSA is uncharged while the 

membrane remains positively charged. An increase in the permeate flux is due to the 

reduction in the electrostatic repulsion between BSA and membrane and the 

permeation mainly depends on the sieving mechanism. When pH is greater than 4.9 

(ie., pH > IEP), BSA carries a negative charge, which increases the electrostatic 

attraction between the BSA and membrane, resulting in higher permeation flux (Casa 

et al., 2007). However, another mechanism by which changes in pH could affect the 

observed flux is by changing the packing characteristics of the retained protein layer 

at the membrane surface (Iritani et al., 1995). 
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Fig. 6.2 Permeate flux and retention of BSA as a function of pH. (Feed 

concentration = 500 ppm and pressure = 207 kPa). 

The rejection performance of the membrane follows a decreasing trend with increase 

in the pH. At pH 3, the rejection of BSA is as high as 89% and at pH 8 (above IEP) 

observed rejection is 32%. At pH < IEP (4.9), both size exclusion as well as the 

electrical repulsion factor exists as both the membrane and BSA are positively 

charged. In particular, the repulsive interactions could obstruct the transmission of the 

protein through the pore and consequently higher rejection is observed at pH 3 

(Giacomelli et al., 1999; Casa et al., 2007). Also at pH 3, BSA is in the expanded 

form, due to the conformational changes of the BSA molecule attached perpendicular 
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47% rejection at pH 4.9 indicating that the sieving is expected to outweigh 

electrostatic interaction. At pH > 4.9, BSA is negatively charged and the positively 

charged membrane didn’t hinder BSA transport through the membrane, leading to  

lower rejection. The BSA molecule binds parallel to the membrane by a flat 

configuration similar to side-on orientation and the rejection depends on the sieving 

mechanism as well as electrostatic attraction between the BSA and membrane 

(Giacomelli et al., 1999; Urano and Fukuzaki 2000). 

6.4.1.2 Effect of pressure on BSA separation 

Figure 6.3 shows the flux and retention behavior of BSA with applied pressure. 

Concentration and pH of the BSA solution used in this study are 500 ppm and 3, 

respectively.  

 

Fig. 6.3 Variation of permeate flux and observed rejection of BSA protein 

solution with applied pressure. (Feed concentration = 500 ppm; pH = 3). 
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The flux and rejection of BSA increase when the applied pressure increases. The 

increase in the BSA rejection is due to the concentration polarization effect. It can be 

seen from the Fig. 6.3 that at low pressures (207 to 406 kPa), the flux increases 

linearly with increasing pressure with a greater slope. Above 406 kPa, the rate of flux 

enhancement is low (nearly constant and pressure independent) due to concentration 

polarization effects (Ghosh and Cui 1998). At high pressure, protein is transported to 

the membrane surface by convection and in addition to this, solute migration takes 

place due to interaction between protein and the charged surface resulting in 

adsorption of protein onto the membrane surface. With a surface deposit, a membrane 

has resistance much larger than that of the clean membrane. Thus the membrane gives 

additional resistance at higher pressure. The permeability of the deposit is determined 

by the balance between the compressive pressure associated with filtration and the 

electrostatic repulsion between proteins in the deposit. The electrostatic repulsion 

between adsorbed layer and bulk protein solution increases the observed rejection at 

higher pressure.  

The maximum rejection obtained is 95% at the applied pressure of 552 kPa. The 

intrinsic rejection of the BSA is found to be higher than the observed rejection and 

follows similar trend as that of the observed rejection (see Fig. 6.3). The reflection 

coefficient (σ) and solute permeability (Pm) value for BSA solute is found to be 

0.9637 and 3.0704× 10-7 m/s, respectively. 

