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ABSTRACT 

  In this research, the effect of kaolin addition on the creation of pore 

size in the ceramic membrane support layer and understanding the mechanism of 

pore formation was investigated using kaolin particles at the amounts of different 

kaolin from 0-12 wt% (denoted as K0, K4, K5, and K12) combined with Al2O3-agar 

gelcasting mixture. The alumina slurry, clay, and agar solution were all made 

separately in the first stage. The mixture was then poured into the glass mold, where 

it formed into a tubular-shaped gel as the temperature decreased. The gel tube was 

then taken out of the mold after cooling up for 10 min. It was then submerged in 

acetone for 50 h. The results of based on the analysis of rheological and viscous 

behavior, resulting in a confirmed forming change of the state in the temperature 

range 42-60 C. All the membrane support tubes were formed of the mullite phase 

mainly, which was altered by the inclusion of kaolin particles and contained tiny 

amounts of quartz and cristobalite. Additionally, to having an impact adding kaolin 

can result in a larger pore distribution. When consolidated, gab had a pore size 

distribution that ranged from 0.03-0.2 m. Moreover, the membrane ducts were 

under control within the porosity ratio and the bulk density was 34-46% and 2.0 to 

2.4 g/cm3, and the resulting flexural green strength was between from 55 to 90 MPa. 

Furthermore, the flexural strength increased by 2 times with after strength between 

629 and 4264 MPa under the specified conditions of sintering at 1350 C and the 

water permeability was 40, 73, 1,280, and 12,987 L/m2
h, respectively. Thus, the 

membranes support K0, K4, K8, and K12 can be later used for the fabrication of 

asymmetric support membranes. In this, work is underway to deposit ultrafiltration 

membranes as well as support low-cost and environmentally friendly materials 

produced from kaolin. Thus, the membranes support K8 membrane supports can be 

used later for the production of asymmetrical support membranes. It depends on 

factors such as kaolin content, forming temperature, pore size, mechanical strength 

and water permeability performance. This work is underway to deposit ultrafiltration 

membranes as well as support low-cost and environmentally friendly materials 

produced from kaolin. 
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CHAPTER 1 

 

1.  INTRODUCTION 

 1.1 Background and Rationale 

  Ceramic membranes, over the past several decades, have been 

developed for water and oil treatment [1-2], gas separation [3-4], biopharmaceutical 

[5], and food and beverage processing [6] etc. Most commercial ceramic membranes 

are produced from alumina due to the stability of the chemical structure and good 

heat resistance [7]. However, Al2O3 based ceramic membranes exhibit disadvantages 

of high sintering temperatures (up to 1500  ºC). In addition, there is a need for a 

compromise between mechanical strength and porosity when forming a membrane 

from micron-sized alumina powder [8] at this high sintering temperature.  

  The ideal aspects of ceramic membranes should be an asymmetrical 

structural architecture comprising a flawless, very thin isolation topmost layer with 

small porosity and large pore support layer. Ceramic membrane support is generally 

a layer that needs high mechanical strength. Optimal porosity dimensions are 

required, i.e., small pore sizes, size distribution. Therefore, the membrane supports 

are quite important. We therefore offer a new alternative methods to the production 

of ceramic membrane supports. 

  At the same time, this research focuses on the fabrication of Al2O3 

tubular membrane supports from kaolin addition because kaolin helps to create 

porosity. It also reduces production costs [9] by means of a phase change mechanism. 

It is a method that can be implemented with simple equipment, inexpensive, and 

solves the problem of narrowing the pore size range of 1-5 m of the Al2O3 ceramic 

membrane tube support layer. By studying the amount of kaolin at 0, 4, 8, and 12 

wt%, the porosity formed between the kaolin particles and the agar molecules might 

result in the optimal pore structure and size for the preparation of membrane supports 

based on interaction of kaolin particles [10] and functional groups of agar molecules 

[11-12]. There is a tendency to produce a repulsive interaction between the surface 

negative charge at the edge of kaolin and the negative ions of SO-3 and OH- in the 

agar molecules. The repulsive result leads to the separation between the agar and 

kaolin, creating voids or pores due to shrinkage and decomposition during drying and 

sintering, respectively. It is assumed that the addition of kaolin at different amounts 

leads to kaolin phase transition. Therefore, in this work, an alternative                        

pore-interconnection is suitable for use as the desired asymmetric microfiltration 

membrane support. In combination with gelcasting technique, the production of     

low-cost Al2O3 membranes can be successfully developed in the ceramic industry. 
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 1.2  Objectives 

 1. To create pore size in ceramic membrane support using kaolin 

particles together with Al2O3-agar gelcasting mixtures. 

 2. To understand the mechanism of pore formation from using the 

kaolin particles together with Al2O3-agar gelcasting mixtures. 

1.3  Significance of the Research  

 1. The alternative of creating pore size in ceramic membrane support 

can be found. 

 2. The ceramic membrane support can be sintered at lower 

temperature leading to lower cost price. 

 1.4  Scope of the Research 

  1. Al2O3 membrane support is fabricated by agar gelcasting using 

kaolin particles at different amounts from 0 to 12 wt%. 

  2. Rheological behavior of agar gelcasting mixtures is studied. 

  3. Green body of Al2O3 membrane support is characterized in terms 

of bending strength and shrinkage. 

  4. Sintered body of Al2O3 membrane support is characterized in 

terms of bending strength, pore size distribution and water flux. 
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CHAPTER 2 

 

2.  REVIEW RELATED LITERATURES 

 Theories and guiding ideas, this research was conducted by looking for 

information in books or research, as well as relevant studies for a study to succeed 

in its goals. You can categorize the content as follows: 

 2.1  Ceramic membranes 

  Ceramic membranes have undergone much development over the 

past decades in water and oil treatment, gas separation, biopharmaceuticals, food 

and beverage processing and fuel cells, because of their good thermal stability and 

corrosion resistance, high mechanical strength and separation efficiency, and low 

environmental impact. [13-18] Ceramic membranes, on the other hand, are 

asymmetric layered structures made up of a separation layer that performs the real 

membrane function and a ceramic support structure made up of 1 to 5 layers. The 

support structure acts as a substrate and must have wider pores than the separation 

layer for general mechanical stability. The support structure is typically made up of 

a single or multiple-hole support tube (Fig. 2.1) 

 

 

Fig. 2.1 Tubular membrane support systems with single and multiple holes. [19] 
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  A macroporous support is used to create an asymmetric porous 

ceramic that is then covered in successively thin layers to create an inorganic 

membrane. The medium encounters mechanical resistance from the support. 

Depending on their pore sizes, the succeeding layers are active in reverse osmosis 

(RO), ultrafiltration (UF), nanofiltration (NF), and microfiltration (MF). Table 2.1 

lists the main categories for ceramic membranes. 

 
Table 2.1 Type of membrane separation processes. 

Membrane 

type 

Structure Typical 

average pore 

size diameter 

Separation 

layer 

Constituents 

passing 

MF 1-3 layer 

  
10-0.1 m      

(100 nm) 

macroporous Water, high 

molecular weight, 

low molecular 

weight, & ionic 

species 

UF 4 layers 0.1-0.01 m  

(10 nm) 

mesoporous Water, low 

molecular weight, 

&ionic species 

NF 4 layers 10-1 nm mesoporous Water & ionic 

species 

RO 5 layers < 1 nm microporous Water 

  Typically, the support thickness is about 1-2 mm, the MF layer is   

10-30 m thick, UF membranes are a few microns thick and NF membranes are less 

than 1 m thick. The support and the MF layer are elaborated by classical ceramic 

techniques; the top layers (UF or NF) are formed using the sol -gel process            

(Fig. 2.2). 

  A ceramic support is formed by shaping a powder and then 

consolidation of the green body by sintering. The fabrication process consists of 

four main stages: the choice of inorganic material, paste preparation, shaping, and 

firing. 

The following are the various steps involved in the preparation of ceramic supports: 

 - selection of inorganic powder (nature and particle size), followed by 

selection of organic ingredients, then mixing 

 - pugging to make a paste and aging the paste 

 - extrusion for shaping, drying, and sintering 

There are two primary ways for producing ceramic supports: 

 - extrusion 

 - tape casting (or doctor blade) 

The shaping procedure chosen must be appropriate for the geometry of the end 

product, namely extrusion for tubular configurations (mono or multichannel) and tape 

casting for flat supports. 
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Fig. 2.2 Schematic diagram of asymmetrically structured ceramic membrane. [20] 

The following characteristics of ceramic membranes are available: 

1. The ability to separate molecules. 

2. Consistent pore size for superior separation efficiency. 

3. Develop separation technologies that are more energy-efficient and compact. 

4. High durability, pressure resistance, and resistance to heat. 

5. High permeability and reduced pressure loss. 

6.A big membrane surface area provides a lot of processing power. 

  One of the key advantages of ceramic membranes, which are gaining 

popularity, is their capacity to withstand extremely harsh conditions, such as 

strongly acidic solutions. Table 2.2 demonstrates the benefits and drawbacks of the 

ceramic membrane. [21] 

Table 2.2 Advantages and disadvantages of ceramic membrane.  

Advantages Disadvantages 

Able to resist high temperatures up to 280 

C. A special development onto modules 

and system could reach up to 700 C. 

Brittle. Need a very careful 

handling. 

Excellent corrosion resistance (towards 

organic solvents and a wide pH range). 

Most ceramic membranes are in 

disc or tubular shape; possess low 

surface area/volume ratio. 

Suitable for cleaning and steam sterilization 

High mechanical strength. 

The investment cost of ceramic 

membrane is very high. 

Possess long lifetime.  

High membrane flux for porous membrane. 
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  Most ceramic membranes are made from oxide powders. ZrO2 and 

Al2O3 are the most common compounds for microfiltration membrane materials. 

Mesoporous UF membranes usually also consist of oxides. Al2O3, ZrO2, TiO2, CeO2 

are most commonly used. Membranes from non-oxide compounds such as C, are 

also noted in literature. [22] 

  The next section will demonstrate how support requirements may be 

both general and particular. The chemical make-up of the membrane material has a 

direct impact on the individual elements. 

 2.2  Porous ceramic membranes 

  Porous ceramic membranes are employed in several industrial 

processes and have gained a lot of interest during the past 10 years. because it has 

great qualities such a strong mechanical construction, chemical resistance, and 

thermal stability. Nevertheless, when it is utilized in strong alkaline media separation 

and some cost-effective environmental applications, several shortcomings of porous 

alumina membrane, such as its expensive raw material price and low alkaline 

resistance, might be exacerbated. [23]  

  Hence, the scientific community has begun to pay greater attention to 

the creation of the affordable ceramic membrane resistant to thermal stress and 

corrosion. [24] 

 2.3  Ceramic porous materials  

  Porous ceramics, as their name indicates, are ceramics with a lot of 

tiny holes (pores) throughout their structure because they have unfilled holes, porous 

ceramics are light and have low heat capacities. One other option is unidirectional 

pores. While allowing air to pass through, the ceramic materials long unidirectional 

pores preserve the material's high rigidity and stiffness. (Fig. 2.3) 

 

Fig. 2.3 The general ceramic porous material [25]. 
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  In general, the term "ceramics" refers to a type of inorganic materials 

that are made by heating particles to a high point and hardening them. For porous 

ceramics, the powder is baked at a temperature that prevents complete densification 

or by using ingredients that add porosity to the structure as it bakes. The procedure, 

however, gets increasingly challenging as pore diameters decrease. Smaller holes 

frequently seal, and form separate closed cells, reducing the porosity of the ceramic. 

