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ABSTRACT  

 

 

SYNTHESIS OF BINDERLESS TUBULAR ZEOLITE X MACROBODIES 

 

 

 

G¿rtepe ¢etint¿rk, Ķrde 

M.Sc., Department of Chemical Engineering 

Supervisor: Prof.Dr.Ali ¢ulfaz 

  Co-supervisor:Assoc.Prof.Dr.Halil Kalēp­ēlar 

 

December 2010, 178 pages 

 

Zeolites are microporous crystallines with well defined structures. Zeolites are used 

in variety of applications because of their properties such as high temperature 

stability, ion-exchange capacity, adsorption capacity and stability to harsh 

conditions. Some major applications of zeolites are ion-exchange, catalysis, 

adsorption and separation.  

 

Synthetic zeolites are normally produced as fine crystalline powder. Prior to their 

use, the powder is usually formed into spheres, tablets and extrudates by addition 

binder. Since binders present in the zeolite can block the pores and decrase the 

adsorption properties, preparation binderless zeolite agglomerates with high 

mechanical stability has great technological importance.  

 

Objective of the study is to synthesize binderless zeolite X tubular macrobodies by 

using the developed methods for the synthesis of zeolite A bars and tubes. Main steps 

of the study are synthesis of the tubular binderless zeolite X macrobodies, 

characterization of the macrobodies, determination the effect of hydrogel 

composition on zeolite phase and analyzing effect of time on the crystallinity of 

macrobodies.  
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Experimental method for synthesizing the binderless tubular zeolite X macrobodies 

includes the following steps; preparing hydrogel by mixing sodium aluminate and 

sodium silicate solutions, filtration of the hydrogel, paste preparation from solid 

phase of the hydrogel, extrusion of green tubes from paste, calcination of green tubes 

and crystallization of calcined tubes in filtered liquid of the hydrogel. 

 

In this study, synthesis of binderless tubular pure zeolite X macrobodies with high 

crystallinity was achieved. Micropore volume and BET surface area of the zeolite X 

tubular macrobody Ķ¢S-18, which has 99.9 % crystallinity were determined as 0.178 

cm
3
/g and 631.2 m

2
/g, respectively. 

 

Pure zeolite X, pure zeolite A and zeolite A, X mixtures were obtained after the 

crystallization of the calcined extrudates which were obtained from different 

hydrogel compositions. Ternary diagram which was based on the hydrogel 

compositions and the obtained zeolite phases was plotted.  
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BAĴLAYICISIZ T¦P ķEKLĶNDE ZEOLĶT X MAKRO YAPILAR 

SENTEZLENMESĶ 

 

 

 

G¿rtepe ¢etint¿rk, Ķrde 

Y¿ksek Lisans, Kimya M¿hendisliĵi Bºl¿m¿ 

 Tez yºneticisi: Prof.Dr.Ali ¢ulfaz 

Ortak tez yºneticisi:Do­.Dr.Halil Kalēp­ēlar 

 

Aralēk  2010, 178 sayfa 

 

Zeolitler, iyi tanēmlanmēĸ yapēlarē olan mikro gºzenekli kristallerdir. Zeolitler, 

y¿ksek sēcaklēĵa dayanēklēlēk, iyon deĵiĸtirme kapasitesi, adsorpsiyon kapasitesi ve 

zor ĸartlara dayanēklēlēk gibi ºzellikleri sebebiyle ­ok ­eĸitli uygulamalarda 

kullanēlmaktadēr. Zeolitlerin bazē ºnemli uygulamalarē iyon deĵiĸimi, katalizºr, 

adsorpsiyon ve ayērma iĸlemleridir. 

 

Sentetik zeolitler normal olarak iyi kristalleĸmiĸ toz halinde ¿retilirler. 

Kullanēmlarēndan ºnce toz, genellikle baĵlayēcē ilavesiyle k¿re, tablet ve ekstr¿zyon 

¿r¿nleri haline getirilir. Zeolitin i­inde bulunan baĵlayēcē gºzenekleri 

tēkayabileceĵinden ve adsorpsiyon ºzelliklerini azaltacaĵēndan, y¿ksek mekanik 

dayanēklēlēĵa sahip baĵlayēcēsēz zeolit k¿melerinin hazērlanmasē teknolojik a­ēdan 

b¿y¿k ºneme sahiptir.  

 

Bu ­alēĸmanēn amacē, zeolit A ­ubuk ve t¿plerin sentezlenmesi i­in geliĸtirilmiĸ 

metodun kullanēlmasēyla t¿p ĸeklinde baĵlayēcēsēz zeolit X makro yapēlarēn 

sentezlenmesidir. ¢alēĸmanēn temel aĸamalarē, t¿p ĸeklinde baĵlayēcēsēz zeolit X 

makro yapēlarēn  sentezlenmesi, makro yapēlarēn karakterizasyonu, hidrojel 
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bileĸiminin zeolit fazē ¿zerine etksinin belirlenmesi ve zamanēn makro yapēlarēn 

kristalliĵi ¿zerine etkisinin analizidir. 

 

Baĵlayēcēsēz t¿p ĸeklinde zeolit X makro yapēlarēn sentezlenmesi i­in deneysel metod 

kēsaca ĸu basamaklarē i­erir; sodyum al¿minat ve sodyum silikat ­ºzeltilerinin 

karēĸtērēlmasēyla hidrojel hazērlanmasē, hidrojelin s¿z¿lmesi, hidrojelin katē 

kēsmēndan hamur hazērlanmasē, bu hamurdan ēslak t¿plerin ­ekilmesi, ēslak t¿plerin 

kalsine edilmesi ve kalsine edilen t¿plerin hidrojelden s¿z¿len sēvēnēn i­inde 

kristallendirilmesi. 

 

Bu ­alēĸmada, y¿ksek kristalliĵe sahip baĵlayēcēsēz t¿p ĸeklinde saf zeolit X makro 

yapēlarēn sentezlenmesi baĸarēlmēĸtēr. % 99.9 kristalliĵe sahip olan t¿p ĸeklindeki 

zeolit X makro yapēnēn, Ķ¢S-18, mikrogºzenek hacmi ve BET y¿zey alanē sērasēyla 

0.178 cm
3
/g and 631.2 m

2
/g olarak tespit edilmiĸtir. 

 

Farklē hidrojel komposizyonlarēnda elde edilmiĸ kalsine ekstr¿zyon ¿r¿nlerinin 

kristalizasyonu ile saf zeolit X, saf zeolit A ve zeolit X,A karēĸēm fazlarē elde 

edilmiĸtir. Hidrojel komposizyonlarē ve elde edilen zeolit fazlarēnē temel alan ¿­gen 

diyagram ­izilmiĸtir.  

 

Anahtar Kelimeler: Zeolit X, baĵlayēcēsēz zeolit X makro yapēlar  
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CHAPTER 1 

 

 

INTRODUCTION  

 

 

 

Zeolites are microporous crystals. They can be classified as natural (chabazite, 

clinoptilolite, etc.) and synthetic (zeolite A,  zeolite X, etc.). Zeolites are used in a 

variety of applications because of their properties such as high temperature stability, 

ion-exchange capacity, adsorption capacity and stability to harsh conditions.  

 

Faujasite (FAU) is the group name of zeolites that have cavities with a diameter of 

1.3 nm interconnected by pores of 0.74 nm, depending on the Si/Al ratio it can be 

distinguished into X-type (Si/Al=1.0-1.5) and Y type (Si/Al  1.5). X-type zeolite 

has typical chemical composition Na2O.Al2O3.2.5SiO2.6H2O, its framework is stable, 

rigid and contains a void space that is about 50 % of dehydrated crystal volume. 

(Breck,1974) 

 

Zeolites, which are typically produced as powder of fine crystals (typically 1ï10 Õm) 

should be shaped into pellets, tablets, beads or other suitable forms for some 

industrial applications. The shape bodies should have sufficient dimensions, porosity 

and mechanical strength.(Sun,2008) Different types of binders, organic or inorganic, 

are used during pelletization to achieve satisfactory mechanical strength. 

 

Binders may block the pores and reduce the active area and efficiency of zeolite 

pellet. The binder has shown evidently affected the adsorption properties of 

synthesized pellets of zeolites A (Shams,2007), (Sebastian,2007) zeolite X 

(Sebastian,2007), (Jasra,2003) and Y(Jasra,2003). Therefore, the synthesis of 

binderless zeolite macrobodies has great technological importance. 
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Ural synthesized binderless zeolite A and X discs from aluminosilicate powders. 

Sodium aluminosilicate hydrogel was filtered to obtain solid and liquid phases. Solid 

phase, wet cake, was washed to reduce pH, dried and conditioned to obtain 

amorphous powder. Amorphous powder was then pressed into discs. Discs were 

finally calcined and converted to zeolite A or X by hydrothermal synthesis in the 

filtered liquid of hydrogel.(Ural,1999) 

 

This method was improved by ¥zcan to synthesize zeolite A tubes and bars. Sodium 

aluminosilicate hydrogel was filtrated into solid and liquid phases as in the method of 

Ural (1999). Amorphous powder was mixed with organic binder, hyrdoxyethyl 

cellulose, to obtain a paste for the extrusion. Paste was extruded into bars and tubes 

by using home-made ram extruder. Green tubes were calcined to remove organic 

binder and synthesized in the filtered liquid of hydrogel.(¥zcan,2006) G¿c¿yener 

simplified experimental method that was developed by ¥zcan and synthesized 

tubular zeolite A supports and thin zeolite layer on the zeolite supports. 

(G¿c¿yener,2008) 

 

Objective of the study is to synthesize binderless zeolite X tubular macrobodies by 

using the developed methods for the synthesis of zeolite A bars and tubes. Main steps 

of the study are synthesis of the tubular binderless zeolite X macrobodies, 

characterization of the macrobodies, determination the effect of hydrogel 

composition on zeolite phase, analyzing effect of time on the crystallinity of 

macrobodies.  
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CHAPTER 2 

 

LITERATURE SURVEY  

 

 

2.1. Description of Zeolites X and A 

 

Zeolites are defined as crystalline, hydrated aluminosilicates with a certain 

framework. (Breck, 1974) 

 

Faujasite (FAU) is the group name of zeolites that have cavities with a diameter of 

cavities with a diameter of 1.3 nm interconnected by pores of 0.74 nm, depending on 

the Si/Al ratio it can be distinguished into X-type (Si/Al=1.0-1.5) and Y type      

(Si/Al 1.5). X-type zeolite has typical chemical composition 

Na2O.Al2O3.2.5SiO2.6H2O, its framework is stable, rigid and contains a void space 

that is about 50 % of dehydrated crystal volume. (Breck,1974) 

 

Typical oxide formula of zeolite 4A is Na2O.Al2O3.2SiO2.4.5H2O. It has pores of 

0.42 nm, it is very hydrophilic and named according to cations in the structure. If 

potassium is in the structure, zeolite is called 3A or KA, if sodium is in the structure 

zeolite is called 4A or NaA, if calcium is in the structure zeolite is called 5A or CaA.  

 

Figure 2.1 shows the framework structure of the zeolite A and X.  Zeolite A has 

cubic crystal structure whereas zeolite X has tetrahedral crystal structure. 
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Figure 2.1: Framework structure of zeolite A and zeolite X 

 

2.2 Preparation of zeolite macrobodies 

 

Zeolite materials can be used at different applications such as ion exchange, 

adsorption, pervaporation. Zeolites are generally produced in the form of pellets, 

granules, tablet or other suitable forms by using binders.(Tosheva,2000)  

 

Most often a clay mineral and/or a silicate or aluminum chlorohydrate solution, 

which is used as binder is mixed with zeolite and water to produce a wet mixture. 

(Breck,1974) The mixture is then extruded into cylindrical pellets or formed by 

granulation into beads, which are then calcined to convert the clay into an amorphous 

binder providing the material with mechanical strength. However, the binders may 

have a negative effect on the effective surface area of the product. Therefore, the 

synthesis of zeolites without binders has great technological importance.  

 

Several methods were developed to prepare binderless zeolite bodies. These methods 

can be classified in two groups: zeolite coating on the supports and self bonded 

zeolites.   
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2.2.1 Zeolite coating on the supports 

 

Aim of synthesis of thin zeolite coatings on structured supports is to ensure low 

pressure drop and high flux due to macrostructure of the support. On the other side 

this advantage, thin zeolite film provides high selectivity. 

 

The easiest way to synthesize a zeolitic coating on a support is to grow zeolite 

crystals on the support by hydrothermal synthesis. For this purpose, the support 

material is put in the zeolite synthesis solution before the synthesis. When 

experimental parameters, temperature and time, are suitable, zeolites start to form on 

the support surface instead of in the liquid phase. At last, binderless homogenous 

zeolite film forms on the support surface. (Shan,2000)  

 

The first patents were assigned to Grasselli et al. (US Patent No: 5310714) and 

Jansen et al. (US Patent No: 5843392) with this technique. 