6.4.1.3 Effect of feed concentration on BSA separation 

An increase in the feed concentration results in a decrease in the permeate flux and 

increase in the retention as shown in Fig. 6.4. When the feed concentration increases, 

the surface concentration of the BSA molecules also increases and causes additional 

resistance.  
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Fig. 6.4 Variation of permeate flux and observed rejection of BSA protein 

solution with feed concentration. (pressure = 207 kPa; pH =3). 
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Table 6.1 Reported permeability and rejection values of BSA on various 

membranes 

Membrane 
Material 

Mean 
pore size 

Feed 
concentration 

(ppm) 

Permeability

(m/s kPa)  

Rejection 

(%) 

Reference  

γ-Al2O3 5.5 nm 500 (pH=7.4) 10.0×10-8 90 Thomas et 
al., (1991) 

Polysulfone (PS) 50 kDa 500 (pH=5.2) 12.0×10-8  79 Ghosh and 
Cui (1998) 

Polyethersulfone 
(PES) 

0.16 μm 400 (pH=3.0) 44.5×10-8 

 

83 Persson et 
al., (2003) 

Nylon  

 

0.2 μm 400 (pH=3.0) 

1000 (pH=3.0) 

58.3×10-8 

55.5×10-8 

93 

91 

Persson et 
al., (2003) 

Polyethersulfone 
(PES) 

50 kDa 

100 kDa 

500 (pH=4.0) 

500 (pH=4.0) 

22.0×10-8 

35.0×10-8 

87 

59 

Tung et al., 
(2007) 

Polyethersulfone 
(PES) 

50 kDa 500 (pH=5.0) 88.8×10-8 

 

88 Becht et 
al., (2008) 

Polyacrylonitrile 
(PAN) 

0.1 μm 500 (pH=5.0) 90.2×10-8 79 Barroso et 
al., (2011) 

γ-Al2O3 

membrane 
5.1 nm 500 (pH=3) 6.09×10-8 95 Present 

Work 

 

 

6.4.2 Separation of electrolyte solutions 

AlCl3 and MgCl2 salts are released as effluents from various chemical processes and 

industries (Stringer and Johnston 2001; Kogel et al., 2006; Sheldon et al., 2007; 

Hodge and Popovici 1994; Tan et al., 2000). The recovery of these electrolytes is 

necessary from both environment and economic points of view. 
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6.4.2.1 Effect of pH of salt solution 

The surface charge of the material which depends on the pH of the solution is an 

important parameter realizing the efficiency of a membrane separation process, 

especially when removing ionic species. In view of this, the rejection is measured 

over the ranges of pH (2.5-8) for a constant MgCl2 concentration (3000 ppm) and 

transmembrane pressure (207 kPa). Figure 6.5 depicts the observed rejection of 

MgCl2 as a function of pH. The result indicates that the rejection strongly depends on 

the operating pH value and the highest rejection (75%) is found at pH 2.5. 

 

 

Fig. 6.5 Permeate flux and retention of MgCl2 solution as a function of pH. (Feed 

concentration = 3000 ppm and applied pressure = 207 kPa). 
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It is already reported in the literature (Parks 1965; Rios et al., 1996) that the 

isoelectric point (IEP) of the γ-Al2O3 membrane is 8-9 and hence it is electrically 

positive for the pH values lower than 8-9 and negative for pH values greater than 8-9. 

So the prepared composite membrane is positively charged at the studied pH during 

the filtration experiments. With increasing pH of the feed solution from 2.5 to 8, the 

observed rejection of MgCl2 shows a decreasing trend. This can be explained by the 

variation of interaction between membrane surface and Mg2+ ion at different pH. 

When a charged membrane is in contact with an electrolyte solution, the 

concentration of co-ions (ions with the same charge as the membrane) near the 

surface of the membrane will be lower than that in solution, whereas the counter-ions, 

which have the opposite charge, have a higher concentration in the membrane than in 

the solution. Because of this concentration difference, a potential difference is 

generated at the interface between the membrane and the solution to maintain 

electrochemical equilibrium between solution and membrane. By this potential, which 

is called the Donnan potential, co-ions are repelled by the membrane (Chung et al., 

2005). When pH of the solution increases from 2.5 to 8, the surface potential (charge) 

of the membrane decreases since the IEP of membrane is 8-9. Therefore the repulsion 

between Mg2+ and positively charged membrane decreases and consequently reduces 

the rejection of Mg2+. Since the cation and anion cannot act independently, Cl− is also 

rejected to maintain electroneutrality. When the magnitude of the surface potential 

decreases, the permeate flux increases due to the decreased electroviscous effect (i.e. 