With the aid of our proprietary technology, Orbray's porous ceramics maintain 

excellent porosity even at pore sizes as tiny as a few dozen micrometers. [25] 

  In order to develop a variety of filtering options for water treatment, 

exhaust mufflers, jigs and containers for high temperature operations, Orbray uses 

porous ceramics, which benefit from the great chemical stability and heat tolerance 

of ceramics. Also, utilizing this high-performance material for environmental causes 

has gained attention recently. (Fig. 2.4) 

 

 

Fig. 2.4 The Schematic drawing sample image of porous ceramics [25]. 

  2.3.1  Pore orientation 

   Orbray's porous ceramics' pores may be orientated in any 

way. Unlike most other porous ceramics on the market, our pores are interconnected, 

resulting in an open cell structure with excellent stiffness and rigidity. 

  2.3.2  Components of the pore structure 

   On the outside of our ceramics, it is possible to create a 

densified layer. Unidirectional pores can potentially have stronger walls. This allows 

for the controlled formation of nano-porous structures. (Fig. 2.5) 
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Fig. 2.5 Sample image of Orbray's pore orientation and pore structure components 

by SEM [25]. 

  2.3.3  Pore shape 

    Pore size regulation You may create porous ceramics in a 

range of sizes. As a result, it is possible to adjust the form and arrangement of the 

pores as needed and exert tight control over their structure. (Fig. 2.6) However, the 

porosity and strength of the ceramic are also impacted by the pore size. 

 

Fig. 2.6 Sample image of pore size and pore shape with control porous ceramics [25]. 

  2.3.4  Outstanding properties of porous ceramics 

   Porous ceramics have many outstanding properties: light 

weight, low density. High surface area low thermal conductivity It is a good heat 

insulator. Has high flow properties good mechanical strength resistant to abrasion 

and chemical corrosion at high temperatures and resistant to sudden temperature 

changes. 

       

Fig. 2.7 Examples of porous ceramics in industry [26-28]. 



 
 

 9 

   In addition, the research team has developed porous ceramics 

are used in a wide range of industries including refractory, food, beverage, 

pharmaceutical, biomedical, chemical, petrochemical, textile, water treatment and 

water purification using ceramic forming process technologies such as extrusion and 

slip casting, including laboratory-developed porous ceramic prototypes, including 

honeycomb ceramic, membrane tube, ceramic sheet. porous substrate, porous 

alumina board and ceramic water filter. (Fig. 2.7) 

   In 2008 Chevalier et al. [29] Reviews on the topic revealed 

that the creation of porous ceramics frequently entails the use of a material that 

disintegrates during the thermal treatment of sintering (Table 2.3), either through 

decomposition, evaporation, melting, or burning. This results in the creation of an 

additional network of pores that alters the membrane pore size distribution that 

would otherwise be obtained using the ceramic composition alone. For example, 

Zeng et al., [30] description of the mel ting and evaporation of polymethyl 

methacrylate (PMMA). Vijayan et al., description of the decomposition of urea, or 

Slosarczyk et al., [31-32] description of the burning of flour in ceramics a wide 

range of materials are employed to create porosity. 

Table 2.3 The synthesis of porous ceramics frequently includes a substance that 

disappears during the thermal treatment of sintering. [33] 

Sintering 

temperature (C) 

Textural evolution Mechanical resistance 

 

 

 

 

1220 

 
No sintering 

 

 

 

No sintering 

 

 

1260 

 
Formation of grain 

boundaries 

 

 

 

Slight mechanical resistance 

 

 

1300 

 

 
Growth of grain 

boundaries 

 

 
Increase of mechanical resistance 

relative deformation 
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1340 

 

 
Monolythic ceramic 

 

 
Decrease of elasticity 

 

 

1380 

 

 
 

 

 

Increase of resistance 

 

 2.4  Historical overview of kaolin materials 

  Kaolin or (China Clay) (interchangeably referred to as kaolin) can be 

easily defined that it is a type of clay that occurs naturally in the earth. It has a white, 

soft, earthy powder and is formed by the decomposition of silicate minerals by 

chemical weathering, such as feldspar. [34]  

  Over the centuries, the historical name of kaolin, it comes from the 

Chinese word for "Kao-ling", named after a hill near Jauchau Fu, China. [35] by 

Johnson and Blake used the name "kaolin" for the first time in 1867 [36]. Most of 

them consist mainly of Kaolinite clay minerals when viewed with an electron 

microscope. (Fig. 2.8) They are found to consist of hexagonal platy crystals about 

0.1 m to 10 m or larger in size. [37-39] (Fig. 2.9) These crystals may take 

vermicular and booklike, and sometimes large macroscopic patterns near the 

millimeter. Thus, natural kaolin frequently other minerals, such as muscovite, 

quartz, feldspar, and anatase, are frequently present in variable proportions in kaolin. 

[40] 

 

Fig. 2.8 SEM image of kaolinite stacks [41]. 
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  Furthermore, clay minerals comprise 80-90% or more of the total 

mineral composition, with quartz and fine mica making up most of the impurities. 

[36] Evaporation or a filter press are two methods for removing water from clay. 

Larger than average particle size compared to kaolin silt, China clay has lower 

plasticity and green strength, and its narrow particle size distribution also plays a 

role in these characteristics (not sintered). contains smaller clay mineral particles 

than clay. little shrinkage occurs because of drying.  

  Nevertheless, iron hydroxide pigments are frequently used to color 

raw kaolin yellow. In order to get rid of the iron pigment and other minerals, it is 

frequently required to bleach the clay using chemicals. To make kaolin ready for 

additional industrial usage. [42] 

 

Fig. 2.9 Scanning electron micrograph of a low defect kaolinite [43]. 

  2.4.1  Physical properties of kaolin 

   Physical properties of kaolin, kaolin has low shrinkage, low 

cation exchange, chemical resistance, low electrical and thermal conductivity.        

[44-45] In chemical composition, kaolin approaches the mineral kaolinite 

(Al2O32SiO22H2O) formula. Show additional properties in that table. 2.4  

   Kaolin consists of a structure. Al2Si2O5(OH)4 of clay minerals 

in the ratio of 1:1 to alumina-silicate This results in a large compaction of SiO4 

tetrahedral sheets and AlO2(OH)4 octahedral sheets [46]. The hydrogen bonds of 

AlOHOSi are attached to two undissociated layers because the kaolinite layer is 

neutral. An asymmetrical environment of the tetrahedral lamellae with hydroxyl 

groups is formed on the interlayer surface. However, the tetrahedral lamellae have an 

oxide surface. These layers are less tightly bonded by Vander Waal forces through 

the 'c-axis' direction. Classified as a non-expandable mineral [47]. (Fig. 2.10) 
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Fig. 2.10 Computer generated model of the kaolinite unit cell [48]. 

Table 2.4 Properties of Kaolin  

Properties 

 

Chemical formular (Al2Si2O5(OH)4) or (Al2O32SiO22H2O) 

General It is white, soft, tough, and strong. 

Particle size 0.1-10 m 

Particle shape Hexagonal platy crystals 

Melting point More than 1800 C 

Drying Shrinkage High shrinkage 6-17% at 1300 C 

    

   Matsushima et al., 1967 [49] The melting point of the 

extremely refractory clay kaolin is about 1800 °C. As a result of kaolin itself being 

difficult to mold, kaolin itself is challenging to form. To mature by firing at a hard, 

thick object is challenging. Kaolin is consequently rarely used by itself in practice; 

additional materials are typically added to it to make it more workable and to decrease 

the kiln temperature required to create a hard, thick product. Kaolin does not shrink 

as much as one might anticipate, given its relatively coarse grain structure and poor 

dry strength. The essential kaolin ingredients, K2O, SiO2, and Al2O3, are the same yet 

present in different amounts, making up the pertinent results shown in table 2.5. 
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Table 2.5 The research results of the study of chemical composition by X-ray fluorescence technique of Kaolin composed of main 

compounds, K2O, SiO2, Al2O3 are similar but found in different amounts.  

 

No.  Chemical compositions (wt.%) Ref. 

 

 SiO2  Al2O3 Fe2O3 TiO2 MgO Na2O K2O CaO LOI [50-55] 

 

1 54.0 32.0 0.98 0.45 0.31 0.25 1.65 0.06 13.1 Chen et al.,2004 (950-1300 C) 

 

2 50.56  34.15 1.15 0.28 0.31 - 7.18 0.02 6.35 Harabi et al.,2004 (1000-1250 C) 

 

3 44.76 36.18 0.83 0.84 0.11 3.12 1.15 0.13 12.89 Nuntiya et al.,2006 Narathiwat kaolin 

 

4 51.52 36.9 0.96 - 0.08 - - 0.58 13.0 Hubadillah et al.,2016 (1200-1500 C) 

 

5 57.63 37.76 0.86 0.60 0.59 - 1.80 0.34 - Shehu Yahaya et al.,2017 

 

6 47.85  37.60 0.83 0.74 0.17 - 0.97 0.57 11.27 Rekik et al.,2017 (1000 C) 

 

 LOI: Loss on ignition 

    

 

1
3
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  2.4.2  The phase transformation and growth of kaolin  

   There are many different types of kaolin. According to the 

sources on the surface of the earth, most of them are soils that occur in the original 

rock decay (Residual Clay), often found in mountains or plains. The sources of kaolin 

production in the world come from many countries such as the People's Republic of 

China, South Africa, India, the United States, Pakistan, Czech Republic, Brazil, 

South Korea, Bulgaria, Bangladesh, Germany, Australia, etc. In Thailand, it can be 

found in many provinces such as Narathiwat, Uttaradit, Nakhon Si Thammarat, 

Chumphon, Lampang, Ranong, Surat Thani. Chumphon, Ranong, Prachinburi, 

Chiang Rai, etc. 

   In 1921, Chakraborty [56] kaolin was first used in research to 

study its heating and cooling behavior. In this study kaolin was heated for 4 h in an 

electric furnace at temperatures ranging from 110 to 1400 C. It was found that the 

structure of kaolin was changed due to heat application, i.e., kaolin shifted to an 

isotropic structure at temperatures above 900 C and to kaolin is more granular and 

refractive at 1200 and 1300 C. At present, there is a large amount of data on the 

thermal transformation of kaolin. A detailed review of the phase transition of 

kaolinite clays. These studies are very important as they provide information on 

structural changes during the sintering process. 

  2.4.3  The phase transformation of kaolin by XRD  

     Siti Khadijah Hubadillah et al, 2017. [53] studied how kaolin 

changes from kaolin to metakaolin, spinel, and mullite through its crystal structure. 

By comparing the peaks produced by the diffraction patterns with charts developed 

using JCPDF software registered in the ICDD, the crystalline phase was identified 

(International Centre for Diffraction Data). The XRD pattern of the kaolin powder 

as received is shown in Figure 6 [57]. Its crystal structure is converted into 

amorphous metakaolin when heated at the range of 500 to 925 C as illustrated in 

Fig. 2.11. When the sintering temperature exceeds 925 C, the amorphous structure 

will transform back into the crystal structure. 