 

Binderless zeolite ZSM-5 coatings were prepared on stainless steel monolith 

(Shan,2000) and ceramic foam supports by hydrothermal synthesis. (Seijger,2000) 

 

Thin film of ZSM-5 zeolite were prepared on porous cordieriete honeycombs by a 

solid state in situ-crystallization method. (Madhusoodana, 2001) 

 

Aforementioned studies include synthesis of homogenous zeolite film on the support 

by hydrothermal treatment.  As a different way, Balkus et al. used pulsed laser 

deposition to obtain oriented UTD-1 zeolite films on the surface of glass and steel 

beads. Pulsed laser deposition is a technique for coating small three dimensional 

objects with molecular sieves. Particles growth on temperature controlled substrate 

as a result of striking the zeolite target with an excimer laser beam. Then, to 

reorganize the zeolite coating,  pulsed laser deposition film is treated by              

post-hydrothermal synhtesis. (Balkus,2000) 

 

Valtchev et al. reported on the preparation of zeolite coatings on polystyrene beads 

by repeatable adsorption of nanosized zeolite crystals. This technique was called as 
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the layer-by-layer (LbL) self-assembly techniques. The technique includes two 

experimental steps. In the first step, the negatively charged polystyrene beads are 

modified by a cationic polymer. In the second step colloidal zeolite crystals  

adsorbed on the surface of the beads. Until the zeolite coatings reaches desired 

thicknesses, experiments can be repeated.(Valtchev,2001) 

 

Fankhanel et al. reported on the synthesis of molecular sieves based on NaX-zeolite 

coated highly porous stainless steel fibre substrates. It was also reported in the study 

that to increase the zeolite layer thickness, oxidation of the stainless steel fibre and 

second coating step were required.(Fankhanel,2009) 

 

2.2.2 Self-bonded Zeolites 

 

Self bonded zeolite pellets have been prepared from natural products of volcanic 

origin. The synthesis of pelleted form ZSM-5 zeolite  from very dense gels have been 

reported. (Crea,1991)  

 

Methods based on conversion of preshaped amorphous materials into zeolites had 

been also developed. Silicalite-1 and silicalite-2 have been prepared by conversion of 

canemites.(Shimizu,1996) 

 

Kiricsi et al. synthesized disc-shaped form ZSM-5 zeolite by the experimental 

procedure which includes solid state reactions. Sodium ions of the pellet was ion 

exchanged in hydrochloric acid solution and proton form of the zeolite was obtained. 

(Kiricsi,1998)  

 

Jung et al. reported first success in the preparation of monolithic zeolite from a solid 

cogel containing TPAOH as a template. Experimental method includes pelleting the 

TPAOH containing cogels into various shapes, crystallization of the pellets to obtain 

TS-1 monoliths, crystallization of the cogel monolith in an autoclave at 443 K. Last 

experimental step was calcinations of TS-1 zeolite monolith at 823 K for 2 h to 

remove the organic molecules. (Jung,1998) 
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Novel honeycomb composite consisting ZSM-5 zeolite and mullite was developed 

utilizing glass from a sintered kaolin honeycomb.(Komarneni,1998)  

 

Other way to prepare zeolite materials with different shapes, is to synthesize the 

zeolite with in a different shaped matrix. Self bonded structure can be obtained by 

the removal of the matrix by calcination. (Tosheva,2000)  

 

Tosheva et al. prepared silicalite-1 containing microspheres by using ion-exchange 

resins as shape-directing macrotemplates. Ion exhange resin-microporous materials 

were performed by hydrothermal synthesis of resin with synthesis solution. Resin 

then removed by calcination at 600 
0
C for 5h. (Tosheva,2000) 

 

Luo et al. synthesized binderless zeolite X by using silica gel spheres as starting 

material. The products were essentially in the same size and shape as the raw silica 

gel. Silica gel spheres (20-40 mesh) were dipped into sodium-aluminate solution and 

aged at about 318K for 16 hours. Then the temperature raised to 358-368 K. The 

crystallization started and continued for 6-72 hour. (Luo, 1997) 

 

Luca et al. reported direct syntheses of pelleted zeolites from aluminosilicate gels 

obtained with Li+-Na+, Na+ and Na+-K+ cations. The role of tetraalkylammonium 

ions (tetramethyl, tetraethyl and tetrabutyl) was evaluated to synhtesis different types 

of pelleted zeolites.(Luca,2001) 

 

Dry gel conversion method  

 

The dry gel conversion method has been developed with the purposes of to reduce 

template consumption and increase the possibilities of preparing zeolites in a suitable 

form. The zeolites beta (Rao a-b,1998), borosilicate [B]-BEA, [B]-MFI and [B]-

MTW (Bandyopadhyav,1999) as well as NU-1 and Ti-NU-1 (Bhaumik,2000) have 

been synthesized using this technique. Similar procedures had been used to prepare 

BEA-type molecular sieves starting from TEAOH-impregnated MCM-41 materials. 

(Takewaki,1999) 
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Rao et al. prepared zeolite with BEA structure using dry gel conversion technique.   

Experimental method incudes, dissolving aluminum sulfate in distilled water at 353 K, 

addition of sodium hydroxide solution and TEAOH to colloidal silica at room 

temperature while stirring, after that addition of aluminum sulfate solution and water 

to the mixture with stirring for 2 h, drying the mixture at 353 K, crashing the dry gel 

into powder, crystallization of the dry gel in steam at 453 K and autogenous pressure 

for 3 to 12 h. (Rao-a,1998) 

 

Bandyopadhyav et al. synthesized borosilicate zeolites, [B]-BEA, [B]-MFI and [B]-

MTW, by the dry gel conversion technique. First step of the experimental method 

was mixing the tetraethylammonium with colloidal silica, after 10 min sodium 

hydroxide was added to the mixture and was stirred for 30 min. Second step was 

dissolving the sodium tetraborate decahydrate in distilled water, addition to the 

mixture and stirring the final mixture for 2 h. At the next step, for evaporation of the 

water, the gel was dried at 80ÁC over an oil bath. Thick and viscous gel was 

homogenized by stirring with a teflon rod by hand.  White solid that was obtained 

from the gel, crashed into a fine powder and the powder was put into a small teflon 

cup. A teflon wrapped autoclave with water in its bottom, was used in the synthesis. 

Water was the source of steam and the dry gel never contact with water directly. The 

crystallization of the dry gel was carried out at 175ÁC for 72 h in autogenous 

pressure.(Bandyopadhyav,1999) 

 

Bhaumik et al. synthesized pure silica NU-1 and its titanium silicate analog Ti-NU-1, 

free from Na and Al for the first time using the dry gel conversion technique, which 

was not previously possible under the conventional hydrothermal synthesis 

procedure. Dry gel conversion (DGC) method includes preparation of the reactive 

gel, drying the gel, preparing the power and then heating it under the autogenous 

pressure of water where water and gel never contact directly. (Bhaumik,2000) 

 

Takewaki et al. synthesized Si-Beta by heating TEAOH-impregnated Si-MCM-41 to 

150ÁC for several days. Experimental method includes impregnation of calcined 

mesoporous materials with 35% wt. TEAOH, drying at room temperature, 

synthesizing the powder in teflon wrapped autoclave at 150 
0
C. After synthesis, 
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occluded molecules were removed by calcination in air at 550 
0
C and to remove the 

organic molecules in the pores, sample were contacted with acetic acid. 

(Takewaki,1999) 

 

Madsen et al. synthesized nanosized ZSM-5  zeolite crystals within the mesopore 

system of carbon black materials which can be recovered after the pyrolysis of the 

carbon. (Madsen,1999) 

 

2.2.3 Transformation porous glass granules into zeolites 

 

Many attempts have been made to transform porous glass into various zeolites such 

as ZSM-5 (Dong,1999) (Liu,2002), Ferrierite (Schwieger,2000).   

 

Dong et al. synthesized B-Al -ZSM-5 zeolite on granules of boronïsilicon porous 

glass in a vapor mixture of ethylamine and water at 180ÁC. Experimental method 

includes heat treatment of the granules of the porous glass that were in a small teflon 

cup which has many pinholes in the wall and supported on a teflon stand, in a 35 ml 

autoclave at 180ÁC for 268 h. The position of the cup was located in order to prevent 

the directly contact of the granules with the upper surface of 10 ml of a 50 wt% 

ethylamine solution in the autoclave. Reaction took place in vapor-solid phase. The 

granules were taken out of the autoclave after completion of the reaction, dried at 

100ÁC for 12 h, and then powdered before the characterization. (Dong,1999) 

 

Liu et al. observed the transformation of porous glass spheres into MFI-spheres in a 

synthesis with low water content in two synthesis methods. In the first method, 

sealed quartz ampoules containing the reaction mixture were subjected to the 

reaction temperature in an oven for the reaction time after that they were put into the 

spinner and analyzed at room temperature. In the second method, sealed quartz 

ampoules containing the reaction mixture were placed into the spinner, after that they 

were heated up in the rotating spinner to the reaction temperature and analyzed at 

this temperature in dependence of the reaction time. (Liu,2002) 
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Schwiegger et al. prepared biphasic silicates with a bimodal pore system by 

optimizing the hydrothermal treatment process of a macroporous glass under 

autogenous conditions. Optional the template TPABr (solved in H2O) or 

propylamine have been added into an aluminum containing alkaline solution. In a 

second step the porous glass granules were added to this solution. Afterwards the whole 

reaction mixture was degassed under vacuum. The syntheses were carried out in 

stainless steel autoclaves at 448 K. (Schwiegger,2000) 

 

Scheffler et al. stated the transformation of porous glass beads into ZSM-5 beads 

without changing their original size and shape. Their procedure suggests an      

encouraging option to conventional methods for the synhtesis of binderless 

preshaped zeolites. Preshaped zeolites have microporous properties of zeolite and 

macroporous properties porous glass together. Therefore, these hybrid materials are 

expected to show enhanced performance in different applications such separations 

and catalysis. Macroporous glass beads (Na2OïB2O3-SiO2) which has a particle 

diameter of approximately 300 Õm and an average pore diameter of 92 nm were 

transformed into MFI-type zeolite containing beads without changing their original 

shape. The conversion was obtained by hydrothermal treatment of the macroporous 

glass beads with an aqueous mixture of an aluminun source (sodium aluminate or 

aluminum sulfate) and a template (tetrapropylammonium bromide (TPABr) or 

dipropylamine (DPA)). (Scheffler, 2002) 

 

Rauscher et al. reported their systematic studies on the hydrothermal transformation 

of porous glass granules into ZSM-5 granules using monopropylamine as the 

template. (Rauscher,2004) 

 

2.2.4 Carbon-zeolite composites 

 

Zeolite carbon composite materials combine adsorptive properties of zeolite and 

carbon. They have potential usage in various applications such as wastewater 

treatment, stack gas treatment, air purification and many other applications in 

adsorption and separation. 
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Madsen et al. reported an experimental method that allows the control of the crystal 

size distribution. This method includes crystallization of the zeolite within the 

mesopore structure of a support material, such as carbon black. Nanosized ZSM-5 

crystals had been prepared with this experimental method. (Madsen,1999)   

 

Ma et al. prepared self-bound zeolite-activated carbon extrudates from elutrilithe 

with a two step method which include chemical activation of elutrilithe with K2CO3 

at 800 ÁC and hydrothermal synhtesis in a sodium hydorxide solution. Chemical 

reaction consisting of activation of the carbon in elutrilithe, formation of crystalline 

aluminosilicate, kaliophilite simultaneously and conversion of kaliophilite into 

zeolite in the alkaline medium. During the chemical reaction, carbon, SiO2 and 

Al 2O3 in elutrilithe were converted into activated carbon and zeolite. Properties of 

raw material, elutrilithe, determine the proportion of zeolite and activated carbon in 

the product. The method has a disadvantage that to prepare extrudates with higher 

mechanical stabilities was very difficult because of high carbon content of elutrilithe. 

(Ma,2008) 

 

Ma et al. reported an experimental method that includes addition of pitch powder 

into elutrilithe as the raw material to synthesize granular zeolite A-activated carbon 

composite material with high mechanical strength and regulable zeolite-carbon ratio. 

The synhtesis method was composed of integration of calcinations and carbon 

dioxide activation and following hydrothermal synthesis in alkaline medium. 

(Ma,2010) 

 

Jha et al. reported a method for preparation activated carbon-zeolite composites. 