decrease in the apparent viscosity of the fluid permeating through the membrane 

pores) which can be seen from Fig. 6.5 (Nazzal and Wiesner 1994; Huisman et al., 

1998). Electroviscous considerations imply a maximum in permeate flux at the IEP of 

the membrane (Huisman et al., 1998).  
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6.4.2.2 Effect of type of salts and pressure 

In Fig. 6.6, the permeate flux of AlCl3 and MgCl2 salts are plotted against the applied 

pressure for a fixed concentration of 3000 ppm and pH of 3. The solution 

permeability for both the salts is lower than that of the pure water with increasing 

pressure. It reveals that an additional resistance is created by the presence of Al3+ and 

Mg2+ salts that reduces the flow. It can be seen from Fig. 6.6 that the permeate flux 

increases with applied pressure. This can be explained by considering salt transport 

through the membrane as a result of diffusion and convection, which are respectively 

due to concentration and pressure gradient across the membrane. 

 

Fig. 6.6 Variation of permeate flux with applied pressure for MgCl2 and AlCl3 

solution. (Feed concentration = 3000 ppm and pH = 3). 
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At lower applied pressure, diffusion contributes and convection dominates the overall 

process at higher applied pressure. The permeate flux of MgCl2 is higher than the 

AlCl3 salt solution which depends upon the electrostatic interaction between the 

electrolyte and surface charge of the membrane giving additional resistance for flow 

through membrane. The effect of pressure on the rejection of Mg2+ and Al3+ ions is 

also shown in Fig. 6.7. The membrane shows the following rejection sequence: 

R(AlCl3)>R(MgCl2) i.e. rejection increases when the valence of associated cation 

increases. This is in accordance with Donnan exclusion model. Donnan exclusion 

effect will be more if cation charge is high. Since the membrane is positively charged, 

Al3+ ion is excluded more than the Mg2+, which enhances the rejection of AlCl3 salt 

from its aqueous solution. Additionally, the diffusion coefficient of AlCl3 is also 

lower than MgCl2 salt. As expected, a lower diffusion contribution to the salt transport 

through the membrane yields a higher retention and similar type of rejection trend 

was reported for positively charged polymeric membranes (Peeters et al., 1998; Xu 

and Lebrun 1999; Wang et al., 2002; Chung et al., 2005; Shang et al., 2005). The 

observed rejection for both the salts decreases with increase in the pressure as has 

been reported in literature (Shukla and. Kumar 2005). With increasing pressure, there 

is more accumulation of solute particles on the membrane surface that causes severe 

concentration polarization and also increases the permeate concentration due to 

increasing convective flux. Thus observed rejection is less as it is calculated using 

equation (6.1) which is based on bulk feed concentration. With this observation, the 

Spiegler-Kedem model has been used to determine the intrinsic (real) rejection, which 

calculates the solute concentration at the membrane surface by taking the account of 

concentration polarization effects. 
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Fig. 6.7 Rejection of MgCl2 and AlCl3 as a function of applied pressure. (Feed 

concentration = 3000 ppm and pH = 3). 
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solute is found to be 8.442 × 10-6 and 2.51 × 10-6 m/s, respectively. It is well 

established that the values of Pm and σ depend on the salt concentration, type of salts 

and the type of membrane (Hilal et al., 2005). The value of Pm is higher for MgCl2 

than AlCl3, which is due to the high amount of salt passing through the membrane. So 

the σ value is lower for MgCl2 salt separation due to the decreasing of the salt 

rejection.  

The relationship between permeate flux and intrinsic rejection is generally described 

by Kimura-Sourirajan model (Kimura and Sourirajan 1967; Levenstein et al., 1996). 

int
m

int

RJ = P
1-R
⎛ ⎞
⎜ ⎟
⎝ ⎠

    (6.7) 

where, J and Pm are the permeate flux (m/s) and solute permeability of the membrane 

(m/s), respectively. In this model, the maximum intrinsic rejection can reach 100% 

when permeate flux tends to be infinite; and the minimum rejection equals to zero 

when the permeate flux tends to zero. It can be seen from the Fig. 6.6 and 6.7 that the 

intrinsic rejection increases with increasing permeate flux. The strong dependency of 

separation on the permeate flux was also observed for negatively charged membrane, 

neutral membrane (Tsuru et al., 1999) and positively charged membrane (Xu and 

Lebrun 1999). The obtained experimental result also confirms that it is true for γ-

Al2O3 composite membrane, which is positively charged at the studied pH. 