 

 

Fig. 2.11 XRD analysis for kaolin [58]. 
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   Brindley and Nakahira [53,58] provided a well-integrated 

description of the sequence of events from the initial layer structure of kaolinite, 

through a residual layer structure in metakaolin, to a cubic spinel type phase, and 

finally to a chain type structure in mullite in 1959. They said as follows: 

 

450 C 

Al2Si2O5(OH)4   → 2(Al2O32SiO2) + 2H2O 

Kaolin   Metakaolin 

 

 

925 C 

2Al2O32SiO2   → 2Al2O3SiO2 + SiO2 

Metakaolin  Spinel 

 

 

1100 C 

2Al2O33SiO2   → 2(Al2O33SiO2 + SiO2) 

Spinel   Pseudo mullite 

 

 

1400 C 

2(Al2O3SiO2) → 3Al2O32SiO2 + SiO2 

Pseudo mullite  Mullite + Cristobalite 

 

 

Fig. 2.12 XRD analysis of kaolin transformation into metakaolin [59]. 
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   The ceramic membrane is also created by transforming 

kaolinite into spinel and mullite. Due to its exceptional high temperature stability, 

mechanical qualities, low creep rate, low thermal expansion coefficient, and low 

thermal conductivity, mullite is one of the most significant potential materials for 

porous ceramic membranes [60]. Kaolin is an important raw material and is widely 

used in various industries. These include water treatment, porcelain production, 

cement, and ceramics and are equally used as fillers for polymers, paints, and rubbers 

[61-63]. It is especially important to potters. It's fun to produce clean white porcelain. 

It contains a primary mineral called kaolinite. 

   Kaolin frequently contains other minerals such as quartz, 

feldspar, anatase, and muscovite [64]. Additionally, iron hydroxide pigments can 

leave a yellow stain on raw kaolin. It is often necessary to chemically decolor the 

clay to remove the iron pigment and rinse it with water to extract other minerals or 

separate layers to create kaolin for use in various industries [65-67] 

   Lee et al and Brindley et al, 1999. [68-69] research study of 

sintered kaolinite phase changes with great success, this group of researchers set out 

to settle the argument. At least for clay minerals in their opinion the distinguishing 

feature of the entire kaolinite-mullite series is their structural continuity and 

retaining a dense oxygen layer primarily as meta kaolinite (Al2O32SiO22H2O) 

sintered at 900-1000 C and then the Al-Si spinel they claim to be. -Al2O3 with 

SiO2 in Si3Al4O12 containing solid solution. The metakaolin phase and Al-Si spinel 

both show a short sequence in the crystal structure. When mullite starts to crystallize 

at temperatures over 1000 °C and adopts the required orientation with the c-axis 

parallel to the Al-Si spinel phase. 

  2.4.4  Advantages of kaolin  

   Advantages of kaolin it aids in the creation of porosity during 

the wastewater treatment process and is used in the manufacturing of animal feed, 

cement, and concrete. Moreover, related research exists and several more advantages 

shown in table 2.5. 

   Franco et al.,2007 and Li et al.,2015, [70-71] kaolin can be 

used as an economical additive that can form a uniform distribution to improve 

product properties. Important characteristics of kaolin that are important for industrial 

applications are particle size distribution, structure order, particle shape, irregularity 

and crystallinity, specific surface area, and whiteness. Many properties of kaolin are 

controlled by its surface properties mostly in the industry, bulk loads and viscosity 

are required. These also include the development of adsorbed surface types that alter 

their characteristics [72]. In addition, many industrial methods take particle size as 

an important factor [73-74]. Chemical, mechanical, and optical properties, mixing 

behavior, and the biological distribution of many resources and final products is 

influenced by particle size and shape. 
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 2.5  Alumina (Al2O3) 

  Alumina has a chemical name that Aluminum oxide (Al2O3) is a 

natural name that is corundum, which is an impurity mineral. Well known for its 

abrasive material. Corundum includes Andalusite, Sillimanite, and Kayanite, where 

Andalusite is an aluminosilicate mineral with stability at different pressures and 

temperatures, in contrast to sillimanite minerals, which are stable at high 

temperatures, alumina is usually colored. White or colorless, but if there is a small 

amount of impurities in the structure of alumina. Resulting in different colors, which 

will be more beautiful, becoming a valuable mineral such as the red color of rubies 

caused by the presence of chromium in the alumina, etc. and show additional 

properties in the table. 2.6 

Table 2.6 Properties of Alumina [75] 

Properties 

 

Chemical formular Al2O3: Aluminum dioxide, alumina 

Density (g/cm3) 3.5-3.96 

Melting temperature (C) 2054 

Boiling point (C) 2977 

Elastic modulus (GPa) 520 

Indentation hardness (GPa) 20 

 

  The structure of alumina contains very strong aluminum-oxygen 

bonds. requires high energy. This makes alumina very hard. The material is stronger 

than alumina, only diamond. In addition, alumina has many outstanding properties 

such as a high melting point. High hardness and high chemical stability. Alumina is 

also extremely resistant to heat and corrosion from many chemicals. and has good 

insulating properties as well. (Fig. 2.13) 

 

 

Fig. 2.13 Shows the structure of Al2O3 [75]. 
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  For the crystal structure of alumina, there are 2 forms: alumina in the 

form of single crystal (Single crystal), which is a very high value alumina. Because 

it is used as an ornament and alumina in complex crystal structure form 

(Polycrystalline) will be cheaper. But it is a raw material that plays a huge role in 

various industries, especially those that require high temperature applications. 

Alumina is used in a wide variety of industries such as alumina products used to make 

grinding balls and wall panels material trimming tools used in fire work, automotive 

materials, flame retardants, ammunition hazard reducers. as well as parts of medical 

replacement organs such as joints, artificial bones, etc.  

 

 

Fig. 2.14 The crystal structure of -Al2O3 [76]. 

  The most stable alumina is in the form Alpha-alumina (-Al2O3)         

(Fig. 2.14) , which has a hexagonal structure, is a unit cell of the structure consisting 

of six parallel ion layers, each containing aluminum ions and oxygen ions. Only 2/3 

of all positions (Dioctahedral) to balance the planar charge of the aluminum ions and 

there are 3 arrangements according to the position of the gap from the structure. The 

coordinate number of the positive ion was 6 and the negative ion was 4. The radii of 

aluminum and oxygen ions were 0.053 and 0.138 nm, respectively.  

 2.6  Agar  

  Agar is a hydrocolloid extracted from red seaweed in the phylum 

Rhodophyta. Most of the red seaweeds used for agar extraction are Gracilaria spp. 

seacoast of Japan, Mexico, Portugal, Denmark, and Morocco. Red seaweed found in 

Thailand is Gracilaria fisheri found in Pattani Bay and Songkhla Lake. 

 
  2.6.1  Molecular structure of agar [77] 

   Agar molecules are composed of polysaccharides 2 important 

types are Agarose and Agaropectin. Agarose is a long chain polymer of the sugar 

galactose. Its molecular structure consists of subunits of double sugar molecules is 

Agarobiose (Fig. 2.15), which contains -D-Galactose. 3,6-Anhydro- -L-Galatose 

are connected at positions 1-4, where each molecule is alternately connected by a 

glycosidic linkage, agarose. It is electrically neutral or has a very small charge, 
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therefore it is called a non-ionic polysaccharide. Agarose Structure shown in Fig. 

2.16 

 

 

Fig. 2.15 Structure of agarobios.  

 

 

Fig. 2.16 Structure of agarose.  

 

   Agaropectin (Fig. 2.17) is similar in structure to agarose but 

is more complex. This is because some molecules of 3,6-Anhydro --L- Galactose 

have a sulfate radical which is replaced by L-Galactose sulfate, and some molecules 

of D-Galactose have been replaced by D-Galactose sulfate or have a pyruvate group 

attached. is (4,6-0-(1-Carboxy ethylidene) D-Galactopyranose), which causes these 

polymers to have a charge. It is sometimes called charged agarose. 

 

 

Fig. 2.17 The structure of agaropectin. 
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  2.6.2  Properties of Agar  

   Solubility properties, agar is normally insoluble in water       

at 25 C but is very soluble in water. Heat at a temperature of 85 C or more. If 

using agar solution at a concentration of 5%, it must be heated at a temperature of 

95-100 C together with stirring the solution while heating until it dissolves 

completely. If using a concentration higher than 5 percent, an autoclave must be 

used to help dissolve.  

   Gelation of agar the mechanism of gelation of agar (Fig. 2.18) 

occurs when agar powder is dissolved at a high temperature of 95-100 C. The 

agarose molecules in the solution form a random coil. The structure of the molecules 

is disordered. When the temperature of the solution decreases individual polymer 

cables double helices are formed when the temperature is lowered. The ends of each 

double helices are joined together and joined together by hydrogen bonds. This 

junction is called the Junction zone, which, when combined more, will cause more 

gel to solidify. cause to be strong 3D lattice structure If the agar gel is heated again, 

the polymer that binds together in a spiral will gradually loosen from each other. 

When the temperature is higher than 95 C, the structure of the gel is formed, relaxes 

to become a solution in the form of a random coil again, so the agar gel has 

properties thermoreversible gel because the structure of the gel changes with 

changing temperature. [78] 

 

 

Fig. 2.18 Mechanism of agar gelation. 

 

 2.7  Agar gelcasting  

  Modern ceramics are not primarily made from clay like in the past but 

are made from synthetic raw materials of high purity. Then be formed by various 

methods such as hot isostatic pressing (HIP) and injection molding (Injection 

molding), etc. The resulting ceramic products have good properties such as blades of 

turbochargers. rotor and rocket launcher. 
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  Around 2000, ceramic researcher Mark Janney et al. [79] at Oak 

Ridge National Lab, USA, developed a gelcasting method, a new kind of molding 

that made a ceramicist's dream come true. Gel casting is a molding that is like slip 

casting, which is well known among ceramicists, with some differences, including 

the ingredients in the slurry to pour the slurry of gel-casting consists of monomers 

that will harden into a gel to hold the ceramic powder to adhere to the molded form. 

Therefore, molds used in the gel casting technique do not need to be made of water-

absorbing materials. As good as plaster in pouring patterns. 

  2.7.1  Gelcasting forming process.  

   Step 1 Stir and mix the slurry. In this step, the ceramic powder 

is stirred and mixed with monomer solution with dispersants. Generally, slurry in 

gelcasting technique is powdered more than 50% ceramic by volume. 

   Step 2 Put the mixture in step 1 into a vacuum system to 

separate air bubbles in the slurry, otherwise air bubbles in the slurry will cause pore 

in the workpiece, resulting in a reduction in the strength of the workpiece to go down.  

   Step 3 Add initiator and catalyst to activate the reaction. 

polymerization. 

   Step 4 Take the slurry into molds made of metal, glass, plastic 

or wax and bake the mold containing the slurry at about 40-80C to accelerate the 

polymerization to complete. This slurry is transformed into a gel with a strong 3D 

structure. 

   Step 5 Remove the model and bake the gel from step 4 by 

starting with controlling the relative humidity in the oven to a relatively high value 

until the workpiece stops shrinking, then gradually increasing the temperature, and 

reducing the relative humidity in the oven. Then continue to bake until the workpiece 

is dry. At this point, the workpiece that has not been burned (Green body) will be 

strong and can be used for machining is cutting, polishing, or drilling holes without 

having to be sintered. This point is the advantage of forming gelcasting, finishing the 

workpiece while it is not sintered is very easy. It is also possible to use a variety of 

cutting tools such as cutting stones, abrasive stones and drill bits made of plain carbon 

steel. They are cheaper than diamond trimming tools.  

   Step 6 In this step, the finished workpiece will be burned to 

remove binder (Binder burnout) and sintering because the remaining polymer in the 

dried gel is only 2- 4 wt%, so we may burn the binder and sintering at the same time, 

which greatly reduces the time and cost compared to having to burn the binder and 

sinter separately, for example in the case of molding. by injection.  