Method includes activating coal fly ash by fusion with NaOH at 750
Ǔ
C in nitrogen 

and hydrothermal treatments under different conditions.(Jha,2008) 

 

Miyake et al. reported synthesis of activated carbon-zeolite composite materials, 

which are expected to be suitable for environmental applications, by using coal fly 

ash as a source material. Experimental method includes, activation of the main 

components, SiO2 and Al2O3, together with unburned carbon by sodium hydroxide 

fusion treatment at 750 ÁC in nitrogen atmosphere, and  then conversion into zeolites 
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Na-X and or Na-A with high crystallinity by hydrothermal synthesis. Hydrothermal 

synthesis conditions such sodium hydroxide concentration determines the type of 

zeolite phase formation.(Miyake,2008) 

 

Katsuki et al. investigated the formation of ZSM-5 zeolite-porous carbon composite 

material from carbonized rice husk using microwave hydrothermal and conventional 

hydrothermal reaction between 140 to 160 ÁC. ZSM-5 zeolite crystals were growth on 

porous carbonized rice husk by the decomposition and in situ crystallization of silica in 

the carbonized rice husk.(Katsuki,2005) 

 

Gao et al. synthesized zeolite-carbon composites from industrial wastes of coal fly 

ash and sawdust mixtures with an experimental method which includes calcination 

and carbonization at 600-850 
Ǔ
C in N2 atmosphere and subsequently hydrothermal 

treatment in alkaline aqueous solution. (Gao,2005) 

 

2.2.5 Converting Extrudates to zeolites 

 

Converting desired shaped extrudates to zeolites is another method to synthesize 

binderless zeolite macrobodies.Type and quantity of the binder affected the 

mechanical stabilities of the green extrudate and the final product. Binders can be 

classified as in different ways such as natural or synthetic, organic or inorganic, 

colloidal particle type or molecular type and water soluble or non-polar liquid 

soluble. Generally organic binders are used to improve the mechanical strength of 

extrudates and to increase the porosity of the final product after removal of the 

binder by calcination. (Li,2001) 

 

Commercialy used binders for zeolite extrudates are hydrous or hydroxidic forms of 

alumina or mixed silica-alumina.Water is removed from the structure after calcination 

of the green extrudates and subsequently aluminum hydroxides are transformed into 

aluminum oxide types. The mechanical stability is mostly provided through adhesive 

forces and additionally by cross-linking of some terminal hydroxyl groups between 

neighbor binder particles. The interconnected particles in the calcined extrudates are 

no longer called as binder but rather as ómatrixô. The pore size distribution in the 
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matrix depends on the pore sizes of all particles present in the matrix. The formation 

of small mesopores with approximately 10 nm diameter can not be prevented as a 

result of the small size of the binder particles. (Freiding, 2007) 

 

Chang et al. and Shihabi et al. found that aluminum which comes from alumina-

based binders can be incorporated into the zeolite framework by forming additional 

acid sites. (Chang, 1985),(Shihabi, 1985) In the case of silica as binder, a decrease of 

the zeolite acidity was observed by using zeolite Y in the experiments. (Wu, 2002) 

Many attempts were done to use alternative binders because of that disadvantages. 

 

Freiding et al. reported aluminium phosphates as alternative binders for the extrusion 

of zeolite materials. It was stated that aluminium phosphates exist in different atomic 

Al/P ratios. In the composition AlPO4, they are isoelectronic with SiO2 and consist of 

alternating AlO4/2 and PO4/2 tetrahedra. Six among the known, dense crystal 

modifications of AlPO4 are isostructural with modifications of silica; tridymite is one 

of these. In addition, many AlPO4 molecular sieves are known, of which some are 

isostructural with zeolites. (Freiding, 2007) 

 

Paste extrusion is widely used to produce a variety of products for mechanical, 

electrical and chemical engineering applications.  

 

Working princible of all extruders based on generating pressure difference to press 

the paste through a die. The methods of generating pressure can change significantly 

one extruder from another one but paste flow through dies is common to all types of 

extruders. Therefore, extrudate velocity is related with the pressure difference. 

(Li,2001) 

 

Li et al. described the method that includes capillary experiments and visual 

inspection in the selection of the optimal zeolite paste composition for producing a 

defect free zeolite 5A monolith. In the experiments, a ram extruder was used to 

provide the relationship between extrusion pressure and extrudate velocity for zeolite 

pastes which contain different binder types and amounts. Six extrusion parameters 
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for characterising of the zeolite paste were determined after a series of experiments 

that were carried out cautiously. (Li,2001) 

 

Grandea et al. prepared a zeolite 4A honeycomb monolith with square channels by 

extrusion and characterized as potential adsorbent for separation of propane 

propylene mixtures. The malleable moulding compound included zeolite 4A, methyl 

cellulose, methyl siloxane ether and water with certain ratios. In the extrusion step, 

the zeolite powder and the methylcellulose were fed into the twin-screw extruder via 

gravimetric feed systems. Water and methyl siloxane ether were injected into the 

downstream section  of the extruder cylinder with diaphragm pumps. (Grandea,2006) 

 

Shams et al. synhtesized 5A zeolite monolith extrudates by using kaolin. In the study 

zeolite 5A was synthesized and granular extrudates were prepared using inorganic 

binder (kaolin) and organic binder carboxymethycellulose (CMC). (Shams,2007) 

 

Akolekar investigated thermal transformation of kaolin extrudates to metakaolin and 

following crystallization of low-silica X extrudates. Preparation of porous 

metakaolin extrudates includes four steps. These steps are synhtesis of kaolin-starch 

extrudates; drying of the kaolin extrudates at 373 K for 12 h, calcination of the kaolin 

extrudates for removal of the organic material and conversion of extrudates to 

metakaolin at 973 K. After that metakaolin was converted to low-silica zeolite X by 

hydrothermal synthesis.(Akolekar,1997) 

 

Ural  synthesized binderless zeolite A and X discs from aluminosilicate powders. 

Sodium aluminosilicate hydrogel was filtered to obtain solid and liquid phases. Solid 

phase, wet cake was washed to reduce pH, dried and conditioned to obtain 

amorphous powder. Amorphous powder was pressed as disc shape. Prepared discs 

were calcined and converted to zeolite by hydrothermal synthesis in filtered liquid of 

hydrogel.(Ural,1999) 

 

This developed method was improved by ¥zcan to synthesize zeolite A tubes and 

bars. Sodium aluminosilicate hydrogel was filtrated into solid and liquid phases as 

same with the previous method. Amorphous powder was mixed with organic binder, 
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hyrdoxyethyl cellulose, to obtain a paste for the extrusion. Paste was extruded into 

bars and tubes by using home-made ram extruder. Green tubes were calcined to 

remove organic binder and synthesized in the filtered liquid of 

hydrogel.(¥zcan,2006) G¿c¿yener simplified experimental method that developed 

by ¥zcan and synthesized tubular zeolite A supports and thin zeolite layer on the 

zeolite supports.(G¿c¿yener,2008) 

 

2.3 Crystallization Mechanism of binderless zeolites 

 

Two mechanisms of zeolite crystallization have been proposed. One of the 

mechanism is based on that the transformation of the amorphous gel to zeolite 

crystal occured in the solid phase of gel through rearrangement and surface 

diffusion. The other mechanism is based on that crystallization processes occured in 

the equilibrium state through a continuous dissolving of the amorphous gel phase 

and reprecipitating to form and grow into the zeolite crystal. (Luo,1997) 

 

Luo et al. aimed to obtain information about the crystallization in the system for 

preparation of preformed binderless zeolite X and add understandings to the 

mechanism of zeolite formation since few reports available related to the 

crystallization mechanism of binderless zeolites. In hydrothermal synthesis most of 

the silica source materials are soluble in the alkaline solution at the reaction 

conditions. Different silica sources strongly affect the chemical state of the gel and 

may affect the mechanism of crystallization. In the work, silica gel spheres were 

used to prepare preformed binderless zeolite X. The conditions of synthesis were 

different from that in ordinary synthesis. (Luo,1997) 
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CHAPTER 3 

 

 

EXPERIMENTAL  

 

 

 

 

3.1 Raw Materials for Synthesis  

 

Alumino silicate hydrogels were prepared by using water glass (extra pure, Merck, 

0.287Na2O:SiO2:8.036H2O) sodium hydroxide pellets (NaOH), aluminum hydroxide 

powder (pure, Al(OH)3, Merck) and distilled water. For the preparation of paste 2-

Hydroxy-Ethyl Cellulose(HEC) (Aldrich) was added to powder as nonionic binder. 

Sample calculation for amounts of raw materials is shown in Appendix A. 

 

3.2 Synthesis of Tubular Zeolite Macrobodies 

 

Synthesis of supports includes these major steps: preparation of hydrogel, filtration 

of hydrogel, filtration of the suspension,  extrusion, calcination and hydrothermal 

conversion. Figure 3.2 summarizes all of these steps. 

 

3.2.1 Preparation of hydrogel  

 

Hydrogel was prepared by mixing sodium aluminate and sodium silicate solutions. 

Sodium aluminate solution was prepared by dissolving sodium hydroxide pellets in 

distilled water, adding powder aluminum hydroxide, heating until clear solution was 

obtained and diluting with distilled water after cooling. Sodium silicate solution was 

prepared by diluting the water glass solution. Sodium aluminate solution was added 

on the sodium silicate solution, hydrogel was stirred to obtain homogeneity.   
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3.2.2 Filtration of hydrogel  

 

Filtration of hydrogel was carried out by a Buchner funnel and Whatman No:41 filter 

paper (9-cm in diameter) with a vacuum pump.  Liquid and solid phases of hydrogel 

were separated. Filtered liquid was poured into plastic bottle and was kept for 

hydrothermal conversion step. Solid phase on the filter paper was washed with 500 

ml distilled water to reduce pH.  Solid phase and filter paper were putted on watch 

glass of which weight is known, weight of watch glass plus solid phase plus wet 

filter paper was measured then solid phase was putted into beaker with 2000 ml 

volume, weight of the wet filter paper was measured, weight of solid phase was 

determined. Solid phase was dispersed in 1500 ml distilled water and stirred for one 

day to reduce the pH. The suspension was filtrated again, filtrated liquid was 

discharged and solid phase on the filter paper washed with 500 ml distilled water and 

putted on watch glass, weight is measured.  Solid phase on the watch glass was dried 

at 80 
0
C for one day, and then powdered in a porcelain mortar.  Amorphous powder 

conditioned in a desicattor at 86% relative humidity overnight and was kept for 

extrusion step.  

 

3.2.3 Extrusion of alumina silicate powder  

 

Binder, HEC solution, was prepared by dissolving 2 g of hydroxyethyl cellulose 

powder in 48 g  distilled water in beaker and stirred for 2 days on magnetic stirrer. 

Paste was prepared by adding binder (4 wt% hydroxyethyl cellulose) into certain 

amount of amorphous powder with suitable amorphous powder/binder ratio. Paste 

was extruded into tubes or bars by using homemade stainless steel extruder.  

Extruder was obtained by mounting barrel as a feeder, central spacer stick and die. 

Central spacer stick gave tubular shape. Therefore, central spacer stick was not used 

for extrusion of bars. Extrusion set up was formed from extruder, a piston which 

allowed to push to paste and another barrel where extruder was placed and which 

was 7.5 cm-long to provide enough space for the extrudate to come out of the die. 

Figure 3.1 shows the extruder and extrusion processes. 
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Figure 3.1: Schematic representation of (a) homemade stainless steel extruder (b) 

extrusion process (G¿c¿yener,2008) 
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For extrusion; set-up was put on a hydraulic press vertically and the piston was 

slowly and continuously pushed down by hydraulic press. Green tubes or bars were 

obtained after extrusion. Green tubes or bars dried at room temperature until 

calcination.  

 

3.2.4 Calcination of green tubes 

 

Dry amorphous tubes or bars were calcined on mullite supports at 600 
0
C for 2h in a 

muffle furnace. In order to prevent cracking on the tubes and bars; heating up to    

600 
0
C and cooling down to room temperature takes 6 h with 1.66  

0
C/min rate 

 

3.2.5 Hydrotermal conversion 

 

For the hydrothermal conversion of calcined tubes or bars into zeolite, the liquid 

phase, which filtrated from the hydrogel was used. The hydrothermal treatment was 

carried out  in polytetrafluoroethylen (PTFE) cups.  Weight of calcined extrudates 

were measured and they were putted into the PTFE cups and filtrated liquid was 

added with 1/14 weight ratio, PTFE tab was wrapped around the mouth of the cup to 

prevent the leakage and the cup was closed tightly. The hydrothermal conversion was 

carried out at 80 
0
C for 72 h. After synthesis, bars and tubes were washed with 

distilled water and dried at room temperature.  