6.4.2.3 Effect of salt concentration 

Figure 6.8 depicts the effect of salt concentration on rejection and permeate flux for a 

fixed applied pressure (207 kPa) and pH (3). It is observed that the permeate flux 

decreases with the increase in salt concentration because of the concentration 

polarization and partial plugging of pores of the membrane at higher concentration. At 
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the studied pH, the membrane is positively charged. So AlCl3 is much better retained 

than MgCl2. It is seen that the observed rejection decreases with increase in salt 

concentration. The higher value of observed rejection is obtained for both salts at 

lower feed concentration of 1000 ppm. At higher salt concentration, the membrane 

charge will be shielded to a large extent, resulting in a lower effective charge and 

consequently a decrease in rejection is observed. The decrease in retention with 

increasing salt concentration is typical of charged membranes, for which Donnan 

exclusion plays an important role (Chung et al., 2005). The effect of Donnan 

exclusion reduces with increasing electrolyte concentrations.  

 

 

Fig. 6.8 Variation of rejection and permeate flux of MgCl2 and AlCl3 salt solution 

as a function of feed concentration. (Applied pressure = 207 kPa and pH of salt 

solution = 3). 
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With increase in salt concentration, surface concentration also increases leading to 

severe concentration polarization that enhances solute permeation by diffusion. 

Consequently, the permeate concentration also increases. In case of AlCl3 (Fig. 6.8), 

only a small decrease in rejection is observed with increasing salt concentration, 

which indicates that the charge effect stays nearly constant for these concentrations. 

This means that either the effect of membrane charge is so small or the charge effect 

is still important but does not further decrease at higher concentrations.  

6.4.3 Comparison of the performance of this membrane with other membranes  

The rejection (72% for MgCl2 and 88% for AlCl3) reported in this work at 550 kPa 

with salt concentration of 3000 ppm is comparable or even higher than those reported 

in the literature (Rios et al., 1996; Afonso et al., 2001; Hilal et al., 2005; Shukla and 

Kumar 2005; Skluzacek et al., 2006; Wu et al., 2006). Shukla and Kumar (2005) have 

obtained the enhanced rejection for AlCl3 (90% for both Z2 and Z3 with permeate flux 

of ~1.75×10-6 m/s) using chemically modified zeolite-clay composite membranes than 

the unmodified membrane (84 % for Z1 with permeate flux of ~ 4.25×10-6 m/s) at 420 

kPa for salt concentration of 500 ppm. In another work (Wu et al., 2006), a negatively 

charged polyamide (PA) composite membrane showed 96.5% (permeate flux of 

5.3×10-6 m/s) and 92.4% (permeate flux of 4.2×10-6 m/s) rejection, respectively for 

MgCl2 and AlCl3 at 1600 kPa for salt concentration of 2000 ppm.  However, the 

rejection of MgCl2 using commercial membranes, N30F (Hilal et al., 2005) and Desal 

G-20 (Afonso et al., 2001) was about 6% (permeate flux of ~0.9 × 10-5 m/s at 900 kPa 

for the salt concentration of 5000 ppm) and 70% (permeate flux of ~2.0×10-5 m/s at 

1300 kPa with the salt concentration of 20 ppm), respectively. The iron modified 

silica membrane (Skluzacek et al., 2006) and γ-Al2O3 ceramic membrane (having 

pore size of 1 nm) supported on macroporous α-alumina (Rios et al., 1996) showed 
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10% (permeate flux of ~ 6.9×10-5 m/s at 1725 kPa and salt concentration of 6000 

ppm) and 96% (permeate flux of ~0.7×10-5 m/s at 1000 kPa and salt concentration of 

2000 ppm) MgCl2 rejection, respectively.  

As compared to the results reported in the literature, the permeate flux of the 

membrane reported in this work (9.6×10-5 m/s for MgCl2 and 4.4×10-5 m/s for AlCl3) 

is one order higher even at lower applied pressure of 550 kPa. In addition, the net 

separation, which is permeate flux times the difference in concentration of solute in 

the retentate and permeate is also high. The above comparison study confirms that 

that the membrane reported in this work is comparable or even better than the 

commercial membranes and other inorganic membranes reported in the literature.   