   Because the tubular membrane design is the most prevalent 

configuration, it may be concluded that the gelcasting process is the most significant 

means of manufacturing ceramic supports. There are more and more articles on the 

gelcasting technology in the literature, and this practical approach will be used in the 

future to prepare. To create repeatable ceramic supports using these procedures, 

several tests and in-depth study of each preparation stage are required. [80] 
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 2.8  Rheology  

  The well-known Einstein equation predicts the viscosity of an 

extremely diluted dispersion of non-interacting particles as follows: 

     = 
𝟎

(𝟏 + 𝟐. 𝟓)  ……………….. (2.1) 

 

  where 0 is the viscosity of the dispersing medium and  is the 

suspension viscosity. The so-called inherent viscosity () for spheres has a value of 

2.5. When applied to anisotropic particles, their value rises. 

  Low molecular mass liquids with diluted particle d ispersions 

nonetheless exhibit Newtonian behavior. This indicates that there is a linear 

relationship between the shear rate  and the shear stress  : 

                                                   =   ……………….………… (2.2) 

 

   For  greater  volume f rac t ions  of  pract ica l  consequence,                    

semi-empirical models like Dougherty-Krieger's are helpful: according to Van 

Houten's research [81], the greatest packing fraction that can be predicted from the 

rheology of concentrated alumina suspensions is the maximum wet packing fraction 

that can be attained during the processing of colloidal ceramics. The relative 

viscosity of suspension typically decreases with increased shear. In colloidally 

stable suspensions, which may behave practically Newtonian up to large volume 

fractions, this shear thinning effect is fairly mild.  

  However, it is highly potent in agglomerated suspensions, where the 

viscosity drops due to shear-induced disruption of the agglomerates. The difference 

in behavior between colloidally stable and unstable solutions may be determined. 

  The height of the repulsive maximum, if present, and the depth of the 

(primary) minimum, where the particles are imprisoned in the absence of a shear 

force, have a significant impact on the rheological behavior of agglomerated 

suspensions. In some circumstances, it appears that flow must be triggered by a 

minimum shear stress. The period, however, can also have an impact on this 

behavior (De number). The yield value of the suspension is the (apparent) minimal 

stress necessary. Fig. 2.19 provides an illustration of this tendency. Concentrated 

suspensions may undergo shear thickening at high shear rates (a kind of crowding 

effect). It can be difficult to pump or mix the solution due to this tendency, however 

low shear dip-coating processes do not have this problem. 
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Fig. 2.19 The Stress-strain rates for concentrated suspension flow curves [81]. 

 

Fig. 2.20 Different shear stress routes may be seen going up and down (shear rate) 

in a non-thixotropic (1) and a thixotropic (2) solution. [81]. 

  When diffusional relaxation of a suspension brought out of 

equilibrium by shearing is slow with respect to the timescale of the process, the 

suspension is said to be thixotropic. This behavior is illustrated in Fig. 2.20 

Thixotropy is usually unwanted in ceramic membrane support coatings but does 

occur for some suspension formulations. For film coating using the same suspension 

but a variable shear history, the layer thickness might then vary. 
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  Many semi-empirical relationships have been proposed to describe 

non- Newtonian suspension behavior. For more information the reader is referred or 

other textbooks on suspension rheology. 

 2.9  Bending strength (test for cylindrical specimen)  

  Typically, the three-point bending strength test is performed to check 

a material's quality. Due to the association between the mechanical resistance and 

the sintering temperature, which is directly related to the material's porosity 

properties, this test is not truly intended to characterize the membrane but rather 

simply the sintered material. 

 

Fig. 2.21 Three-point bending strength [82]. 

  The basic idea is to place the sample on two supports and exert 

pressure on it until it cracks, as illustrated in Fig. 2.21 

 

  By measuring the stress and strain, it is possible to calculate the 

material's mechanical resistance as a function of the firing temperature. Cylindrical 

samples are simpler to prepare via extrusion. It is usually assumed that the length to 

diameter ratio is more than 10. The defines the fracture stress by the equation: 

   𝛔𝐅 = 
𝟖𝐋𝐃

𝛑∙(𝐃𝟒−𝐝𝐢
𝟒)

 ………………………………... (2.3) 

 

  Where F (Flexural strength) is the action force, L is the distance length 

between the samples at both ends ( span length)  in mm, D and di are the outer and 

inner samples diameter in mm of the Al2O3 tubular membrane. Each condition was 

tested on 5 samples to obtain the average strength. 
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 2.10  Related Research  

Table 2.7 Fabrication of ceramic membrane using kaolin. 

Year Kaolin 

contents 

(wt%) 

Fabrication 

methods 

Particle sizes 

(m) 

Porosity (%) Flexural 

strength (MPa) 

Applications Ref. 

[83] 

 

 

2012 

 

- Extrusion 6.8 49-50 28-56 Wastewater 

filtration 

Sarkar et at.,2016 

2013 10-28 Extrusion - 45-52 87  Water filtration Harabi et at.,2013 

2014 4.2, 8.4, and 

12.6 

Pressing  - 20 180  

 

Water filtration Done et at.,2014  

(1450-1525 C) 

2014 - Pressing - 50  20  Water filtration Liao et at.,2014  

(1200-1300 C) 

2015 - Pressing - 36-50 - Water filtration Chen et at.,2015  

(1300-1550 C) 

2016 14-39 Phase 

inversion 

0.04-0.6 and 

10-15 

27.7 98.9 Support for gas 

separation 

Hubadillah et at.,2016 

2016 - In-situ reaction - 31.6 100.2(F) - Zhu et at.,2016 
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  Ramnaree et al., [84] conducted research on fabrication of low cost 

alumina tube through agar gelcasting for membrane microfiltration. In this work, a 

tubular alumina membrane was formed by combining gel casting technique and 

acetone drying technique, in the first step Al2O3 slurry and agar solution were 

prepared separately. The mixture was then poured into the mold at a constant 

temperature of 70 C. As the temperature decreased, the solution transformed into a 

tubular and then the gel tubing removed from the mold was immersed in acetone for 

50 h. The gel dries quickly after being removed from the acetone by leaving it under 

atmosphere at room temperature as a result of the research, tubular alumina 

membranes were prepared from alumina powders with significantly different particle 

sizes, 5 m and 0.167 m, with different proportions ranging from 5 to 20 wt%. 

After sintering at 1350 C, the tubular alumina membrane had an average pore size 

of between 0.1 and 10 m, showing great potential as a membrane. which is suitable 

for MF and UF applications. 

  Abdallah et al., [85] research the production of ceramic membranes 

from high alumina roller kiln waste powder with a nano-rosette structure waste 

powder for desalination application by reusing as a raw material to produce 

membranes for use in water filtration. The membranes were prepared in disc form 

using organic binder (PVA) with concentrations ranging from 2% to 8%, sintered at 

temperatures ranging from      1100-1300 C for 1,2 and 3 h soaking time. The best 

properties were examined at 1250 C sintering due to reduced porosity. Increased 

small open pores It was shown that the pore size values for the as-prepared membrane 

ranged from (0.1-0.005 m), indicating a possible application in NF and UF filtration. 

1250 C, it has high desalination efficiency, high flux value, and shows suitable 

mechanical strength to withstand water pressure. 

  Sheikhi et al., [86] research the evaluation of coagulant addition in the 

study on a kaolinitic clay-based ceramic microfiltration membrane for oily 

wastewater treatment. Based on the research on the efficiency of inline coagulation-

microfiltration (IMF) system for oily wastewater treatment using mem. Kaolinitic 

clay-based bran ceramics were used as the microfiltration ceramic membrane as the 

substrate and PVA as the binder. From the results, it can be seen that the IMF process 

plays an important role in oil wastewater treatment. The membrane minimizes fouling 

and maximizes filtration efficiency. It can be considered a promising system. 

  Omatete et al., [87] study was done on gelcasting, from laboratory 

development to commercial manufacturing. They studied how the gelcasting ceramic 

molding process was developed to be more successful than other complex shape 

molding techniques such as molding. Injection molding and gelcasting based on 

research, an organic monomer solution is poured into the mold and polymerized to 

create in the form of a mold. Therefore, it is a mixture of polymer chemistry that is 

processed and according to ceramic standards. The simplicity of this process has 
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attracted more industry partners and cooperation among them. The process is 

progressing from the laboratory to industrial production. 

  Wang et al., [88] conducted research based on gelcasting with               

2-hydroxyethyl methacrylate and tert-butyl alcohol to study porous alumina ceramic. 

Through a new gel casting system used in this work, tert-butyl alcohol (TBA) was 

used as solvent, acrylamide (AM) as monomer and methylene-bis-acrylamide 

(MBAM) as a mesh linker. This system has the advantage of allowing low shrinkage 

of the workpiece. The polymerization of the HEMA-TBA gelcasting system was 

analyzed by the thermal behavior of the target. Microstructure mechanical properties 

of sintered workpieces and bending resistance test the results showed that (1)              

10 mg/ml of benzoyl peroxide was the most suitable amount for the polymerization 

of this gelcasting system at 25 C; The HEMA–TBA gelling system exhibited a 

shear-thinning behavior. The shear force was low enough for the gelation process. 

(3) The decomposition temperature. and the combustion of HEMA-MBAM 

polymerization was about 420 C. (4) The flexural strength of porous alumina 

ceramic samples with porosity from 42. % to 56% from (8±0.5) to (91±4.5) MPa was 

achieved. 

  Guo et al., [89] studied the pore differences of Al2O3 formed by gel 

formation utilizing polystyrene spherical templates to conduct research on the impact 

of the forming process on the integrity of pore gradient Al2O3 ceramic foams. This 

approach allows the design of porous ceramics with pore interface degree and 

gradation layer height through optimum selection of the size and number of spheres. 

Production process for open cell porous ceramics limited by polymer sponge 

templates edge cracks and closed porosity can be fixed. In this way, to achieve the 

best production conditions to maintain structural integrity was studied. The effect of 

the solid loading of the solution the results showed that at 55 vol.% Al2O3 solution 

containing 0.5 wt.% ammonium polyacrylate maintained good fluidity for casting 

and avoided excessive internal shrinkage. The different shrinkage behaviors of the 

top and bottom of the sample were minimized effectively due to approximately the 

same vapor diffusion area at the top and bottom Thus, the integrity of the dendritic 

coagulation structure is completely maintained through mold versus direct heating. 
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CHAPTER 3 

 

3. RESEARCH METHODOLOGY 

 3.1  Materials and Methods  

  The utilization of kaolin particles was the main focus of this study. 

The kaolin from Narathiwat province that was deposited in southern Thailand was 

employed as the primary raw material to create the pores in the samples. The Al2O3 

membrane tube was fabricated using Al2O3 powder with a mean particle size of    

0.2 m (TM-5D, Taimei Chemicals Co., LTD.) and a purity of 99.99%, Agar powder 

was employed as a gelling agent. Dispersant, Dispex AA 4040 (water-based,        

O-BASF) and magnesium oxide (MgO) nanopowder, 99+%purity (Alfa Aesar, 

metal base) were used for preventing the agglomeration of Al 2O3 particles and 

functioning as sintering aid, respectively. Acetone (active ingredient: CH3COCH3 

99.8%) was utilized as a liquid drying agent. All the preparation was performed with 

reverse osmosis (RO) water. 

 3.2  Samples preparation for Al2O3 membrane tubes 

  Al2O3 tubes were fabricated by the agar gelcasting in the glass molds. 

The molds used in the fabrication have outer and inner diameters of 14 mm and 10 

mm respectively, as shown in Fig. 3.1. 

 

 

Fig. 3.1 Schematic drawing of glass molds and Al2O3 tubes after sintering. 