 

Synthesis conditions of samples in this study are shown in Appendix B. 
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Figure 3.2: Experimental steps of synthesis tubular zeolite macrobodies 

 

3.3 Characterization of Tubular Macrobodies 

 

3.3.1 Zeolite phase identification and determination of crystallinity 

 

For zeolite phase identification of tubular macrobodies Philips PW 1729 X-ray 

Diffractometer (XRD) was used. Before analysis, tubular macrobodies were crashed 

into powder in a mortar. XRD analysis were made using Ni filtered Cu KŬ radiation. 

The other conditions were 30 kV voltage, 24 mA amperes, 0.1Á 2ɗ/s scan speed, 

10000 counts/s range, 1.0 s of time constant and 0.2 mm of slit. Analysis were 

carried out between 5 and 40 Bragg Angles. 

 

XRD pattern of the sample was compared with the XRD pattern of commercial 

zeolite X powder (Aldrich 13X Powder Lot No: 03130MS). The XRD pattern of the 
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standart is shown in Figure 3.3, peaks that were involved crystallinity calculation 

showed with asterisks. Crystallinity was calculated by intensity summation method 

which is shown in Equation 3.1. 

 

                                       3.1 

 

Crystallinity of zeolite A, X mixtures was calculated by using calibration graphs. 

XRD patterns of commercial zeolite X powder (Aldrich 13X Powder Lot No: 

03130MS) and commercial zeolite A powder (Merck Lot No: 5251610) were used 

for calculations. XRD pattern of commercial zeolite A is given in Figure 3.4 

Preparation of calibration graphs is explained in Appendix C.   

 

3.3.2 Morphology analysis by SEM 

 

The scanning electron microscopy (SEM) images were taken by FEI QUANTA 400F 

Field Emission SEM at Central Laboratory at METU.  

 

Samples were put on brass sample stubs and coated with gold. The micrographs were 

taken at magnifications of 500X, 1000X, 1500X, 4000X and 10000X. 

 

3.3.3 Thermal gravimetric analysis  

 

Weight loss of macrobody was determined by thermal gravimetric analysis. Thermal 

gravimetric analysis (TGA) experiment was performed using Perkin Elmer Pyris 1 

TGA at Central Laboratory in METU. The samples were heated in air with a heating 

rate of 10ÁC/min. The temperature was increased from room temperature to 900
o
C. 

For the analysis, approximately 18 mg of sample was used. Before the experiment, 

sample was hold in a desicattor at 86% relative humidity overnight. 

 

 

 

 



22 

 

3.3.4 Mercury porosimeter analysis 

 

Pore size distribution and macro+meso porosity were determined by mercury 

porosimeter analysis using Quantochrome Corporation, Poremaster 60 mercury 

porosimeter at the Central Laboratory in METU. Analyses were carried out at high 

pressure range of 20-50000 psi at room temperature. Before the analysis, sample was 

dried at 80 
0
C overnight and then kept at 300 

0
C for 3 hours.df   

 

3.3.5 Determination of BET surface area by nitrogen adsorption 

 

The BET surface area of the macrobody was determined by nitrogen adsorption at 77 

K using Quantochrome Corporation, Autosorb-1-C/MS at 77 K at the Central 

Laboratory in METU. Before the nitrogen adsorption analysis, degassing was 

performed at 350 
0
C for 1.5 hour in the device. Sample was dried at 80 

0
C overnight 

then kept at 300 
0
C for 3 hours. 

 

3.3.6 Elemental analysis of liquid samples for material balance 

 

The elemental analysis (Na,Al,Si) of liquid samples were performed by atomic 

absorption spectroscopy in METU Chemical Engineering Department. According to 

analysis results molecular composition of samples were calculated. Analysis results 

and calculations are given in Appendix G. 

 



 

 

Figure 3.3: XRD Pattern of commercial zeolite X powder (Aldrich 13X Powder Lot No: 03130MS), the peaks marked with asterisk 

(*) were used for crystallinity calculation 

2
3 



 

 

Figure 3.4: XRD Pattern of commercial zeolite A powder (Merck Lot No: 5251610)

2
4 
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CHAPTER 4 

 

 

RESULTS AND DISCUSSION 

 

 

 

 

4.1 Synthesis of Binderless Zeolite Macrobodies 

 

Objective of the study is to synthesize binderless zeolite X tubular macrobodies by 

using the methods developed by ¥zcan (2006) and G¿c¿yener (2008)
 
for synthesis of 

the zeolite A bars and tubes. Synhtesis conditions of all macrobodies that were 

synthesized in this study are given in Table 4.1, sample coding is explained in 

Appendix H. 

 

Experimental method for the synthesis of binderless zeolite macrobodies described in 

the Chapter 3 includes using organic binder in the extrusion step.  Since the organic 

binder can be removed from the structure by calcination at temperatures higher than 

the decomposition temperature of the binder, binderless macrobodies can be obtained 

before the hydrothermal conversion step.  

 

Nonionic polar substance, hydroxyethyl cellulose (HEC) which is soluble in water 

was selected as the organic binder, as suggested by ¥zcan and G¿c¿yener. 

 

In extrusion step, certain amount of HEC (H) was added into amorphous powder (A), 

their ratio was defined as A/H.  4 wt% HEC solution had been used and 0.82 had 

been selected best A/H ratio for extrusion of the paste. (¥zcan, 2006)  

 

In this study, 4 wt% HEC solutions were used as binder, pastes were prepared with 

different A/H ratio to determine the effect of A/H ratio on the texture of the paste and 

to select suitable ratio for this study. Table 4.2 summarizes properties of pastes and 

extrudates for different A/H values. 



 

Table 4.1. Experimental conditions of macrobodies 

Run 

No 

Batch 

Composition 

Extrusion Parameters Calcination Parameters Crystallization Parameters at 80 
0
C 

XRD Result 

A/H ratio Code Temp 
0
C 

Time 

(h) 

Code Solid/Liq. Time (h) Code Zeolite Phase Crsytallinity % 

1 N7:A1:S6:H250 

 

0.7 Ķ¢G-1a 600 2 Ķ¢C-1a 1/14 72 Ķ¢S-1a Zeolite X 62 

0.8 Ķ¢G-1b 600 2 Ķ¢C-1b 1/14 72 Ķ¢S-1b Zeolite X 64 

2 N4.7:A1:S3.4:H170 

 

0.7 Ķ¢G-2a 600 2 Ķ¢C-2a 1/14 120 Ķ¢S-2a Zeolite X 71 

0.75 

 

Ķ¢G-2b 600 2 Ķ¢C-2b 1/14 120 Ķ¢S-2b Zeolite X 63 

1/14 72 Ķ¢S-2c Zeolite X 75 

3 N3.5:A1:S3.4:H170 0.7 Ķ¢G-3 600 2 Ķ¢C-3 1/14 72 Ķ¢S-3 Zeolite X+A 28%X+22%A 

4 N3.5:A1:S2.3:H170 0.7 Ķ¢G-4 600 2 Ķ¢C-4 1/14 72 Ķ¢S-4 Zeolite A 87.4 

5 N2.5:A1:S2.3:H170 0.7 Ķ¢G-5 600 2 Ķ¢C-5 1/14 72 Ķ¢S-5 Zeolite A 72.1 

6 N2.5:A1:S3.4:H170 0.7 Ķ¢G-6a 600 2 Ķ¢C-6a 1/14 72 Ķ¢S-6a Amorphous --------- 

N2.5:A1:S3.4:H170 0.7   (MC)  Ķ¢G-6b 600 2 Ķ¢C-6b 1/14 72 Ķ¢S-6b Amorphous --------- 

7 N3.5:A1:S3:H170 0.7 Ķ¢G-7 600 2 Ķ¢C-7 1/14 72 Ķ¢S-7 Zeolite X+A 34%X+39%A 

 

2
6 



 

Table 4.1 contôd 

Run 

No 

Batch 

Composition 

Extrusion Parameters Calcination Parameters Crystallization Parameters at 80 
0
C 

XRD Result 

A/H ratio Code Temp 
0
C 

Time 

(h) 

Code Solid/Liq. Time (h) Code Zeolite Phase Crsytallinity 

% 

7 N3.5:A1:S3:H170 0.7 Ķ¢G-7 600 2 Ķ¢C-7 1/14 72 Ķ¢S-7 Zeolite X+A 34%X+39%

A 

8 N4:A1:S3.4:H170 0.7 Ķ¢G-8 600 2 Ķ¢C-8 1/14 72 Ķ¢S-8 Zeolite X 89.1 

9 N3:A1:S3.4:H170 0.7 Ķ¢G-9 600 2 Ķ¢C-9 1/14 72 Ķ¢S-9 Amorphous -------- 

10 N3.5:A1:S2.3:H170 0.7 Ķ¢G-10 600 2 Ķ¢C-10 Not crystallized -------- ------- 

11 N4.5:A1:S4.5:H190 0.7 Ķ¢G-11 600 2 Ķ¢C-11 1/14 72 Ķ¢S-11 Amorphous ------- 

12 N5.5:A1:S3.5:H190 0.7 Ķ¢G-12 600 2 Ķ¢C-12 1/14 72 Ķ¢S-12 Zeolite X 87.7 

13 N5.5:A1:S4.0:H190 0.7 Ķ¢G-13 600 2 Ķ¢C-13 1/14 72 Ķ¢S-13 Zeolite X 99.8 

14 N5.5:A1:S45:H190 0.7 Ķ¢G-14 600 2 Ķ¢C-14 1/14 72 Ķ¢S-14 Zeolite X 77.6 

15 N5.5:A1:S5.0:H190 0.7 Ķ¢G-15 600 2 Ķ¢C-15 1/14 72 Ķ¢S-15 Zeolite X 91.4 

16 N5.5:A1:S5.5:H190 0.7 Ķ¢G-16 600 2 Ķ¢C-16 1/14 72 Ķ¢S-16 Zeolite X 99.9 

17 N7:A1:S6.5:H250 0.7 Ķ¢G-17 600 2 Ķ¢C-17 1/14 72 Ķ¢S-17 Zeolite X 64.6 

18 N4.5:A1:S4:H170 0.7 Ķ¢G-18 600 2 Ķ¢C-18 1/14 72 Ķ¢-S18 Zeolite X 99.9 

2
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Table 4.1 contôd 

Run 

No 

Batch 

Composition 

Extrusion Parameters Calcination Parameters Crystallization Parameters at 80 0C XRD Result 

A/H ratio Code Temp 
0
C 

Time 

(h) 

Code Solid/Liq. Time (h) Code Zeolite Phase Crsytallinity 

% 

19 N6.5:A1:S6:H260 1.2 Ķ¢G-19 600 2 Ķ¢C-19 1/14 72 Ķ¢- S19 Zeolite X 71.7 

20 N6:A1:S5.5:H240 1.2 Ķ¢G-20 600 2 Ķ¢C-20 1/14 72 Ķ¢-S20 Zeolite X 59.9 

21 N5:A1:S4.5:H200 0.7 Ķ¢G-21 600 2 Ķ¢C-21 1/14 72 Ķ¢-S21 Zeolite X 66.8 

22 N8:A1:S8:H323 0.7 Ķ¢G-22 600 2 Ķ¢C-22 1/14 72 Ķ¢-S22 Zeolite X 85.1 

23 N4.5:A1:S4.5:H190 0.7 Ķ¢G-23 600 2 Ķ¢C-23 1/14 672 Ķ¢-S23a Not Analyzed 

168 Ķ¢-S23b Zeolite X 98.6 

24 N3:A1:S3.4:H170 0.7 Ķ¢G-24 600 

 

2 

 

Ķ¢C-24 1/14 672 Ķ¢-S24a Not Analyzed 

168 Ķ¢-S24b Zeolite X+A %35X+%58

A 

25 N2.5:A1:S3.4:H170 0.7 Ķ¢G-25 600 2 Ķ¢C-25 1/14 168 Ķ¢S-25 Different phase  -------- 

26 N5.5:A1:S5.5:H190 Not extruded ------------------ ---------------- ------------ -------- 

27 N4.5:A1:S4:H170 0.7 Ķ¢G-27 600 2 Ķ¢C-27 1/14 2 Ķ¢-S27a Not Analyzed 

4 Ķ¢-S27b Not Analyzed 

6 Ķ¢S-27c Not Analyzed 
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Table 4.1 contôd 

Run 

No 

Batch 

Composition 

Extrusion Parameters Calcination Parameters Crystallization Parameters at 80 
0
C 

XRD Result 

A/H ratio Code Temp 
0
C 

Time 

(h) 

Code Solid/Liq. Time (h) Code Zeolite Phase Crsytallinity 

% 

28 N4.5:A1:S4:H170 

 

0.7 Ķ¢G-28 600 2 Ķ¢C-28 1/7 72 Ķ¢S-28a Zeolite X 80.1 

1/28 72 Ķ¢S-28b Zeolite X 94.1 

1/14 24 Ķ¢S-28c Amorphous -------- 

1/14 12 Ķ¢S-28d Amorphous --------- 

29 N4.5:A1:S4:H170 0.7 Ķ¢G-29 600 2 Ķ¢C-29 1/14 12 Ķ¢S29-a Zeolite X 3.9 

1/14 24 Ķ¢S29-b Zeolite X 5.5 

1/14 36 Ķ¢S29-c Zeolite X 21 

1/14 48 Ķ¢S29-d Zeolite X 73 

1/14 72 Ķ¢S29-e Zeolite X 92.3 

30 N4.5:A1:S4:H170 0.7 Ķ¢G-30 600 2 Ķ¢C-30 1/14 72 Ķ¢S-30 Zeolite X 87.4 

31 N3.5:A1:S2.3:H170 0.7 Ķ¢G-31 600 2 Ķ¢C-31 1/14 72 Ķ¢S-31 Zeolite A 75.5 

 

2
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Table 4.2. Effect of different A/H value on the paste and extrudates 

 

A/H ratio  Texture of the paste Remarks 

0.8 Dry Non-homogenous paste 

0.7 Normal Homogenous paste 

0.65 Watery Stick on the porcelain mortar 

 

Homogenous paste was obtained by using the A/H ratio as 0.7 for the extrusion of 

amorphous powder of the Run-1 which has N7:A1:S6:H250 hydrogel composition. 