6.5 COST ESTIMATION 

Cost estimation for the separation of BSA and electrolyte solution with the fabricated 

γ-Al2O3-clay composite for large scale operation has made based on the obtained 

experimental results (Cheryan 1998; Singh and Cheryan 1998). The total cost of the 

membrane system including the equipment cost (muffle furnace ($1020), permeation 

setup ($170) and compressor ($150)), piping and instrumentation cost (~ 40% of 

equipment cost) is found to be $1836. For instance, the prepared γ-Al2O3-clay 

composite membrane is operated at a pressure of 406 kPa and feed concentration of 

500 ppm with pH = 3; then the obtained permeate flux is 3×10-5 m/s. Therefore, total 

amount of BSA treated in a year (8 h operation per day) is 400 L/year. For treating 

400 L/year, the energy cost required for operating compressor (1 hp and 8 h/day) for 

the batch permeation setup is estimated as $160/year. The depreciation value of the 

ceramic membrane is calculated using a 7-year straight line depreciation method and 

found to be $ 0.021/year. The life time of the ceramic membranes is generally around 

3-5 years. However, considering the worst case, the membrane life time is taken as 2 
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years and the membrane replacement cost is around $ 0.036/year. Membrane cleaning 

cost, maintenance cost (@ 3 % of total cost of membrane system) and labor cost (2% 

of total cost of membrane system) are also estimated and presented in Table 6.2. 

Similarly, the cost is estimated for the separation of electrolyte solutions. Since the 

same equipments have been used for the separation studies of electrolyte solution, the 

estimated cost remains the same. However the change in the permeate flux values 

indicates that the amount of feed treated per year will vary depends on the process 

under similar operating conditions (see Table 6.2). The detailed cost analysis reveals 

that the prepared composite membrane is cost effective and could be used as an 

alternate for the expensive ceramic membranes. 

 

Table 6.2 Estimated cost analysis for BSA and electrolytes separation 

Amount of BSA and electrolytes processed per year 

BSA  410 L/year 

MgCl2  310 L/year 

AlCl3  110 L/year 

Details Estimated cost 

Total direct (fixed) cost  $ 1836 

Operating cost  $ 160/year  

Membrane cost $ 26.04/m2 

Depreciation $ 0.021/year 

Membrane replacement cost  $ 0.036/year 

Maintenance cost  $ 55/year 

Labor cost  $ 36.72/year 
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6.6 SUMMARY 

Separation characteristic of the membrane is successfully checked by performing 

filtration studies of BSA and electrolytes. The obtained results confirm that the 

permeate flux and rejection are strongly affected by the applied pressure, solution pH 

and feed concentration for both BSA and electrolyte solutions. The maximum 

rejection of BSA can be obtained at lower solution pH (3), higher feed concentration 

(500 ppm) and at higher applied pressure (552 kPa). The rejections to inorganic 

electrolytes (MgCl2 and AlCl3) declined with the growth of electrolyte concentrations 

accordance to Donnan theory. The intrinsic rejections are found to increase with an 

increase in the applied pressure, a trend typical of the separation of electrolytes 

through the charged membranes. The maximum rejection of MgCl2 and AlCl3 is found 

to be 72% and 88%, respectively for salt concentration of 3000 ppm. The obtained 

results clearly indicate that the prepared γ-Al2O3-clay composite membrane has a 

good potential for the separation of BSA and electrolyte solution. It could be utilized 

as a low cost alternative for high cost alumina, zirconia and titania composite 

membranes. 
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CONCLUSIONS AND FUTURE SCOPES  

 

 

 

 

 

 

This Chapter summarizes the conclusions and future scope of the research work. The 

main theme of this thesis is to fabricate a low cost composite membrane for liquid 

phase separation applications. During the study, several interesting issues have been 

explored that are broadly associated with material and surface science. These 

observations are concluded in the following section.  

7.1 CONCLUSIONS 

 Porous ceramic support (support-I) was successfully prepared by uniaxial 

compaction method using low cost raw materials and optimized with sintering 

temperature.  