 

 

D = 14 mm d = 10 mm 
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  3.2.1  Preparation of gelcasting mixture 

   Al2O3 slurry was prepared by ball milling for 2 h in a 250 ml 

HDPE bottle using zirconia beads for dispersing the Al2O3 particles thoroughly. All 

the compositions were shown in table 3.1. After ball milling, the Al2O3 slurry was 

filtered using a metal sieve and heated in an ultrasonic (Model: GT SONIC-D6) at a 

temperature of 60 C. Subsequently, the warmed Al2O3 slurry was mixed with the 

kaolin slip at 0, 4, 8, and 12 wt% on dry basis.  

Table 3.1 The Al2O3 slurry is all for preparation and use in the process. 

Samples K0 K4 K8 K12 

 

Alumina (TM-5D) 75 71 67 63 

 

R/O Water 25 25 25 25 

 

Agar powder 0.6 wt% of alumina solid loading 

 

MgO powder 0.03 wt% of alumina solid loading 

 

Additive (Dispersant) 1.0 wt% of alumina solid loading 

  3.2.2  Preparation of kaolin slip for gelcasting mixture.  

   The kaolin powder was added into the Al2O3 slurry at 0, 4, 8, 

and 12 wt.% and finally mixed with the agar solution. The kaolin powder was ball 

milled in HDPE bottle with large zirconia balls. The kaolin powder of 290 g was 

weighed for ball milling for 45 min in order to avoid the formation of kaolin clusters 

and agglomeration. After that the mixture of kaolin slip and Al2O3 slurry was 

continuously stirred at 700 rpm for 30 min. A magnetic bar for stirring was used to 

avoid the settle of the particles in the prepared mixture shown in table 3.2 

Table. 3.2 The preparation of kaolin slip for mixing in the Al2O3 slurry.  

Samples K0 K4 K8 K12 

 

Kaolin content (wt%) 0 4 8 12 

 

R/O Water 100 96 92 88 

 

Additive (Dispersant) 2.0 wt% of kaolin slip loading 

   Agar solution of 2 wt% concentration was prepared. It was 

added to the warmed Al2O3 slurry to provide the final agar content of 0.6 wt%. The 

mixture of Al2O3 slurry and agar solution was stirred and kept at 60 ºC. 
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  3.2.3  Agar gelcasting of prepared mixtures 

   The gelcasting mixtures were molded by pouring into the 

glass tubes. After the mixtures transformed into the gel state and shaped into tube, 

the gelling tube was demolded and then soaked in acetone for 50 h. The gelling tube 

was removed from acetone and left dried at room temperature to become green tube. 

Finally, the green body will be the Al2O3 membrane tube after sintering at 1350 C 

for 1 h by Muffle Furnace (Brand: LENTON, Model: UAF-CG). Fig. 3.2 displayed 

the flow chart of forming by agar gelcasting. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

 

 

Fig. 3.2 Flow chart of forming the tubular Al2O3 membrane by agar gelcasting. 

 

Alumina slurry 

 (Keep heating in water 

bath at 60 C) 

Kaolin slip 

(Addition kaolin 

content at 0,4,8, and 

12 wt%) 

Agar solution 

(Stirred and kept  

at 60 ºC.) 

Shaping (gel casting mixture) 

(prepared and then molded out of glass mold) 

Remolding 

(removing the samples from the glass mold) 

Drying (Soaked in acetone for 50 h) 

Sintering  

(at 1350 °C for 1 h) 

Tubular Al2O3 membrane from agar gelcasting method 
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 3.3  Characterizations 

  The characterization of tubular Al2O3 membrane was shown in         

table 3.3. 

Table 3.3 Characterization of membrane samples. 

Equipments Models Conditions 

 

Discovery Hybrid 

Rheometer (DHR) 

Discovery HR 10: TA 

Instruments; USA 

Temperature Ramp (80-20 C), 

Ramp rate 20 C/min, Time step 

1 C, Strain 10%, Frequency       

1 0  H z .  A n d  t h e  u s e d  c u p 

diameter of with 15 mm. 

Scanning electron 

microscopy (SEM) 

(SEM-JSM5800LV,JEOL) 

: Japan 

Operated at voltage of 20 kV 

and 10-5 Pa. 

Universal testing 

Machine 50 kN 

(UTM)  

Model 5569 Instance 

under three-point force 

technique. 

Used load cell 500 N with rate 

0.5m/min and maintaining a 

support span of 85 mm. 

Mercury intrusion 

porosimetry (MIP) 

(Poremaster, 

Quantachrome Intruments) 

Using instruments capable of 

measurements at  pressures 

between 0.2 and 60,000 psi. 

X-ray Diffractometer 

(XRD) 

Empyrean, DANalytical, 

Netherlands 

X-ray tube: Cu tube, Cu-K 

radiation at 40 kV & 30 mA, 

wavelength 0.154 nm (Cu-K), 

Scan rage (2): 5-90, Step size: 

0.026, time/step: 70.125 sec.  

 The rheological behavior was a study of deformation shape to material 

flow by applying force to the slurry example K0, K4, K8, and K12 to measure the 

viscosity and elasticity of the samples from a solution of fluid to a solid.  

 The procedure for preparing samples before testing is followed by the 

samples K0, K4, K8 and K12 which are sintered at 1350 C into cold mounting with 

epoxy resin mixed with the hardener designer 2:1 to support the sample, and then 

dried the product in the Oven (Brand: BINDER GMBH Model: ED240-E2)                   

at 45-50 C, as shown in the figure 3.3. 600 and 1200 numbered sandpaper, 

respectively, were machined and cleaned with the ultrasonic cleaner machine (Model: 

GT SNIC-D6). Then let it dry at normal room temperature for 24 h. To observe the 

structure, a sample must be coated with gold before being inserted into an SEM. 

Various magnifications are used to compare the surface and shape of an Al2O3 tubular 

membrane. 
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Fig. 3.3 Sample of K0, K4, K8 and K12 ( a) -( b)  Before and after sandpaper 

polishing. 

 The bending test using under three-point force technique, as shown in 

figure 3.4. All tests were based on ASTM C1866-08 [90] The test specimen is 

cylindrical in shape, its cross-section is circular, used to calculate the bending 

strength before and after sintering at 1350 C section is shown as an equation (3.1): 

 

   

Fig. 3.4 3-point bending test. 

 

 The bending strength was obtained from the equation (3.1): 

 𝝈𝑭 = 
𝟖𝑳𝑫

𝝅∙(𝑫𝟒−𝒅𝒊
𝟒)

    ………….…….………………….  (3.1) 

 

 Where F (Flexural strength) is the action force, L is the distance length 

between the samples at both ends ( span length)  in mm, D and di are the outer and 

inner samples diameter in mm of the Al2O3 tubular membrane. Each condition was 

tested on 5 samples to obtain the average strength.  

 Physical properties in terms of density were examined by 

Archimedes’ method according to ASTM C373-88 [91]. When sintered at 1350 C, 

it then boiled Al2O3 membrane samples (K0, K4, K8, and K12) in water for 5 h, And 

lets it cool down at room temperature for 24 h to the density according to the equation.  

 Where assigned W1 is the after-sintering weight (g), W2 is the in water 

weight (g) and W3 is the saturated weight in water (g). 

 

a b 
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  are the samples density 

   = 
𝑾𝟑

𝑾𝟐−𝑾𝟏
  ……………………………………. (3.2) 

 

  A is the apparent density 

   A = 
𝑾𝟏

𝑾𝟏−𝑾𝟐
 ……………………..…………..... (3.3)   

 

  %Aw is the water absorption (%) 

  %Aw = 
𝑾𝟑−𝑾𝟏

𝑾𝟏
 × 𝟏𝟎𝟎 ……………………. (3.4) 

 

 

 %A is the apparent porosity (%) 

  %𝝆𝑨 =  
𝑾𝟑−𝑾𝟏

𝑾𝟑−𝑾𝟐
× 𝟏𝟎𝟎 …………………… (3.5) 

 

 Final ly,  the bulk density (B)  is the density of the substance in the 

sample (g/cm3). 

   𝝆𝑩 = 
𝑾𝟏

        𝑾𝟑−𝑾𝟐
  ……….……………….……. (3.6) 

 

3.4  Membrane performance  

 A membrane permeation test was conducted using a crossflow 

filtration system. The pure RO water is entered into the sample using the N2 gas 

applied pressures from 0-2 bar. Therefore, the water flux value can be calculated per 

unit area of the tubular Al2O3 membrane per time unit by equation (3.7): 

  𝑱 =
𝑽

𝑨 × 𝒕
  ……………...…...…………… (3.7) 
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 Where, 𝐽  is the permeate water flux (L/m2.h), V is a permeate volume 

(L), A is the area of samples in m2, T is the filtration time (h). 

 

Fig. 3.5 System schematic for measuring membrane performance. 
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CHAPTER 4 

 

4.  RESULTS AND DISCUSSION 

 4.1  Effect of the gelcasting mixture rheological behavior  

  Rheological behavior was examined with an HR-2 rheometer         

(TA Instruments), with a cylindrical aluminum cup with a diameter of 15 mm and 

using a rotary measuring principle (indenter) to apply force to the mixture. It 

described the rheological behavior in terms of storage modulus (G) loss modulus 

(G), phase angle (), gelling temperature, (Tg) and viscosity as shown in Fig. 4.1 

and 4.2. 
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Fig. 4.1 G, G, and Phase angle ( )   of gelcasting mixtures with respect to 

temperature for K0(a), K4(b), K8(c), and K12(d). 

  Fig. 4.1 showed the results of the viscoelastic properties of mixtures 

with different kaolin-Al2O3 compositions, there was no change in storage modulus 

(G) and loss modulus (G) during the reduction of temperature from 80-43 C 

because the mixtures were still in a solution state. But when the temperature dropped 

below 43 C, it found that the values increased rapidly. The increasing volumes 

indicated a transition from solution to gel state [92], being the range of gelling 

temperature (Tg) of 42-42.5 C. as shown in Fig. 4.1a-d.  
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  Since kaolin was added to the Al2O3 slurry, (G) and (G) values 

showed the initial viscoelastic behavior of the phase angle () at 60, 52, and 32 

for K4, K8, and K12 respectively (Fig. 4.1b-d). When compared with K0 (Fig. 4.1a) 

the initial phase angle of 45 indicates that when kaolin was not added to the Al2O3 

slurry, a double helix formation of agar molecules occurred. However, when the 

kaolin was added to the gelcasting mixtures, the role of agar in binding and holding 

the Al2O3 particles decreased [93] and the agglomeration of the kaolin structure 

occurred. This result was mainly due to the surface chemistry between the edge of 

the kaolin particles and the molecules of agar in the mixtures [Bezerril et al., 2006, 

Cunha et al., 2006] [94-95], indicating that a region contact between negatively 

charged clay particles [Avadiar et al., 2015 and Eugene et al., 2017], [96] and 

negatively charged agar molecules in accordance with the study of Lahrech et al., 

2005.[92] 

  Therefore, the results of the rheological behavior of the addition of 

kaolin at 0, 4, 8, and 12 wt% confirmed the gelling temperatures. It was found that 

the temperature ranges from 42-60 C can be used to form Al2O3 membrane tube 

samples (K0, K4, K8 and K12) by gelcasting method. 

 4.2  Dynamic viscosity  

  The effect of temperature on the Al2O3 slurry viscosity for all the 

samples was examined in the temperature range of 80 to 20 C using different kaolin 

concentrations of 0, 4, 8, and 12 wt% as shown in Fig. 4.2. From the curve showing 

the transition between gelling temperature and viscosity to examine the temperature 

that can be used to form a sample of Al2O3 membrane tubes. 