Since A/H ratio had been selected as 0.82 for the extrusion of the powder of   

N2.5:A1:S1.7:H150 hydrogel composition by ¥zcan (2006), it can be stated that 

hydrogel composition directly affects the properties of amorphous powder. 

 

Table 4.3 shows average weight, diameter and length values of three green and 

calcined tubes. Green bars shrinked, both diameter and length decreased after 

calcination at 600 
0
C for 2h . Weight of green tube decreased due to removal of HEC 

and water during calcination.  

 

Table 4.3. Change in weight and dimensions of tubular macrobodies 

 

Sample Weight (g) Diameter (mm) Length(mm) 

Green(dried at room temperature) 1.63 0.93 4.4 

Calcined (at 600 
0
C for 2h) 1.3 0.73 4.2 

 

 

4.2. Zeolite Phase Identification and Determination of Crystallinity  

 

Figure 4.1 shows XRD patterns of the synthesized tube, Ķ¢S18 that was prepared 

from N4.5:A1:S4:H170 hydrogel composition, in comparison with commercial zeolite 

13X powder. It can be seen that positions of peaks in the synthesized tube completely 

match with the positions of peaks in commercial zeolite X. It means zeolite X is the 

only crystal phase in Ķ¢S18. Crystallinities of the tubular macrobodies were 

calculated by the intensity summation method that described in the Chapter 3. As a 



31 

 

result Ķ¢S18 has 99.9 % crsytallinity with respect to commercial zeolite X. (Aldrich 

13X Powder Lot No:03130MS) 

 

 

 

 

Figure 4.1. XRD patterns of a) Ķ¢S-18 and b) commercial zeolite X (Aldrich 13X 

Powder Lot No:03130MS) 

 

4.3 Crystallization Field of Zeolite Macrobodies 

 

As mentioned in Part 4.2, in this study different hydrogel compositions were 

prepared to determine effect of hydrogel composition on crystallization field of the 

tubular zeolite macrobodies. The hydrogel compositions were put into a ternary 

a) 

b) 
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diagram and compared with the diagram prepared by Breck. Breckôs diagram was 

based on hydrogel compositions for the zeolite powder synthesis at 100 
0
C with     

90-98 % water content. Figure 4.2 shows the Breckôs diagram. N represents Na2O, S 

represents SiO2, A represent Al2O3 . Border lines represent the crystallization field of 

the zeolites. Affirmations X, Y, A, B means zeolite X, zeolite Y, zeolite A and 

zeolite P, respectively. 

 

 

 

Figure 4.2. Crystallization fields of some zeolites that were proposed by Breck. 

 

G¿c¿yener synthesized zeolite A tubes by using the hydrogel composition of  

2.5Na2O:1Al2O3:1.7SiO2:150H2O. Chemical composition of solid extrudate was 

analyzed by ICP and determined as 1.07Na2O:Al2O3:2.66SiO2 in dry basis. Since 

same hydrogel composition was used through her study, it was assumed that 
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composition of solid extrudates were same. Synthetic liquids with different 

compositions were prepared and crystallization of extrudates were carried out in 

these synthetic liquid with different solid/liquid ratios. Overall composition in the 

synthesis medium, autoclave, was calculated by using solid/liquid ratios and 

compositions of extrudates and synthetic liquids. Calculated overall compositions by 

G¿c¿yener (2008) are shown in Figure 4.3. In her thesis , it was stated that zeolite A 

region exactly matches with the crystallization field of zeolite A proposed by Breck.  

A0,0 0,1 0,2 0,3 0,4 0,5

S

0,2

0,3

0,4

0,5

0,6

N

0,4

0,5

0,6

0,7

0,8

Zeolite A (G¿c¿yener,2008)

Zeolite X+A (G¿c¿yener,2008)

Amorphous (G¿c¿yener,2008)

A

X

  Y

B

 

Figure 4.3. Ternary diagram based on overall compositions in the autoclave for the 

syntheses of binderless macrobodies at 80 
0
C in Canan G¿c¿yenerôs study. 

 

Ural (1999) synthesized different number of disks in an autoclave while keeping the 

liquid amount constant and found that all disks were converted to zeolite A,  no 

matter how many disks were put into the autoclave. It was concluded that the local 

composition governs the synthesis rather than the overall composition in the 

autoclave. 
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Figure 4.4 shows ternary diagram that was plotted with hydrogel compositions that 

prepared in this study. Hydrogel composition is different from the composition in the 

synthesis medium since it was filtered and solid phase washed to reduce pH. 

Although this fact, both of the zeolite X and A regions exactly match with 

crystallization field that proposed by Breck. Calcined extrudates of hydrogel 

compositions which were close to border line of zeolite A and X were converted to 

zeolite A+X mixture after crystallization at 80 
0
C for 72 h and called as Ķ¢S-3 and 

Ķ¢S-7. Studies were carried out to determine percentages of zeolite phases in the 

mixtures and they were defined in Part 4.4 
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Zeolite A (this study)

Amorphous (this study)

Zeolite X+A (this study) 

Different phase (this study)

A

X

  Y

B

 

 

Figure 4.4. Ternary diagram based on hydrogel compositions for the syntheses of 

binderless macrobodies in this study 

 

In this study, three of the calcined tubes remained amorphous after crystallization at 

80 
0
C for 72h and called as Ķ¢S-6a, Ķ¢S-9 and Ķ¢S-11. New runs, Run-25, Run-24 

and Run-23 were carried out with the same hydrogel compositions of Run-6, Run-9 
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and Run-11,respectively. Synthesis time was the only different experimental 

parameter between those runs. Synhtesis time was increased up to 168 h to 

understand whether tubes will crystallize or not after longer synthesis time.  It was 

observed that tubes were converted to zeolite after excess crystallization time. 

Zeolite X was obtained from Run 23, Ķ¢S-23b; zeolite X+A mixture was obtained 

from Run 24, Ķ¢S-24b, and different zeolite phase was obtained from Run 25,     

Ķ¢S-25. All of these hydrogel compositions were located in the upper side of 

diagram, which mean they include lower amount Na2O. Therefore it can be 

concluded that crystallization is more difficult and it takes more time at lower Na 

amounts. Also it was concluded that synthesis time was not enough when the 

macrobodies could not be converted to zeolite. 

 

4.4 Determining Percentages of Zeolites in a Mixture 

 

In this study, two of the amorphous macrobodies were converted to zeolite A+X 

mixture after synthesis at 80 
0
C for 72 h. These macrobodies were called as Ķ¢S-3 

and Ķ¢S-7.  Calibration graphs were prepared to determine percentages of zeolite X 

and A phases in the zeolite A+X mixtures. XRD patterns of commercial zeolite 4A                         

(Merck, Lot No: 5251610) and X (Aldrich Lot No: 03130 MS) were given in  

Chapter 3. A1, A9, A10  for zeolite A and X1, X3, and X4 peaks for zeolite X were 

chosen for preparing the calibration graphs since they were clear peaks and were not 

affected any other peak. Zeolite X+A mixtures were prepared by mixing commercial 

zeolite powders homegenously with different percentages. XRD analysis of the 

prepared mixtures were carried out.  

 

Intensities of A1, A9 and A10 peaks at different zeolite A percentages and intensities 

of X1,X3, and X4 peaks at different zeolite X percentages were calculated by 

subtracting the background intensity.  

 

Intensities of the chosen peaks and total intensities of them were plotted versus 

percentage of the commercial zeolite. Details of preparation of the calibration graphs 

are given in Appendix C. Figure 4.5 shows the calibration graph for commercial 

zeolite A and Figure 4.6 shows calibration graph for commercial zeolite X.  
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Figure 4.5. Calibration graphs for zeolite A based on A1, A9 and A10 peaks 

 

 

Figure 4.6. Calibration graphs for zeolite X based on X1, X3 and X4 peaks 

 

 

Figure 4.7 and 4.8 shows the XRD patterns of zeolite A+X mixtures, Ķ¢S-3 and Ķ¢S7 

that were prepared in this study. 
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Figure 4.7: XRD pattern of  the  zeolite X+A mixture, Ķ¢S-3 

 

 
 

Figure 4.8: XRD pattern of the zeolite X+A mixture, Ķ¢S-7 

 

 

Intensities of the A1, A9, A10, X1 , X3 , X4 peaks in the XRD patterns of Ķ¢S3 and 

Ķ¢S7 are given in Table 4.4. Also summation of A1, A9, A10 peaks  and X3, X4 

peaks were used in calculations.  
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Zeolite percentage was read from the calibration graphs, Figure 4.6 and Figure 4.7 by 

using the intensity values in Table 4.4. Results for the zeolite X percentages were 

given in Table 4.5 and for the zeolite A percentages were given in Table 4.6.  

 

As shown in Table 4.5,  zeolite X percentages of the Ķ¢S-7 and the Ķ¢S-3 according 

to calibration graphs based on X3, X4 and summation of X3, X4 peaks were closer 

while zeolite X percentages of the Ķ¢S-7 and the Ķ¢S-3 according to calibration 

graph based on X1 peak was smaller than other results. As a result, calibration graph 

based on X1 peak was decided to disregard  from the calculation. It can be concluded 

that Ķ¢S-7 includes average 35% zeolite  X and Ķ¢S-3 includes average 43% zeolite 

X. 

 

As shown in Table 4.6, zeolite A percentages of the Ķ¢S-7 and the Ķ¢S-3 according 

to all calibration graphs were close to each other. It can be concluded that Ķ¢S-7 

includes average 49 % zeolite A and Ķ¢S-3 includes average 23% zeolite A. 

 

Table 4.4:  Intensity values of  zeolite A+X mixtures, Ķ¢S-7 and Ķ¢S-3 

 

Ķ¢S-7  Ķ¢S-3  

Peak No Intensity Peak No Intensity 

X1 (380-110)  270 X1 (495-105)  390 

X3 (300-150) 150 X3 (350-170) 180 

X4 (400-150)  250 X4 (500-200) 300 

X3+X4 400 X3+X4 480 

A1 (500-100)  400 A1 (200-110)  90 

A9 (1100-290) 810 A9 (620-250) 370 

A10 (1440-300)1140 A10 (780-260) 520 

A1+A9+A10 2350 A1+A9+A10 980 
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Table 4.5. Zeolite X percentages in the zeolite A+X mixtures, Ķ¢S-7 and Ķ¢S-3 

according to calibration graphs. 

 
Sample Calib. Graph 

based on X1 

Calib. Graph 

based on X3 

Calib. Graph 

based on  X4 

Calib. Graph 

based on 

X3+X4 

%X %X %X %X 

Ķ¢S-7 17 40 31 34 

Ķ¢S-3 25 48 39 42 

 

 

Table 4.6 Zeolite A percentages in zeolite A+X mixtures Ķ¢S-7 and Ķ¢S-3 according 

to calibration graphs 

 
Sample Calib. 

Graph 

based on 

A1 

Calib. Graph 

based on A9 

Calib. Graph 

based on A10 

Calib. Graph 

based on 

A1+A9+A10 

%A %A %A %A 

Ķ¢S-7 46 48 52 49 

Ķ¢S-3 25 23 24 21 

 

 

As a result Table 4.7 summarizes average zeolite X and A percentages in the Ķ¢S3 

and the Ķ¢S7 according to calculations. It can be stated that remaining part of the 

samples were amorphous, therefore 16 % of Ķ¢S-7 and 34 % of Ķ¢S-3 were defined 

as amorphous according to calibration graphs.   