 The support sintered at 950°C was found to be the optimum support for membrane 

applications due to its good mechanical strength (28 MPa), better pore diameter 

(0.98 µm) and porosity (44%). 
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 The effect of addition of TiO2 powder for the fabrication of two different 

membrane supports (3G and 6G supports) was investigated for the liquid phase 

separation of oil and BSA and the results were compared with the support-I.  

 Higher rejection (90-99%) was obtained for all the supports to achieve the 

separation of oil from its solution. A maximum rejection of 40% was obtained for 

BSA from its solution. 

 No significant changes in the rejection were observed by the addition of TiO2. 

Also it enhances the cost of the membrane supports. Therefore, support-I was 

utilized for the development of a selective layer on it to increase the separation 

potential of the BSA from its aqueous solution. 

  A γ-Al2O3-clay composite membrane was effectively developed using a boehmite 

sol derived from inexpensive aluminium chloride salt. The pore size of the 

fabricated composite membrane was in the range of 5.4-13.6 nm. Also, the γ-

Al2O3-clay composite membrane showed comparatively higher pure water 

permeability (2.357 × 10-7 m/s.kPa).  

 The fabricated composite membrane was investigated for the separation of BSA 

and electrolytes (AlCl3 and MgCl2) from aqueous solutions. Higher rejection 

(99% for BSA, 72% for MgCl2 and 88% for AlCl3) and permeate flux (3.4×10-5 

m/s for BSA, 9.6×10-5 m/s for MgCl2 and 4.4×10-5 m/s for AlCl3) were obtained 

for both BSA and electrolytes. This confirmed that the composite membrane was 

comparable or even better than other commercial membranes and has the potential 

for liquid phase separation applications. 
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 The estimated cost of the fabricated membrane (26.04 $/m2) would be relatively 

lower than other commercial membranes. Therefore, it could be utilized as a low 

cost alternative for high cost alumina, zirconia and titania membranes. 

7.2 FUTURE SCOPES 

Based on the findings of this thesis work, some recommendations for future research 

in this field are presented as follows: 

 The effect of stirring (dead-end filtration setup equipped with stirrer) for the 

separation of BSA and electrolytes using γ-Al2O3-clay composite membrane can 

be studied. 

 The membrane can also be operated in cross flow mode using a cross flow 

experimental setup to explore the separation performance of BSA and electrolytes. 

These results can be compared with the performance of dead-end filtration that 

would give more insight on the separation mechanism.  

 The work can be extended by varying the support raw materials, selective layers, 

and coating techniques. The membranes can also be utilized for other separation 

and purification applications such as separation of dyes, treatment of tannery 

effluents and concentration of juices. 

 Developing other membrane configuration (example: tubular) using the suggested 

low cost raw materials of given compositions must be useful for industrial 

application  
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LIST OF COMMERCIAL MEMBRANE SUPPORTS 

PRODUCERS 

 

Support 

material 

Commercial 

producer 

Details of the membrane 

support 

Reference 

Titania TAMI Tubular support: 

Pore size = 1.7 µm 

Porosity = 32% 

Wang et al., 

2008  

α-alumina PALL Tubular support 

O.D=10 mm 

Length  = 80 mm 

Pore size = 1.0 µm 

Porosity = 40% 

Li et al., 

2008 

 

α-alumina Membralox 

membrane (T 1.70), 

Pall 

Exekia 

Tubular composite 

membrane with three 

concentric layers of α-

alumina: 

Layer 1 

T = 1.5 mm, Pore diameter = 

12µm 

Layer 2 

T = 0.04 mm, Pore diameter 

= 0.8 µm 

Layer 3 

T = 0.02  mm, Pore diameter 

= 0.2µm 

Haag et al., 

2006 
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Support 

material 

Commercial 

producer 

Details of the membrane 

support 

Reference 

α-alumina Whatman Anopore 

Filters 

Circular Disc support: 

Diameter = 47 mm 

T = 50 µm 

Pore size = 0.2 µm 

Zhang et 

al., 2006  

α-alumina Netzsch Multichannel support (19 

Channels) 

Permeation area = 0.2 m2  

Pore size = 10 nm 

Basso et al, 

2006 

α-alumina NOK Co. (Japan). 