 

Fig. 4.2 The viscosity of all the gelcasting mixtures with respect to temperature 

ramp at a range 80 to 20 C. 
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  Fig. 4.3 showed the results of all Al2O3 slurries that the viscosity 

started to change at 0.1 Pa.s and ended at 0.24 Pa.s. It can be seen that the K0, K4 

and K8 (Fig. 4.3a-c) samples had similar viscosity values of more than 0.2 Pa.s 

compared to the sample K12, (Fig. 4.3d) which was less than 0.2 Pa.s. It is most 

likely that the higher the kaolin concentration, the gradual increase in the viscosity.  

Since the K12 sample which was more than adequate added a kaolin concentration 

of 12 wt% in the gelcasting mixtures, the distance between the kaolin particles was 

reduced making kaolin particles agglomeration or sedimentation of particles. 

Moreover, it is widely known that kaolinite particles have a platelet shape and 

relatively rapid precipitation behavior. Therefore, sample K12 might be difficult to 

pour into the mold due to its highest viscosity. The result in making them more 

difficult to form, it was likely the occurrence of more agglomeration of kaolin 

particles compared to the other samples. [97-98] Which makes them unsuitable for 

the formation of Al2O3 membrane tubes. In addition, temperature also has a 

corresponding influence on viscosity. It can be seen that increasing kaolin 

concentration resulted in an increase in viscosity as expected. The transition of the 

state from solution to gel began to occur at a temperature range of 42.5-20 C. 

However, this study of temperature and viscosity cannot be attributed to membrane 

forming. But in this study, the temperature range from 60-42.5 C, showed the 

rheological properties confirming the forming and flow temperature of slurry in 

terms of appropriate viscosity is important and can be attributed to the forming of 

alumina membrane tube samples which corresponds to Fig. 4.1. Consistent with 

similar rheological and viscous behavior can be observed from the work of 

(Hupadillah et al., 2018; Kingsbury & Li, 2009). [73] 
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Fig. 4.3 The viscosity of an Al2O3 slurry at various kaolin contents varied with 

temperature in the range of 20 to 80 C: Kaolin is added in at 0, 4, 8, and 12 wt% in 

the figures (a)-(d). 
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 4.3  Phase analyses of porous ceramic membrane supports 

  Based on the XRD pattern of raw kaolin after sintering at 1350 C as 

shown in Fig. 4.4, the structure of kaolin was transformed after sintering process from 

room temperature (25 C) to 1350 C. [99] The resulting in the structure of kaolin 

has a phase change after sintering, the kaolinite phase was not found in the graph, but 

mullite quartz and cristobalite phases were found. In the phase analysis according to 

kaolin particles, the original phase could not be identified because kaolinite reacted 

with Al2O3 to form mullite phase (3Al2O32SiO2), which mullite or aluminosilicate, 

it is one of the most important materials for porous ceramic membranes. It has been 

recognized in research [100-101] and can also induce porosity in the membrane 

structure. However, from the research [53,58], studying the raw kaolin group when 

calcined at 925 C, kaolinite, ellilite and quartz group were found as the main 

minerals in raw kaolin. When sintered at temperatures over 925 C, these ores 

disappear due to the formation of new phases during the sintering process, this 

corresponds to Fig. 4.6 showed the schematic diagram shows the mechanism of 

porosity from the use of kaolin particles to become the mullite phase. The mechanism 

of pores formation can be explained by the reaction of varying mullite formation with 

precursors of Al2O3 and kaolinite in kaolin particles. It can be seen that the increased 

pores are caused by the reaction of kaolinite with Al2O3 to eventually form mullite 

phase. (3Al2O32SiO2) Kaolinite is the precursor aluminosilicate formation of 

mullite, from chemically synthesized precursors usually occurs in the temperature 

range of 850-1350 C. Since kaolin particle agglutination is an important factor in 

determining the reaction mechanism as well as the temperature of mullite formation 

and sintering is also another factor. From the results of the discussion, when the 

kaolin concentration is increased as a result, kaolin particles inhibit the sintering of 

alumina, making the substrate more agglomerate and the higher sintering temperature 

resulted in a change in pore shape and size. [102] 
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Fig. 4.4 X-ray diffraction of raw kaolin after sintering at 1350 C for 1 h;                

(M: mullite), (Q: quartz), and (C: Cristobalite). 

 

 
Fig. 4.5 XRD patterns of the raw kaolin and the gelcasting samples after sintering. 
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Fig. 4.5 showed XRD patterns of the sintered kaolin and the kaolin modified 

Al2O3 tubes. All patterns showed the peaks of -Al2O3 phase (ICDD card No.00-010-

0173). K0 showed the -Al2O3 peaks only. It was obvious that the peaks of mullite 

were higher when the amounts of kaolin increased. It was found that the formation of 

a new phase occurred, i.e., mullite ( 3Al2O32SiO2) , ICDD card no. 00-015-0776, 

cristobalite (ICDD card no. 01-082-0512) and quartz (ICDD card no. 01-083-0539), 

compared with the blue line without kaolin addition. Thus, the mullite peaks were 

apparent when different amounts of kaolin were added. The mullite was able to 

withstand high temperature up to 1350 C, thus the mullite phase was observed in 

this work [103-104]. 

 The XRD patterns of all the kaolin modified Al2O3 membrane 

supports. It was obvious that all the supports contained the phase of -Al2O3. 

However, when the amounts of kaolin increased from 0 to 12 wt%, the peaks 

identified as mullite appeared higher and higher. The increasing peaks of mullite, 

cristobalite, and quartz were parallel with the result from Fig. 4.4 indicating the 

mullite phase after sintering at 1350 C is a major crystalline phase. The results of 

phase analyses suggested that the kaolin addition to Al2O3 gelcasting mixtures might 

affect the final microstructure and strength of sintered membrane supports [51,105]. 
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Fig. 4.6 The schematic diagrams showing the mechanism of pore formation from 

using the kaolin particles together with Al2O3-agar gelcasting mixtures after sintering 

at 1350 C at 10000x magnification. 
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 4.4  Microstructure of tubular Al2O3 membrane  

  Fig. 4.7 showed the SEM images at the surface of all sintered Al2O3 

membrane tubes, with different amounts of kaolin from 0 to 12 wt%. The SEM 

images indicated that some of the sintering caused grain growth and partially 

interconnected pores. [106-107] This combination of particles created closed pores 

and open pores.  

  Considering the effect of adding kaolin to the gelcasting mixture 

shown in sample K4(5000x), small and shallow pores were present. While 

K8(5000x) showed larger and deeper pores due to the shrinkage of the kaolin 

particles at high temperatures [108] and the bonding between the kaolin particles.   

  When adding more kaolin excessively as shown in K12 the surface 

characteristics of the kaolin became different a different created during the sintering 

process. [109] The addition of kaolin in excess results in kaolin melting, changing 

the new structure of the kaolinite group formed by the kaolinite group to react with 

Al2O3 during the sintering process to form a new phase, which is mullite or 

aluminosilicate, this can be further explained in Figure 4.6 showing the mechanism 

of pore from kaolin particles. However, increasing kaolin content contributed to 

higher porosity. [110] Therefore, according to Hedfi et al. [111] kaolin is the 

preferred raw material for the fabrication of porous ceramic membrane products. 

But should be added in the suitable amount. If the addition was too much, it might 

adversely affect the forming process, strength, and membrane permeation 

performance.  
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Fig. 4.7 SEM images of tubular Al2O3 membrane adding kaolin at 0, 4, 8, and 12 

wt% for K0, K4, K8, and K12, respectively after sintering at 1350 C at different 

magnification. 
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 4.5  Pore size distribution of tubular Al2O3 membrane 

Table 4.1 Average pore size from mercury intrusion porosimeter. 

Samples Mercury intrusion porosimetry 

Average pore size (nm) 

K0 153 

K4 143 

K8 151 

K12 142 

 

Fig. 4.8 Pore size distribution of all the tubular Al2O3 membrane support.  

 The pore size distribution of all the sintered Al2O3 membrane support 

tubes, with different amounts of kaolin from 0 to 12 wt%, as shown in Fig. 4.8. It was 

obvious that for all the membrane supports, the pore size distribution range of       

0.03-0.2 m (30-200 nm), this varies depending on the added kaolin. From the pore 

size distribution results of the Al2O3 membrane support tubes as shown in Table 4.1. 

In this study a function of the particle size effect from the addition of kaolin. It can 

be seen from MIP analysis for samples K0, K4, K8, and K12, the average pore size 

value is 153, 143, 151, and 142 nm, restively. When the increasing kaolin content 

makes pores smaller because of the distribution of higher kaolin particles in the Al2O3 

membrane between 30 and 200 nm. but for the K8 sample the due to the slightest 

defect caused by air bubbles trapped in the gelcasting mixture during the process. 

This gives a maximum average pore size of 0.151 m (151 nm). For the samples K0 

represent the pore size distribution with the pore size region at about 0.153 m       
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(153 nm). The pore size is smaller pore distribution inside the Al2O3 tubes without 

kaolin doping exhibited a narrow pore size distribution between 50 and 200 nm     

(Fig. 4.9a). Therefore, the small pore size is formed due to the presence of gaps 

between the sintered Al2O3 (TM-5D particle size of 0.2 m) and kaolin particles. 

However, when the amounts of kaolin increased from 0 to 12 wt%, the large pore 

size between 30 and 200 nm value is shifted 143, 151, to 142 nm show in samples 

K4, K8, and K12, (Fig. 4.9b-d), it has small pore size compared to sample K0. 
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Fig. 4.9 Average pore size of all tubular Al2O3 membrane by different adding kaolin 

at 0 to 12 wt% for K0, K4, K8, and K12, (a-d) after sintering at 1350 C. 

  The results of all samples K0, K4, K8, and K12 which are sintered at 

1350 C, it was obvious that for all the membrane supports, the pore size distribution 

range of 0.03-0.2 m It can be confirmed that kaolin can form pores in the 

membrane support. The results of the pore size distribution measurement indicated 

that the average pore sizes were within the range of an ultrafiltration (UF) 

membrane. In addition, it is caused by the formation of the neck structure of mullite 

particles in kaolin, which is a common phenomenon in high temperature sintering 

processes depending on the sintering temperature of 1350 C. This step reduces the 

number of pores, eventually the membrane undergoes a densification process and 

finally creates a porous structure. Observe the SEM image of sample K12, this is also 

consistent with its low mechanical strength and high permeability performance. As a 

result, more options are available for selecting samples for the production of support 

membranes. 
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 4.6  Density of Al2O3 membrane tubes 

  The porosity and bulk density of all Al2O3 membrane tubes formed by 

the gelcasting method were shown in Fig. 4.10. When the kaolin particles increased, 

the porosity of the Al2O3 membrane increased from 34 to 46% consistent with the 

results of Zyryanov and Karakchiev [112], on the other hand, the bulk density of the 

Al2O3 membrane decreased from 2.4 to 2.0 g/cm3,  corresponding with SEM images 

shown in Fig. 4.7. It was found that the increase in porosity and the different 

distribution of sintered kaolin phases. Therefore, the increasing amount of kaolin was 

responsible for porosity and the larger pore sizes. Furthermore, the non-uniform 

distribution might result in a decrease in density, which might affect the strength of 

the membrane. 

 
Fig. 4.10 Porosity and bulk density of all the tubular Al2O3 membrane. 

 4.7  Mechanical properties of tubular Al2O3 membrane 

 Table 4.2 The average strength of Al2O3 tubes membrane both before and 

after sintering. 