 

Table 4.7.  Percentages of zeolite X and A phases in the zeolite A+X mixtures,    

Ķ¢S-7 and Ķ¢S-3, according to calibration graphs. 

 

Sample Code Zeolite X % Zeolite A % 

Ķ¢S-7 35 49 

Ķ¢S-3 43 23 
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Crystallinity values of other synthesized macrobodies are given in Table 4.1 and 

shown in Figure 4.9. Syntheses of zeolite X macrobodies up to 99.9 % crystallinites 

were achieved. 

 

 

Figure 4.9. Crystallinity percents of the samples in this study. 

 

21 different hydrogel compositions were used in this study. Calcined extrudates 

which were obtained from those hydrogel compositions converted to zeolite in 

filtered liquid of the hydrogel at 80 
0
C for 72 h.  Ķ¢S-4 and Ķ¢S-5 were  zeolite A 

samples;  Ķ¢S-6a, Ķ¢S-9  and  Ķ¢S-11 were remain amorphous after 72 h; Ķ¢S-3 and 

Ķ¢S-7 were  zeolite X+A samples, all of the other samples in the Figure 4.9 were 

zeolite X.  Crystallinities of the mixtures are the total crystallinities of zeolite X+A 

phases. 

 

4.5 Morphology Analysis by SEM 

 

Morphologies of the some tubular zeolite macrobodies were analysed by SEM. 

Samples that were analyzed by SEM defined in Annex I and all of the SEM images 

are given in Appendix F. 
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4.5.1 SEM analysis of the zeolite X tubular macrobody  

 

Figure 4.10 shows the SEM images of inner surface, outer surface and cross section 

of Ķ¢S18, zeolite X sample with 99.9 % crystallinity.  Inner surface includes 2.5-15 

Õm spherical particles each with many small crystals. Crystal morphology of the 

outer surface is different from the crystal morphology of the inner surface. Outer 

surface includes typical tetrahedral zeolite X crystals. Different crystal morphologies 

of inner and outer surfaces, causes a layer that can be seen from the SEM image 

cross section of the sample. Thickness of this layer is approximately 20 Õm.  

 

4.5.2 SEM analysis of the zeolite A tubular macrobody 

 

Figure 4.11 shows the SEM images of the inner surface, outer surface and cross 

section of the Ķ¢S5, zeolite A sample with 72 % crystallinity. Both of the inner and 

outer surface include shaped cubic zeolite A crystals. Amorphous particles could not 

be seen in the images although 38% of macrobody was amorphous according to 

XRD results. 
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Figure 4.10. SEM images of Ķ¢S18 zeolite X, 99.9% crystallinity. (a)  inner surface 

(X 500) (b) inner surface (X 12000) (c) outer surface (X500) (d) outer surface 

(X1500) (e) cross section (X150) (f) cross section of (X 1000) 

(a) (b) 

(c) (d) 

(e) (f) 
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Figure 4.11. SEM images of Ķ¢S-5, zeolite A sample with 72.1 % crystallinity.        

(a) inner surface (X1500) (b) inner surface (X4000) (c) outer surface (X4000)        

(d) outer surface (X10000) (e) cross section (X200) (f) cross section (X200) 

(a) (b) 

(c) 
(d) 

(e) (f) 
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4.5.3 SEM analysis of the zeolite X tubular macrobodies with low crystallinity 

 

SEM analysis of the tubular zeolite macrobodies which have low crystallinity were 

carried out to see morphologies of the amorphous particles. Figure 4.12 shows the 

SEM images of zeolite X samples which have low crystallinity.  Ķ¢S-19 was a zeolite 

X sample with 71.7 % crystallinity. Ķ¢S-20 was a zeolite X sample with 59.9 % 

crystallinity. Inner surface of the Ķ¢S-19 shows spherical particles which include 

many small crystals. Moreover needles can be clearly seen. On the other hand; inner 

surface of Ķ¢S-20 includes spherical particles with small crystals.  It was observed 

that there are also small particles behind large particles.  Small particles are about 5 

Õm where large particles are 20 Õm. In contrast to inner surface of Ķ¢S-19 no needles 

were observed in the inner surface of Ķ¢S-20. 

 

It seems a few spherical crystals were growth on a layer in the outer surface of     

Ķ¢S-19 and Ķ¢S-20. The layer may be formed from amorphous particles. Outer 

surface of Ķ¢S-20 includes larger particulates about 25 Õm and needles. No needles 

were observed in the outer surface of Ķ¢S-19. Moreover, crystal types of inner and 

outer surfaces of Ķ¢S-19 and Ķ¢S-20 were same. 

 

Definition of the layers that were seen in the outer surface images of the Ķ¢S-19 and 

Ķ¢S-20 as amorphous particles should be supported by the cross section images of 

the same samples.  As it can be seen in the Figure 4.12 (e), (f) cross section of     

Ķ¢S-19 and Ķ¢S-20 includes many small particles that can be defined as amorphous 

or very small crystals.  
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Figure 4.12. SEM images of Ķ¢S-19, zeolite X sample with 71.7% crystallinity (a) 

inner surface (X1500) (c) outer surface (X1500) (e) cross section (X1500); SEM 

images of Ķ¢S-20, zeolite X sample with 59.9 % crystallinity (b) inner surface 

(X1500) (d) outer surface (X1500) (f) cross section (X1500) 

(a) 

(c) 

(b) 

(d) 

(e) (f) 
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4.5.4 SEM analysis of the zeolite A+X mixtures, Ķ¢S-3 and Ķ¢S-7 

 

SEM analysis of the zeolite A+X mixture samples, Ķ¢S-3 (43%X+23%A) and Ķ¢S-7 

(35%X+49%A) were carried out to evaluate whether results of the XRD analysis and 

calculations  of calibration graphs were complied with the images or not. 

 

Figure 4.13 shows SEM images of inner surfaces, outer surfaces and cross sections 

of Ķ¢S-3 and Ķ¢S-7 respectively. Crystal types of inner and outer surfaces of Ķ¢S-3 

and Ķ¢S-7 are different. Tetrahedral zeolite X crystals which growth on the cubic 

zeolite A crystals can clearly be seen in the SEM image of Ķ¢S3.  

 

Outer surfaces of Ķ¢S-3 and Ķ¢S-7 are extremely different from each others. Outer 

surfaces of Ķ¢S-7 includes typical zeolite X crytals plus needles. It means major 

phase of the Ķ¢S-7 outer surface is zeolite X opposite to results of calibration graphs. 

It can be explained princible of XRD analysis which based on powder of tube that 

includes mixture of inner and outer surfaces. 

 

SEM image of cross section of Ķ¢S-3 includes many small particles. They can be 

defined as amorphous particles by combination with results of calibration graphs, 

which says that 34% of Ķ¢S-3 is amorphous. Similar particles could not be seen in 

the SEM image of cross section of Ķ¢S-7 which includes lower percentage,16%, 

amorphous phase according to results of the calibration graphs. 
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Figure 4.13: SEM image of the Ķ¢S-3,(43% zeolite X + 23% zeolite A) (a)  inner surface 

(X3000),(c) outer surface (X4000),(e) cross section (X4000); SEM image of the Ķ¢S-7, (35% 

zeolite X + 49% zeolite A) (b) inner surface (X4000), (d)outer surface (X4000), (f) cross 

section (X4000) 

(a) (b) 

(c) (d) 

(e) (f) 
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4.5.5 SEM analysis of the tubular macrobodies that converted to zeolite with 

excess crystallization time 

 

SEM analysis of the macrobodies that remained amorpous after 72 h synthesis time, 

Ķ¢S-9 and Ķ¢S-11, and converted to zeolite at excess crystallization time 168 h,    

Ķ¢S-24b and Ķ¢S-23b, were carried out. 

 

Figure 4.14 shows the SEM images of the two sample Ķ¢S-9 and Ķ¢S-24b which 

have same hydrogel composition. Ķ¢S-9 was remained amorphous after 

crystallization at 80 
0
C for 72h whereas Ķ¢S-24b converted to zeolite X+A mixture at 

80 
0
C for 168h. Zeolite percentages in the Ķ¢S-24b were found as 35% for zeolite X 

and 58% for zeolite A respectively by defined method in the Part 4.4. 

 

 It can be seen that crystallization has started in the inner surface of the Ķ¢S-9 while 

outer surface of the Ķ¢S-9 is nearly amorphous. Therefore; it can be concluded that 

crystallization had started earlier in the inner surface than outer surface of the Ķ¢S-9.  

 

Tetrahedral zeolite X crystals which growth on the cubic zeolite A crystals can 

clearly be seen in the SEM images of Ķ¢S-24b. Inner surface of Ķ¢S-24b also 

includes needles. 

 

Figure 4.15 shows the SEM images of the two sample Ķ¢S-11 and Ķ¢S-23b which  

have same hydrogel composition. Ķ¢S-11 was remained amorphous after 

crystallization at 80 
0
C for 72h whereas Ķ¢S-23b converted to zeolite X at 80 

0
C for 

168h. 

 

It can be seen that many crystals had been formed in the inner surface of the Ķ¢S-11 

Outer surface of Ķ¢S-11 includes lower crystals than inner surface of Ķ¢S-11. 

Therefore SEM images of the Ķ¢S-11 supports the conclusion that crystallization 

starts earlier in the inner surface than outer surface. It can be seen that SEM image of 

Ķ¢S-23b includes spherical particles each with many small crystals.  
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Figure 4.14. SEM image of Ķ¢S-9 (a)inner surface-(X4000), (c)outer surface 

(X4000), (e) cross section (X4000); Ķ¢S-24b (b) inner surface-(X4000), (d)outer 

surface (X4000), (f) cross section (X4000) 

(a) 

(c) 

(e) 

(b) 

(d) 

(f) 
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Figure 4.15. SEM image of Ķ¢S-11 (a) inner surface (X4000), (c) outer surface,       

(e) cross section (X4000); Ķ¢S-23b (b) inner surface (X4000) (d) cross section 

(X4000) (f) cross section (X500) 

(a) 

(c) 

(e) 

(b) 

(d) 

(f) 
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4.6 Characterization of the Zeolite X Tubular Macrobody 

 

Zeolite X tubular macrobody which has high crystallinity, Ķ¢S-18, 99.9% crystallinty 

was choosen for the characterization step.  

 

4.6.1 Thermal gravimetric analysis 

 

Figure 4.16 shows Thermal Gravimetric Analysis (TGA) result of the Ķ¢S-18, zeolite 

X with 99.9% crystallinity. TGA analysis was carried out in air, samples were heated 

from room temperature to 900 
0
C with heating rate of 10 

0
C/min. The weight of tube 

decreased approximately 22.5% up to 400 
0
C and decreased by 27.5% up to 900 

0
C.  

The water content of zeolite X is 28% based on its oxide formula 

Na2O.Al2O3.2.5SiO2.6.0H2O (Breck,1974). As a result, total weight loss value of the 

zeolite X tubular macrobody that was prepared in this study is close to the water 

content of zeolite X based on its oxide formula. Water adsorbed in non-zeolitic 

channels is likely to be removed at lower temperatures than water adsorbed in 

zeolitic pores. 

 

 

 

 

Figure 4.16. Thermal gravimetric analysis result of Ķ¢S18, zeolite X sample with 

99.9% crystallinity 
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4.6.2 Mercury porosimeter analysis 

 

Pore size distribution of Ķ¢S-18, zeolite X tube with 99.9 % crystallinity, was 

determined by mercury porosimeter at the Central Laboratory in METU, Ankara. 

Figure 4.17 shows the results of mercury porosimeter analysis of Ķ¢S-18 in 

comparison with the mercury porosimeter analysis of A¥60H, zeolite A bar 

(¥zcan,2006). Before mercury porosimeter analysis, Ķ¢S-18 was dried at 80 
0
C 

overnight and 300 
0
C for 3h to remove water adsorbed in the pores whereas A¥60H 

was heated to 300 
0
C for 3h. Both of the porosity experiments were done in high 

pressure range.(20-55000 psi)  

 

Figure 4.17-a shows that the tube has a wide pore size distribution. Average pore size 

of the tube is 10 Õm. Analysis results showed that the porosity of tube was 3% with 

an intraparticle volume 0.0014 cm
3
/g. Most probably, zeolite X tube broke and 

collapsed during the mercury intrusion because of high pressure. Thus, very low 

micropore volume was obtained. 