 

Tubular support: 

O.D=2.7 mm 

L = 50 mm 

Pore size = 0.1 µm 

Porosity = 40% 

Nomura et 

al., 2006 

Tubular AZT 

(a mixture of 

alumina, 

zirconia, and 

titania)  

CeRAM Inside, 

TAMI North 

America, St. 

Laurent, Quebec, 

Canada) 

Tubular ceramic membrane 

with clover-leaf design  

O.D=10 mm 

L=80 mm 

 

Karnik et 

al., 2005 

α-alumina 

and Titania 

TAMI Industry, 

Nyons, France 

 

Rectangular plate 

membranes: 

(75mm×25mm×2.5 mm) 

Pore size = 1.0 µm 

Porosity = 35% 

Fievet et al., 

2003 

 

α-alumina Schumacker GmbH 

(Germany). 

Tubular support: 

I.D = 7 mm 

O.D = 10 mm 

L = 250 mm 

Pore size = 0.2 µm 

Tavolaro 

2002 
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Support 

material 

Commercial 

producer 

Details of the membrane 

support 

Reference 

α-alumina Dongsuh Company, 

Korea 

Tubular support: 

I.D = 6.0 mm 

O.D = 7.2 mm 

L = 28 mm 

Pore size = 1.0 µm 

Porosity = 40% 

Kang and 

Gavalas 

2002 

 

α-alumina Inocermic and 

SCT, France  

Tubular support: 

I.D= 7 mm 

O.D=10 mm 

L = 30-50 mm 

Pore size = 5, 200, 500 nm 

Bernal et 

al., 2002  

α-alumina Sen Bool Sintering 

Co., Korea) 

Tubular support: 

Pore size =10 μm 

Hwang et 

al., 2001 

α-alumina Vel- 

terop BV, 

Netherlands 

Circular disc shaped support: 

Diameter = 25 mm 

T= 2 mm 

Available pore sizes: 0.08, 

0.15, 2 and 9 µm 

Tubular support: 

I.D= 8 mm 

O.D=14 mm 

Available pore sizes: 2.5 and 

9 µm 

Romanos et 

al., 2001 

 

γ-alumina US Filter Tubular support: 

I.D= 7 mm 

O.D=10 mm 

L=55 mm 

Pore size = 5 nm 

Tsai et al., 

2000 

 

α-alumina NGK Insulators, 

Ltd.) 

Circular disc shaped support: 

Diameter = 12 mm 

Pore size = 0.1 µm 

Matsufuj et 

al., 2000 
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Support 

material 

Commercial 

producer 

Details of the membrane 

support 

Reference 

α-alumina 

with an inner 

layer of α-

alumina 

US 

Filters 

Tubular support:  

I.D = 7 mm 

O.D = 10 mm 

Pore diameter = 200 nm (γ-

alumina) 

Tuan et al., 

1999 

α-alumina 

tubular 

membrane 

with an γ-

alumina inner 

surface 

US 

Filters 

Tubular support:  

I.D = 6.5 mm 

O.D = 10 mm 

L = 84 mm (cut down 

length) 

Pore diameter = 5 nm (γ-

alumina) 

Jia et al., 

1994 

ceramic KPM-Konigliche 

Porzellan-

Manufactur Berlin 

GmbH, Germany 

(type P80) 

Circular disc shaped support: 

Diameter = 50 mm 

T = 3-5 mm 

Pore size: 0.8 µm 

Porosity = 45% 

Jia et al., 

1993  

 

Silica Microporous 

Glass, Asahi Glass 

Inc., Tokyo, Japan 

Circular disc shaped support: 

Φ = 47 mm 

T = 0.88 mm 

Pore size: 0.41 µm 

Castro et 

al., 1993 

α-alumina Philips, 

Elcoma 

 

Circular disc shaped support: 

Diameter = 39 mm 

T= 2 – 2.2 mm 

Pore size: 0.13 µm 

Porosity = 46% 

Leenaars 

and 

Burggraaf 

1985 

 

α-alumina + 

SiO2 

Staatliche Porzellan 

Manufaktur, Berlin, 

West Germany 

(type P80) 

Circular disc shaped support: 

Pore size = 0.8 µm 

Porosity = 45% 

Leenaars 

and 

Burggraaf 

1985 
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