Samples Flexural strength (MPa) 

 

Green strength Sintered strength 

 

K0 90.84  21.04 4264.70  1,214.57 

K4 80.43  21.97 1292.38  573.35 

K8 63.48  18.75 1083.58  157.79 

K12 55.45  16.48 629.14  339.46 
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 Fig. 4.11 presented the bending strength of all the Al2O3 membrane 

tubes before and after sintering at 1350 °C using the three-point bending technique. 

As a result of the addition of kaolin, the strength of the green and sintered samples 

decreased rapidly. The strength of sample K0 values before and after sintering were 

90.84 and 4264.70 MPa. When the kaolin was added for K4, K8, and K12 their 

flexural strength values continued to decrease. From table 4.2. It confirmed that 

adding a greater amount of kaolin particles resulted in the decrease in the green 

strength. This is due to its direct relationship with the dispersion behavior of stacked 

kaolin [81,113], thus resulting in a high porosity. Thus, it implied that the mechanical 

properties of the tubular Al2O3  membrane were in agreement with the resulting 

physical properties. 

 

 
Fig. 4.11 Three-point bending test of tubular Al2O3 membrane: (a) before and (b) 

after sintering at 1350 C for adding the kaolin particles from 0 to 12 wt%. 
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 4.8  Permeation test of tubular Al2O3 membrane support 

Table 4.3 Porosity, bulk density, pore sizes, flexural strength, pure water of all 

tubular Al2O3 membrane support form gelcasting method of after sintering at         

1350 C. 

Samples Porosity 

(%) 

Bulk density 

(g/cm3) 

Flexural 

strength 

(MPa) 

Pure water flux 

(L/m2
h) 

K0 34 2.5 4,265 40 

K4 39 2.3 1,292 73 

K8 44 2.2 1,084 1,280 

K12 46 2.0 629   12,987 

 

 

Fig. 4.12 Pure water flux with applied pressure (0-2 bar) for all sintered Al2O3 

membrane support tubes. 

 Fig. 4.12 showed the pure water flux as a function of applied pressure 

for all Al2O3 membrane tubes. It was obvious that increasing the applied pressure 

increased the pure water flux at a linear rate following Darcy's law. The pure water 

flux values were 40, 73, 1,280, and 12,987 L/m2
h for samples K0, K4, K8, and K12, 

respectively. The pure water flux values for the kaolin modification (K4, K8, and 

K12) were greater than those of unmodified membranes. The results depended on the 

porosity, pore network and pore size.  
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 The results indicated that the pore sizes were within a narrow range 

for K0 and a wider range for K4, K8, and K12 the sample K12 ability to improve 

clean water flow by a maximum of 3 times in comparison to the sample without the 

addition of kaolin. Due to the tortuosity of the flow path that occurs within the porous 

membrane. [114-115] As a result, the trend of winding direction change depends on 

the intrinsic shrinkage behavior of porous structured lattice membrane. Thus, 

tortuosity is defined as the ratio of the lengths of the preferential tortuous fluid 

pathways and the porous media [116-117] was another crucial factor when adding 

more and more kaolin. All membrane tubes were within the desired pore size ranges 

and had great potential for use in ultrafiltration processes. Moreover, the membrane 

prepared from kaolin formed by gelcasting method had high permeability. As a result, 

the green and sintered structure played an important role in the final performance of 

the membrane as observed in the permeation test of crossflow filtration. 

 However, the permeation test indicates the permeability flux of the 

solution that passes through the membrane pores. In this work, samples K8 can be 

used as excellent membranes, with the potential to produce further membrane 

support. It depends on factors such as kaolin content, forming temperature, pore size, 

mechanical strength. and water permeability performance Finally, the increase or 

decrease of the flux. This will result in the membrane filtration properties or 

efficiency changing depending on factors such as pressure, viscosity, temperature, 

and feed concentration including pores in the membrane surface, and also affect the 

long-term service life of the membrane. 
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CHAPTER 5 

 

5.  CONCLUSIONS  

 In the study of the influence of adding kaolin for the fabrication of Al2O3 

membrane tubes by the gelcasting method, conclusions can be examined of the 

whole work up as follows:  

 In this research, the membrane tubes were successfully fabricated by 

gelcasting method, and the results were used to analyze the chemical, physical, 

mechanical and permeability performance tests from various techniques. The effect 

of adding different kaolin particles ranging from 0-12 wt% was investigated. It was 

found that the analysis of the rheological behavior and viscosity of the gelcasting 

mixtures affected the transition from solution to the gel state in the temperature 

range of 42-60 C. All the membrane support tubes consist mainly of mullite 

phases, cristobalite and quartz as minor phases, which was caused by the 

microstructure phase change of the kaolin addition. It can be that the wider pore 

distribution when kaolin is added is a non-uniform distribution. The void was 

consolidated with a pore size distribution in the range of 0.03-0.2 m. Moreover, the 

membrane tubes are under control within the porosity ratio. and the bulk density 

was 34-46% and 2.0 to 2.4 g/cm3. The flexural strength obtained per specimen, 

green strength is between 55 and 90 MPa. In addition, the flexural strength was 

doubled when the after strength was between 629 and 4264 MPa under the specified 

conditions of sintering at 1350 C and water permeability were 40, 73, 1,280, and 

12,987 L/m2
h, respectively. According to the experimental results membrane 

support tube samples K0, K4, K8, and K12 can be subsequently used for fabrication 

of asymmetric support membranes depending on their properties.  

 Therefore, preliminary studies show that Narathiwat Kaolin supports this 

work. The potential to manufacture membrane support tubes and control the pore 

size adjustment to achieve a narrow range of the support layer. Work is underway to 

deposit ultrafiltration (UF) membranes as well as low-cost and environmentally 

friendly contributions produced from kaolin. It is a useful parameter and increases 

the efficiency of product fabrication more suitable for this research. This may 

expand the scope of use further to be used as an effective support membrane for 

further study and development of asymmetric membranes in industry. 
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Appendix B: Raw data of experimental results  

 
- Graph of sintering temperature 

     
 
Calculation method  

 

- Preparation of Al2O3 slurry  

It has a solid loading of 75:25, prepared in 75 g. 

 

Note: instead of X = weight of Al2O3 Slurry in g. e.g., to prepare 100 g of solids 

loading 

 

- 75 g of powder Al2O3 75 g and RO water 25 g  

 

Solid loading = 
𝑋∗75

100
 

 

Solid loading = X (g) 

 

- Preparation of kaolin slip (50:50) 

Note: instead of X = weight of kaolin in g. e.g., to prepare 100 g of solids loading 

 

Solid loading = 
𝑋∗50

100
 

 

- 50 g of powder kaolin 25 g and RO water 25 g  
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- Al2O3 slurry by ball mill for 2 h.  

Total solution Water (%) Solid (%) Water 

 

100 

 

25 

 

75 

𝑊𝑎𝑡𝑒𝑟(%)

100
 𝑋 𝑇𝑜𝑡𝑎𝑙 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 

 

Solid TM-5D %wt of solid 

*concentration 

kaolin %wt of Solid 

*concentration 

kaolin slip (ball mill 2nd) for 45 

min. 

*concentration 
𝑆𝑜𝑙𝑖𝑑(%)

100
𝑋 𝑇𝑜𝑡𝑎𝑙 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 

 

100 

 

0 

 

50 
 

TM-5D kaolin (%) water (%) in kaolin slip 
𝑇𝑀 − 5𝐷 %𝑤𝑡 𝑜𝑓 𝑠𝑜𝑙𝑖𝑑

100
 𝑋 𝑆𝑜𝑙𝑖𝑑 

𝑘𝑎𝑜𝑙𝑖𝑛 %𝑤𝑡 𝑜𝑓 𝑆𝑜𝑙𝑖𝑑

100
 𝑋 𝑆𝑜𝑙𝑖𝑑 

𝑘𝑎𝑜𝑙𝑖𝑛 (%)

𝑘𝑎𝑜𝑙𝑖𝑛 𝑠𝑙𝑖𝑝 (𝑏𝑎𝑙𝑙 𝑚𝑖𝑙𝑙 2𝑛𝑑) 
 𝑋 (100 − 𝑆𝑘𝑎𝑜𝑙𝑖𝑛 𝑠𝑙𝑖𝑝 (𝑏𝑎𝑙𝑙 𝑚𝑖𝑙𝑙 2𝑛𝑑)) 

 

water ball (ball mill 1st) Slurry (ball mill 1st) % Displex AA (ball mill 1st) ball mill 1st 

𝑤𝑎𝑡𝑒 − 𝑤𝑎𝑡𝑒𝑟 (%) 𝑖𝑛 𝑘𝑎𝑜𝑙𝑖𝑛 𝑠𝑙𝑖𝑝 𝑇𝑀 − 5𝐷 − 𝑤𝑎𝑡𝑒𝑟 𝑏𝑎𝑙𝑙 (𝑏𝑎𝑙𝑙 𝑚𝑖𝑙𝑙 1𝑠𝑡) 1 % 𝐷𝑖𝑠𝑝𝑙𝑒𝑥 𝐴𝐴 (𝑏𝑎𝑙𝑙 𝑚𝑖𝑙𝑙 1𝑠𝑡)

100
 𝑋 𝑇𝑀

− 5𝐷 

 

MgO (%) 

*concentration 

MgO 
 

 

0.03 

𝑀𝑔𝑂 (%)

100
 𝑋 𝑇𝑀 − 5𝐷 

 

  
Note: All calculations are done using the program Excel for more accuracy. 

 

7
0
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- Kaolin by ball mill for 45 min.  

slurry TM-5D solid loading 

TM-5D 

Required amount of kaolin Required amount of water 

 

70 

 

52.5 

𝑠𝑜𝑙𝑖𝑑 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑇𝑀 − 5𝐷

𝑇𝑀 − 5𝐷
 𝑋 𝑘𝑎𝑜𝑙𝑖𝑛 (%) 

𝑠𝑜𝑙𝑖𝑑 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑇𝑀 − 5𝐷

𝑇𝑀 − 5𝐷
 𝑋 𝑤𝑎𝑡𝑒𝑟 (%) 𝑖𝑛 𝑘𝑎𝑜𝑙𝑖𝑛 𝑠𝑙𝑖𝑝 

 

Solution Prepare the kaolin solution. 

𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑘𝑎𝑜𝑙𝑖𝑛 + 𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟 30 
Amount of kaolin weighed Amount of water weighed 

𝑘𝑎𝑜𝑙𝑖𝑛 𝑠𝑙𝑖𝑝 (𝑏𝑎𝑙𝑙 𝑚𝑖𝑙𝑙 2𝑛𝑑) 

100
 𝑋 𝑃𝑟𝑒𝑝𝑎𝑟𝑒 𝑡ℎ𝑒 𝑘𝑎𝑜𝑙𝑖𝑛 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛. 

(100 − 𝑘𝑎𝑜𝑙𝑖𝑛 𝑠𝑙𝑖𝑝 (𝑏𝑎𝑙𝑙 𝑚𝑖𝑙𝑙 2𝑛𝑑))

100
 𝑋 𝑃𝑟𝑒𝑝𝑎𝑟𝑒 𝑡ℎ𝑒 𝑘𝑎𝑜𝑙𝑖𝑛 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛. 