 

Figure 4.17-b shows that A¥60H sample has a narrow pore size distribution which is 

approximately 2 Õm. It was stated in her thesis that the porosity was 39% and 

intraparticle volume was 0.489 cm
3
/g. ¥zcan proposed that the reason for the high 

porosity was the occurance of macropores during the conversion of calcined bar to 

zeolite. It was also stated that due to the intense intergrowth in crsytals, the zeolites 

4A bars had strong structures.  

 

4.6.3 Determination of BET surface area by nitrogen adsorption 

 

BET surface area and micropore analysis of tubular zeolite X macrobody were done 

by Nitrogen Adsorption at Central Laboratory in METU, Ankara. Before nitrogen 

adsorption analysis, samples were dried at 80 
0
C overnight and 300 

0
C for 3h in 

zeolite research laboratory and degassed at 350 
0
C  for 1 h at vacuum in the device.  
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Figure 4.17. Pore size distribution of a) zeolite X tube, Ķ¢S18 b) zeolite A bar, 

A¥60H (¥zcan,2006) according to mercury porosimeter analysis 

 

 

Figure 4.18 shows the nitrogen adsorption isotherm of zeolite X tubular macrobody 

with 99.9 % crystallinity, Ķ¢S-18. Sample has Type-II isotherm which typical to 

mesoporous materials. Due to mesopores in the sample, nitrogen can be adsorbed 

where P/P0 near to zero. Micropore volume and BET surface area of the zeolite X 

tubular macrobody was 0.178 cm
3
/g and 631.2 m

2
/g respectively.  

 

 

a) 

b) 
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Figure 4.18. Nitrogen adsorption isotherm of zeolite X tubular macrobody, Ķ¢S-18 

 

The BET surface areas of different zeolite X samples in the literature are given in 

Table 4.4. It can be commented that BET surface area of synhtesized zeolite X 

tubular macrobodies were comparable with the literature data. 

 

Table 4.8. BET surface areas of samples prepared in different studies 

 

Sample BET surface area 

(m
2
/g) 

Reference 

Ķ¢S 18 631 This study 

13X beads 624 Li (2002) 

NaX 622 Langmi (2003) 

NaX (commercial) 565 Du (2007) 
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4.7 Material Balance Calculations for the Synthesis of Macrobodies 

Main purpose of the material balances was to understand changes in the 

compositions during the preparation of amorphous powder from hydrogel. As 

defined in the Chapter 3, after filtration of hydrogel wet cake washed with distilled 

water on the buchner funnel to reduce pH, dissolved in the 1500 ml distilled water, 

then filtrated and washed with distilled water on the buchner funnel again. Figure 

4.19 shows the flow diagram and stream numbers that were used in the calculations. 

Details of the calculations are given in the Appendix G.  

Elemental analysis of liquid samples of Run 29, S2, S7, S14 and S17 were done in 

the Chemical Engineering Department in METU. Material balances around the 

overall system, around the 1
st
 filtration, around the 2

nd 
filt ration and around the 

furnace were done.  

Results of the material balance are given in the Table 4.9 and Table 4.10 in mole 

basis and in weight basis, respectively. In the tables measured, calculated and 

analyzed streams are shown seperately.  

In the 1
st
 filtration system, hydrogel filtrated into liquid (Stream 2) and solid (stream 

3) phases. According to material balance calculations, it can be said that nearly all 

aluminum went to the solid phase (Stream 3). Solid sampling (stream 4) was carried 

out at this stage. 

Solid phase (stream 5) was washed on the Buchner funnel to reduce the pH with 500 

ml distilled water (stream 6) and called as 1
st
 washing system. According to material 

balance calculations significant amounts of 7.85 g Na2O and 3.02 g SiO2 was found 

in discharged water, stream 7. It means composition of solid phase (stream 5 to 8) 

changed on this stage significantly. Again solid sampling (stream 9) was done.  

After that, solid phase (stream 10) dispersed in the 1500 ml distilled water (stream 

11) in a beaker and stirred for overnight. Then, suspension (stream 12) was filtered 

again and solid phase (stream 13) was washed again with 500 ml. These systems 

were integrated called as 2
nd

 filtration system. Discharged waters called as stream 14 

and 17, respectively. Stream 14 includes 2.03g Na2O, 1.53 g SiO2 and Stream 17 

includes 0.15 g Na2O, 0.49 g SiO2. It can be said that amounts of Na2O and SiO2 
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which went to discharged water decreased in 2
nd

 filtration in comparison with 1
st
 

filtration.   

It can be concluded that Al2O3 content of solid phase of the hydrogel (stream 3) was 

not affected significantly from washings with distilled water to reduce pH. 

Last solid sampling was done (Stream 18) and remaining solid phase was dried at 80 

0
C for overnight and called furnace system. 76.4 g water (stream 20) was removed 

from stream 19 and dried solid was called as stream 21.  

At the end of the material balance calculations, composition of stream 21 was found 

as N0.7A1 S2.37H3.77 while composition of hydrogel was N4.5A1 S4.0H170.  

   

 

 

 



 

 

Figure 4.19: Flow diagram of the amorphous powder preparation from hydrogel.
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Table 4.9. Material Balance Results of Run 29 in mole basis 

System Stream Weight 

(g) 

Composition Molecular 

Weight (g/mole) 

Mole 

Calculated Analysed 
Na2O Al2O3 SiO2 H2O 

1st 

Filtration 

1 IN 200 N4.5A1S3.4H170 3683.8 0.2443 0.05429 0.217 9.2295   

2 OUT 38.5 N546.8A1S83.178 H28880 

 
559269.5 0.03764 1.788x 10-6 0.005726 1.9881  

ã 

3 OUT 161.5 N3.8A1 S3.9H133.4 2975.1 0.20666 0.054288 0.211274 7.2414 ã  

Sampling 4 5.9 N3.8A1 S3.9H133.4  0.00796 0.001988 0.007304 0.2644   

1 st Washing 5 IN 155.6 N3.8A1 S3.9H133.4 2975.1 0.1987 0.0523 0.20397 6.977 ã  

6 OUT 500 H2O 18.015    27.75   

7 OUT 533.9 N137.1A1S54.4H31408.8 577699.2 0.1267 9.24x10-4 0.05028 29.03  ã 

8 OUT 121.7 N1.4 A1 S2.99H110.88 2365.9 0.072 0.051376 0.15369 5.697 
ã 

 

Sampling 9 5.2 N1.4 A1 S2.99H110.88  0.0031 0.002176 0.00649 0.237 
 

 

2 nd 

Filtration 

10 IN 116.5 N1.4 A1 S2.99H110.88 2365.9 0.0689 0.0492 0.1472 5.46 
ã 

 

11 OUT 1500 H2O 18.015 ---- ----- ----- 83.25   

15 OUT 500 H2O 18.015 ---- ----- ---- 27.75   

14 OUT 1509.5 N44.1 A1S34.2H112426.2 2030248.8 0.0328 0.000743 0.0254 83.56   ã 

17 OUT 509.5 N6.29A1S21.03H73005 1316940.7 0.00243 0.000386 0.00813 28.22  ã 

16 OUT 97.5 N0.7A1 S2.37H97.77 2049.1 0.03367 0.04807 0.11367 4.7 ã  

Sampling 18  5 N0.7A1 S2.37H97.77  0.00207 0.00297 0.00677 0.29   

Furnace 19 IN 92.5 N0.7A1 S2.37H97.77 2049.1 0.0316 0.0451 0.1069 4.41 ã  

20 OUT 76.4 H2O 18.015    4.24   

21OUT 16.1 N0.7A1 S2.37H3.77  0.0316 0.0451 0.1069 0.17 ã  
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Table 4.10. Material Balance Results of Run 29 in weight basis 

System Stream Weight 

(g) 

Composition Molecular 

Weight (g/mole) 

Weight (g) 

Calculated Analysed 
Na2O Al2O3 SiO2 H2O 

1st 

Filtration 

1 IN 200 N4.5A1S3.4H170 3683.8 15.14 5.5354 13.04 166.26   

2 OUT 38.5 N546.8A1S83.178 H28880 

 
559269.5 2.33 0.0002 0.36 35.81  

ã 

3 OUT 161.5 N3.8A1 S3.9H133.4 2975.1 12.81 5.5352 12.68 130.45 ã  

Sampling  4 5.9 N3.8A1 S3.9H133.4  0.5 0.2032 0.42 4.76   

1 st Washing 5 IN 155.6 N3.8A1 S3.9H133.4 2975.1 12.31 5.332 12.26 125.69 ã  

6 OUT 500 H2O 18.015       

7 OUT 533.9 N137.1A1S54.4H31408.8 577699.2 7.85 0.094 3.02   ã 

8 OUT 121.7 N1.4 A1 S2.99H110.88 2365.9 4.46 5.238 9.24 102.63 
ã 

 

Sampling 9 5.2 N1.4 A1 S2.99H110.88  0.19 0.218 0.39 4.27 
 

 

2 nd 

Filtration 

10 IN 116.5 N1.4 A1 S2.99H110.88 2365.9 4.27 5.02 8.85 98.36 
ã 

 

11 OUT 1500 H2O 18.015    1500   

15 OUT 500 H2O 18.015    500   

14 OUT 1509.5 N44.1 A1S34.2H112426.2 2030248.8 2.03 0.08 1.53   ã 

17 OUT 509.5 N6.29A1S21.03H73005 1316940.7 0.15 0.04 0.49   ã 

16 OUT 97.5 N0.7A1 S2.37H97.77 2049.1 2.09 4.9 6.83 84.67 ã  

Sampling 18 5 N0.7A1 S2.37H97.77  0.13 0.3 0.41 5.22   

Furnace 19 IN 92.5 N0.7A1 S2.37H97.77 2049.1 1.96 4.6 6.42 79.45 ã  

20 OUT 76.4 H2O 18.015    76.38   

21 OUT 16.1 N0.7A1 S2.37H3.77  1.96 4.6 6.42 3.06 ã  

5
9 
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4.8 Crystallization of Macrobodies 

Figure 4.20 shows the crystallization curve of zeolite X tubular macrobody, Ķ¢S-29. 

Batch composition was N4.5:A1:S4:H170, A/H ratio was 0.7, calcination temperature 

was 600 
0
C, solid/liquid ratio was 1/14 and crystallization temperature was 80 

0
C. 

Tubular macrobodies after 12 h, 24 h, 36h, 48 h and 72 h synthesis time were called 

as Ķ¢S29-a, Ķ¢S29-b, Ķ¢S29-c, Ķ¢S29-d, Ķ¢S29-e respectively. Crystallinity values 

of these tubular macrobodies are given in Table 4.1. 

.   

 

Figure 4.20. Crystallization curve of zeolite X tubular macrobody of Run 29 

 

It was determined that crystallization was started after approximately 10 h  and 

crystallinity values were slightly increase up to 36 h. After 36 h crystallization 

increases rapidly and reached to 99.9 percent after 72 h.  

It can be concluded that crystallinity was depend on the synthesis time. Also it can be 

said that 72 h synthesis time was optimal for the Run 29 since 99.9% crystallinity 

was achieved.  

 

 

 

a) 
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CHAPTER 5 

 

CONCLUSIONS 

 

 

 

Syntheses of binderless tubular zeolite X macrobodies were achieved with the 

methods developed by ¥zcan (2006) and G¿c¿yener (2008)
 
for synthesis of the 

zeolite A bars and tubes.  

 

Tubular zeolite macrobodies which were synthesized from different hydrogel 

composition had different crsytallinities up to 99.9 % .  

 

Micropore volume and BET surface area of the zeolite X tubular macrobody which 

has 99.9% crystallinity were determined as 0.178 cm
3
/g and 631.2 m

2
/g orderly. It 

was concluded that BET surface area of the tubular zeolite X macrobody was 

comparable with zeolite X in the literature.  

 

Mechanical stabilities of the zeolite macrobodies that were synthesized in this study 

were lower than stabilities of the zeolite macrobodies that synthesized by ¥zcan 

(2006) and G¿c¿yener (2008).  It was concluded that macrobodies could not be a 

support of a zeolite membrane due to their mechanical stability problem. 

 

Pure zeolite X, pure zeolite A and zeolite A, X mixtures were obtained from different 

hydrogel compositions. Ternary diagram that was plotted with the hydrogel 

compositions in this study compared with the diagram prepared by Breck which was 

based on hydrogel compositions for zeolite powder synthesis. Both of zeolite X and 

zeolite A region of this work exactly matched with the proposed crystallization field 

by Breck. It is also concluded that crystallization takes longer time at lower Na 

amount.  
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CHAPTER 6 

 

 

RECOMMENDATIONS  

 

 

 

1. Experimental method was succeeded to synthesize zeolite A macrobodies by 

¥zcan (2006), G¿c¿yener (2008) and to synthesize zeolite X macrobodies in 

this study. Therefore; same experimental method can be tried for other zeolite 

types.  