 

Agar 

Concentration 

Amount of agar weighed 

 

0.6 

𝐴𝑔𝑎𝑟 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 

100
 𝑋 𝑠𝑜𝑙𝑖𝑑 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑇𝑀 − 5𝐷 + 𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑘𝑎𝑜𝑙𝑖𝑛  

 

Agar in solution 

*concentration 

Mix the water into the agar 
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𝐴𝑔𝑎𝑟 𝑖𝑛 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
 𝑋 𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑎𝑔𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑒𝑑 

 

% Displex AA 

(ball mill 2nd) 
(ball mill 2nd) 

 

2 

 % 𝐷𝑖𝑠𝑝𝑙𝑒𝑥 𝐴𝐴 (𝑏𝑎𝑙𝑙 𝑚𝑖𝑙𝑙 2𝑛𝑑)

100
 𝑋 𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑘𝑎𝑜𝑙𝑖𝑛 𝑤𝑒𝑖𝑔ℎ𝑒𝑑 
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- Density of Al2O3 membrane tubes 

Samples W1(g) W2(g) W3(g) V Vop %PA %AW B A 

A 8.87 6.62 10.57 3.95 1.7 43.04 19.17 2.25 3.94 

B 6.7 5.02 8.31 3.29 1.61 48.94 24.03 2.04 3.99 

C 7.54 5.62 9.1 3.48 1.56 44.83 20.69 2.17 3.93 

D 7.22 5.36 8.75 3.39 1.53 45.13 21.19 2.13 3.88 

E 6.25 4.58 7.57 2.99 1.32 44.15 21.12 2.09 3.74 

F 7.77 5.81 9.46 3.65 1.69 46.30 21.75 2.13 3.96 

G 6.16 4.59 7.23 2.64 1.07 40.53 17.37 2.33 3.92 

 

 

Samples W1(g) W2(g) W3(g) V Vop %PA %AW B A 

0 wt% 10.79 7.91 12.29 4.38 1.5 34.25 13.90 2.46 3.75 

4 wt% 4.86 3.54 5.7 2.16 0.84 38.89 17.28 2.25 3.68 

8 wt% 5.04 3.75 6.06 2.31 1.02 44.16 20.24 2.18 3.91 

12 wt% 5.84 4.29 7.16 2.87 1.32 45.99 22.60 2.03 3.77 

 

 

Samples %PA B 

K0 34.25 2.46 

K4 38.89 2.25 

K8 44.16 2.18 

K12 45.99 2.03 
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Mechanical properties  

 

- Green strength 

Specimen D di Max 

load (N) 

Maximum 

stress 

(MPa) 

Flex 

modulus 

(MPa) 

Ext/Max 

Flex load 

(mm) 

Flex strain/ 

Max flex load 

(mm/mm) 

0wt% / M2 13.46 9.59 8.59 0.76 456.54 -0.33 0.0036 

0wt% / M6 13.12 9.43 14.05 1.35 674.71 -0.49 0.0054 

0wt% / M7 13.27 9.66 8.73 0.81 780.58 -0.28 0.003 

0wt% / M9 13.13 9.57 15.48 1.48 503.91 -0.48 0.0053 

0wt% / M11 13.15 9.32 11.67 1.11 592.4 -0.36 0.0039 

 

 

L(mm) D4(mm) di
4(mm) 3.14 8 8*F*L*D D4-di4 F(MPa) 

100 32823.14865 8458.131418 3.14 8 4916022.72 76506.1541 64.26 

100 29630.25166 7907.63784 3.14 8 7081756.16 68209.00741 103.82 

100 31008.70943 8707.801203 3.14 8 8286637.28 70024.85183 118.34 

100 29720.69113 8387.793908 3.14 8 5293070.64 66985.29728 79.02 

100 29902.19101 7545.076534 3.14 8 6232048.00 70201.33944 88.77  
𝑿̅ =90.84 

 SD=21.07 
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- Sintered strength  

Specimen D di Max 

load (N) 

Maximum 

stress 

(MPa) 

Flex 

modulus 

(MPa) 

Ext/Max 

Flex load 

(mm) 

Flex strain/ 

Max flex load 

(mm/mm) 

4wt% / N2 12.9 9.78 110.78 11.17 6716.81 -0.41 0.0044 

4wt% / N4 13.33 9.84 105.21 9.61 4528.78 -0.63 0.007 

4wt% / N6 13.21 9.86 106.52 10.00 5528.78 -0.86 0.0094 

4wt% / N8 13.07 9.29 196.21 19.02 10166.33 -0.48 0.0052 

4wt% / N10 12.64 9.61 189.39 20.3 11267.54 -0.44 0.0046 

 

 

L(mm) D4(mm) di
4(mm) 3.14 8 8*F*L*D D4-di4 F(MPa) 

100 27692.2881 9148.616423 3.14 8 69317479.2 58227.12907 1190.47 

100 31573.34518 9375.196815 3.14 8 48294909.92 69702.18588 692.88 

100 30451.68092 9451.650624 3.14 8 58428147.04 65940.09512 886.08 

100 29181.14646 7448.397677 3.14 8 106299146.5 68240.83118 1557.71 

100 25526.32508 8528.910374 3.14 8 113937364.5 53371.88219 2134.78 
 

𝑿̅ =1292.38 

 SD=573.35 
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Fabrication of tubular 

 

 

 

 

 

 
 

 

  Three-point bending test        Permeation test  
 

  

Specimen Bending 

strength (MPa) 

SD 

  
0 wt% 90.84 21.07 

4 wt% 80.43 21.97 

8 wt% 63.48 18.75 

12 wt% 55.45 16.48 

Specimen Bending 

strength (MPa) 

SD 

0 wt% 4264.70 1214.57 

4 wt% 1292.38 573.35 

8 wt% 1083.58 157.79 

12 wt% 629.14 339.46 

Sintered strength  Green strength  
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- Permeation test  

 

 

 

M ชือ่ชิน้งาน สตูร 1 Alumina+Kaolin 0 wt%

ขนาดความยาวชิน้งาน 62 mm A=40mm *เปลีย่น ml เป็น L Flux (L/m^2.h)

ค ำนวณ Pressure (bar) ค ำนวณ Pressure (bar) ค ำนวณ Pressure (bar) A ตร ม Time(h) A จรงิ 0.5 1 1.5 2 Conclustion

Time (min) 0.5 1 1.5 2 0.5 1 1.5 2 0.5 1 1.5 2 40 Pressure (bar) Flux (L/m^2.h)

0 5.75 12.57 29.35 59.74 0 0 0 0 0 0 0 0 0.04 0 0.0016 0.00 0.00 0.00 0.00 0.5 10.41

5 7.51 17.65 38.56 76.73 1.76 5.08 9.21 16.99 0.00176 0.00508 0.00921 0.01699 0.083333 0.0016 13.20 38.10 69.08 127.43 1 28.50

10 9.27 22.74 47.99 93.12 3.52 10.17 18.64 33.38 0.00352 0.01017 0.01864 0.03338 0.166667 0.0016 13.20 38.14 69.90 125.18 1.5 52.13

15 11.85 27.79 57.16 109.92 6.1 15.22 27.81 50.18 0.0061 0.01522 0.02781 0.05018 0.0016 0.25 0.0016 15.25 38.05 69.53 125.45 2 94.51

Average 10.41 28.57 52.13 94.51

N ชือ่ชิน้งาน สตูร 2 Alumina+Kaolin 4 wt%

ขนาดความยาวชิน้งาน 79 mm A=59mm *เปลีย่น ml เป็น L Flux (L/m^2.h)

ค ำนวณ Pressure (bar) ค ำนวณ Pressure (bar) ค ำนวณ Pressure (bar) A ตร ม Time(h) A จรงิ 0.5 1 1.5 2 Conclustion

Time (min) 0.5 1 1.5 2 0.5 1 1.5 2 0.5 1 1.5 2 59 Pressure (bar) Flux (L/m^2.h)

0 16.66 83.54 181.29 332.96 0 0 0 0 0 0 0 0 0.059 0 0.003481 0.00 0.00 0.00 0.00 0.5 48.75

5 35.61 114.9 221.66 389.97 18.95 31.36 40.37 57.01 0.01895 0.03136 0.04037 0.05701 0.083333 0.003481 65.33 108.11 139.17 196.53 1 80.45

10 54.48 146.31 259.82 445.02 37.82 62.77 78.53 112.06 0.03782 0.06277 0.07853 0.11206 0.166667 0.003481 65.19 108.19 135.36 193.15 1.5 102.30

15 72.77 175.34 298.48 497.7 56.11 91.8 117.19 164.74 0.05611 0.0918 0.11719 0.16474 0.003481 0.25 0.003481 64.48 105.49 134.66 189.30 2 144.75

Average 48.75 80.45 102.30 144.75

O ชือ่ชิน้งาน สตูร 3 Alumina+Kaolin 8 wt%

ขนาดความยาวชิน้งาน 57 mm A=39mm *เปลีย่น ml เป็น L Flux (L/m^2.h)

ค ำนวณ Pressure (bar) ค ำนวณ Pressure (bar) ค ำนวณ Pressure (bar) A ตร ม Time(h) A จรงิ 0.5 1 1.5 2 Conclustion

Time (min) 0.5 1 1.5 2 0.5 1 1.5 2 0.5 1 1.5 2 39 Pressure (bar) Flux (L/m^2.h)

0 78.51 524.64 1322.45 1417.86 0 0 0 0 0 0 0 0 0.039 0 0.001521 0.00 0.00 0.00 0.00 0.5 668.35

5 191.54 756.96 1622.59 1857.64 113.03 232.32 300.14 439.78 0.11303 0.23232 0.30014 0.43978 0.083333 0.001521 891.76 1832.90 2367.97 3469.66 1 1365.97

10 301.68 983.67 1931.76 2297.42 223.17 459.03 609.31 879.56 0.22317 0.45903 0.60931 0.87956 0.166667 0.001521 880.36 1810.77 2403.59 3469.66 1.5 1796.28

15 421.23 1216.78 2240.21 2737.2 342.72 692.14 917.76 1319.34 0.34272 0.69214 0.91776 1.31934 0.001521 0.25 0.001521 901.30 1820.22 2413.57 3469.66 2 2602.25

Average 668.35 1365.97 1796.28 2602.25

P ชือ่ชิน้งาน สตูร 4 Alumina+Kaolin 12 wt%

ขนาดความยาวชิน้งาน 49 mm A=30mm *เปลีย่น ml เป็น L Flux (L/m^2.h)

ค ำนวณ Pressure (bar) ค ำนวณ Pressure (bar) ค ำนวณ Pressure (bar) A ตร ม Time(h) A จรงิ 0.5 1 1.5 2 Conclustion

Time (min) 0.5 1 1.5 2 0.5 1 1.5 2 0.5 1 1.5 2 30 Pressure (bar) Flux (L/m^2.h)

0 109.54 1054.73 2010.25 2955.08 0 0 0 0 0 0 0 0 0.03 0 0.0009 0.00 0.00 0.00 0.00 0.5 7877.78

5 1033.23 2972.23 3529.7 5422.1 923.69 1917.5 1519.45 2467.02 0.92369 1.9175 1.51945 2.46702 0.083333 0.0009 12315.87 25566.67 20259.33 32893.60 1 14954.60

10 1557.75 3564.15 6567.12 7889.62 1448.21 2509.42 4556.87 4934.54 1.44821 2.50942 4.55687 4.93454 0.166667 0.0009 9654.73 16729.47 30379.13 32896.93 1.5 19443.21

15 2256.16 4997.24 8115.48 10356.21 2146.62 3942.51 6105.23 7401.13 2.14662 3.94251 6.10523 7.40113 0.0009 0.25 0.0009 9540.53 17522.27 27134.36 32893.91 2 24671.11

Average 7877.78 14954.60 19443.21 24671.11
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