 

2. Since mechanical stabilities of the zeolite X macrobodies that synthesized in 

this study were very low, they could not be used as support of a membrane. 

Studies can be carried out such as adding seeds in the powder at the extrusion 

step to solve mechanical stability problem of zeolite X macrobodies and to 

use of the macrobodies as a support of zeolite membrane which has 

technological importance.  

 

3. Gas separation and adsorption are other application areas of zeolites as a 

molecular sieve. Low mechanical stability disadvantage would not be a 

problem for these applications. Therefore zeolite X macrobodies can be 

characterized by gas separation, organic-organic or organic-water separation 

by adsorption or vapor phase adsorption. 
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APPENDIX A  

 

SAMPLE CALCULATION FOR A BATCH COMPOSITION  

 

 

 

A sample calculation of raw materials amounts to prepare hydrogel with a 

composition 4.5Na2O:1Al2O3:4.0SiO2:170H2O (N4.5:A1:S4.0:H170) is given below. 

Water glass (Merck, 0.287 Na2O:SiO2:8.036H2O) as silica source, sodium hydroxide 

pellets (Merck, 97 wt% NaOH, 2 wt% water) as sodium source, aluminum hydroxide 

powder (pure, Al(OH)3, Merck) as alumina source and distilled water (DW) were 

used.   

 

Table A.1 Molecular weight of reactant compounds 

 

Compound Molecular Weight (g/mole) 

Na2O 61.979 

Al 2O3 101.961 

SiO2 60.084 

H2O 18.015 

 

Table A.2 Formula weight of raw materials 

 

Raw Materials Molecular Weight (g/mole) 

Water glass 222.64 

Al(OH)3 78.003  

NaOH 39.997 

H2O 18.015 
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Molar composition of the batch: 4.5Na2O:1Al2O3:4.0SiO2:170H2O 

(N4.5:A1:S4.0:H170) 

 

Formula weight of batch = (4.5x61.979)+(101.961)+(4.0x60.084)+(170x18.015)  

    = 3683.75 g/gmole 

 

Decomposition reactions of raw materials 

 

Aluminum Source: Al(OH)3 

2 Al(OH)3                              Al2O3 +3 H2O      

            

Sodium source: NaOH  

2NaOH                   Na2O + H2O                  

 

Calculation of amounts of raw materials   

Basis : 100 g batch 

 

Water glass (silica source) 
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Al(OH) 3 

 

 

 

 

NaOH: 

 

 

 Required Na20 = 7.57-1.93 (from water glass) =5.64 g Na20  

 

 

 

 

 

 

 

H2O: 

 

15.72 g H2O came from Water glass 

1.47 g H2O came from Al(OH)3                  18.83 g H2O came from other raw mat. 

1.64 g H2O came from NaOH 

 

83.14 ï 18.83 = 64.31 g H2O is required 
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Table A.3 Amounts of raw materials for 100 g batch with N4.5:A1:S4.0:H170 

composition 

 

Reactant Amount (g) 

Water Glass (WG) 24.18 

Al(OH)3 4.23 

NaOH 7.28 

H2O 64.31 

 

 

In this study different batch compositions were prepared. Raw material amounts used 

for all batch composition are listed in Table A.4 

 

Table A.4: Amount of raw materials for 100 g batch for all compositions used in this study 

 

BATCH 

COMPOSITION  

RAW MATERIALS  (g) 

WG Al(OH) 3 NaOH H2O 

N7:A1:S6:H250 24.74 2.88 7.82 64.56 

N4.7:A1:S3.4:H170 20.68 4.26 8.14 66.92 

N3.5:A1:S3.4:H170 21.11 4.35 5.63 68.91 

N3.5:A1:S2.3:H170 14.55 4.43 6.45 74.57 

N2.5:A1:S2.3:H170 14.81 4.51 4.26 76.42 

N2.5:A1:S3.4:H170 21.48 4.43 3.46 70.63 

N3.5:A1:S3:H170 18.75 4.38 5.93 70.94 

N4:A1:S3.4:H170 20.93 4.31 6.69 68.07 

N3:A1:S3.4:H170 21.29 4.39 4.56 69.76 

N4.5:A1:S4.5:H190 24.59 3.83 6.3 65.28 

N5.5:A1:S3.5:H190 19.12 3.83 8.82 68.23 

N5.5:A1:S4.0:H190 21.69 3.80 8.48 66.03 
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Table A.4 contôd 

 

BATCH 

COMPOSITION  

RAW MATERIALS  (g) 

WG Al(OH) 3 NaOH H2O 

N5.5:A1:S45:H190 24.22 3.77 8.14 63.87 

N5.5:A1:S5.0:H190 26.72 3.74 7.81 61.73 

N5.5:A1:S5.5:H190 29.18 3.72 7.48 59.62 

N7:A1:S6.5:H250 26.65 2.88 7.56 62.91 

N4.5:A1:S4:H170 24.18 4.23 7.28 64.31 

N6.5:A1:S6:H260 24.07 2.81 6.89 66.23 

N6:A1:S5.5:H240 23.88 3.04 6.90 66.18 

N5:A1:S4.5:H200 23.38 3.64 6.92 66.06 

N8:A1:S8:H323 25.82 2.26 6.62 65.30 
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APPENDIX B 

 

 

SYNTHESIS CONDITIONS OF BINDERLESS MACROBODIES AND 

THEIR CHARACTERIZATION RESULTS  

 

 

Synthesis conditions of binderless macrobodies and their characterization results are 

given in Table B1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

         Table B1: Experimental conditions of macrobodies 

Run 

No 

Batch 

Composition 

Extrusion Parameters Calcination Parameters Crystallization Parameters at 80 
0
C Sample  

Code Amor. 

Powder 

(g) 

HEC (g) A/H  

 

Num. Temp 

0
C 

Time 

 (h) 

Num. Solid/Liq. Time 

 (h) 

Num. 

1 N7:A1:S6:H250 

 

6.5 9.2 0.7 3 600 2 2 tubes 1/14 72 1 tube Ķ¢S-1a 

6 7.5 0.8 3 600 2 2 tubes 1/14 72 1 tube Ķ¢S-1b 

2 N4.7:A1:S3.4:H170 

 

6 8.5 0.7 1 tube 

1 bar 

600 2 1 tube 1/14 120 1 tube Ķ¢S-2a 

10 13.3 0.75 

 

2 tubes 

1 bar 

600 2 1 tube 1/14 120 1 tube Ķ¢S-2b 

600 2 1 tube 1/14 72 1 tube Ķ¢S-2c 

3 N3.5:A1:S3.4:H170 11 15.7 0.7 3 tubes 

1 bar 

600 2 3 tubes 1/14 72 2 tubes Ķ¢S-3 

4 N3.5:A1:S2.3:H170 13 18.5 0.7 5 tubes 

1 bar 

600 2 3 tubes 1/14 72 2 tubes Ķ¢S-4 

5 N2.5:A1:S2.3:H170 12 17.1 0.7 4 tubes 600 2 1 tube 1/14 72 1 tube Ķ¢S-5 

 

7
5 



 

        Table B1 contôd 

Run 

No 

Batch 

Composition 

Extrusion Parameters Calcination Parameters Crystallization Parameters at 80 
0
C Sample 

Code 
Amor. 

Powder (g) 

HEC (g) A/H  

 

Num. Temp 

0
C 

Time 

 (h) 

Num. Solid/Liq. Time 

 (h) 

Num. 

6 N2.5:A1:S3.4:H170 12 17.1 0.7 7 tubes 600 2 1 tube 1/14 72 1 tube Ķ¢S-6a 

N2.5:A1:S3.4:H170 8 11.4 

(MC)  

0.7 2 tubes 600 2 1 tube 1/14 72 1 tube Ķ¢S-6b 

7 N3.5:A1:S3:H170 14 20 0.7 5 tubes 600 2 3 tubes 1/14 72 3 tubes Ķ¢S-7 

8 N4:A1:S3.4:H170 10 14.2 0.7 3 tubes 600 2 1 tube 1/14 72 1 tube Ķ¢S-8 

9 N3:A1:S3.4:H170 10 14.2 0.7 3 tubes 600 2 1 tube 1/14 72 1 tube Ķ¢S-9 

10 N3.5:A1:S2.3:H170 13 18.5 0.7 5 tubes 600 2  Not crystallized  

11 N4.5:A1:S4.5:H190 12 17.14 0.7 5 tubes 600 2 3 tube 1/14 72 1 tube Ķ¢S-11 

12 N5.5:A1:S3.5:H190 10 14.2 0.7 3 tubes 600 2 2 tubes 1/14 72   1 tube Ķ¢S-12 

13 N5.5:A1:S4.0:H190 10 14.2 0.7 3 tubes 600 2 1 tube 1/14 72 1 tube Ķ¢S-13 

14 N5.5:A1:S45:H190 10 14.2 0.7 5 tubes 600 2 3 tubes 1/14 72 1 tube Ķ¢S-14 

15 N5.5:A1:S5.0:H190 10 14.2 0.7 3 tubes 600 2 1 tube 1/14 72 1 tube Ķ¢S-15 

 

7
6 



 

         Table B1 contôd 

Run 

No 

Batch 

Composition 

Extrusion Parameters Calcination Parameters Crystallization Parameters at 80 
0
C Sample  

Code Amor. 

Powder (g) 

HEC (g) A/H  

 

Num. Temp 

0
C 

Time 

 (h) 

Num. Solid/Liq. Time 

  (h) 

Num. 

16 N5.5:A1:S5.5:H190 10 14.2 0.7 4 tubes 600 2 3 tubes 1/14 72 1tube Ķ¢S-16 

17 N7:A1:S6.5:H250 10 14.2 0.7 3 tubes 600 2 1 tube 1/14 72 1tube Ķ¢-S17 

18 N4.5:A1:S4:H170 10 14.2 0.7 3 tubes 600 2 2 tubes 1/14 72 1tube Ķ¢-S18 

19 N6.5:A1:S6:H260 17 14.2 1.2 6 tubes 

2 bar 

600 2 1 tube 1/14 72 1tube Ķ¢- S19 

20 N6:A1:S5.5:H240 10 8.33 1.2 3 tubes 600 2 2 tubes 1/14 72 1tube Ķ¢-S20 

21 N5:A1:S4.5:H200 10 14.2 0.7 4 tubes  600 2 2 tubes 1/14 72 1tube Ķ¢-S21 

22 N8:A1:S8:H323 5 714 0.7 2 tubes 

1  bar 

600 2 2 tubes 1/14 72 1tube Ķ¢-S22 

23 N4.5:A1:S4.5:H190 10 14.2 0.7 4 tubes 600 2 2 tubes 1/14 672 1tube Ķ¢-S23a 

168 1 tube Ķ¢-S23b 

 

 

7
7 



 

           Table B1 contôd 

Run 

No 

Batch 

Composition 

Extrusion Parameters Calcination Parameters Crystallization Parameters at 80 
0
C 

Sample  

Code 

Amor. 

Powder 

(g) 

HEC 

(g) 

A/H  

 

Num. Temp 
0
C 

Time 

 (h) 

Num. Solid/Liq. Time 

  (h) 

Num. 

24 N3:A1:S3.4:H170 8 11.4 0.7 3 tubes 600 2 2 tubes 1/14 672 1tube Ķ¢-S24a 

168 1 tube Ķ¢-S24b 

25 N2.5:A1:S3.4:H170     600 2  1/14 168 1 tube Ķ¢-S25 

26 N5.5:A1:S5.5:H190 Not extruded ------ ------ ------ ------ ------ ------ Ķ¢S26 

27 N4.5:A1:S4:H170 10 14.2 0.7 8 bars 600 2 8 bars 1/14 2 1 bar Ķ¢-S27a 

1/14 4 1 bar Ķ¢-S27b 

1/14 6 1 bar Ķ¢S-27c 

28 N4.5:A1:S4:H170 

 

10 14.2 0.7 8 bars 600 2 8 bars 1/7 72 1 bar Ķ¢S-28a 

1/28 72 1 bar Ķ¢S-28b 

1/14 24 1 bar Ķ¢S-28c 

1/14 12 1 bar Ķ¢S-28d 

 

7
8 



 

      Table B1 contôd 

Run No Batch 

Composition 

Extrusion Parameters Calcination Parameters Crystallization Parameters at 80 
0
C Sample  

Code Amor. 

Powder 

(g) 

HEC (g) A/H  

 

Num. Temp 
0
C 

Time 

 (h) 

Num. Solid/Liq. Time 

  (h) 

Num. 

29 N4.5:A1:S4:H170 10 14.2 0.7 6 tubes 600 2 5 tubes 1/14 12 1 Ķ¢S29-a 

24 1 Ķ¢S29-b 

36 1 Ķ¢S29-c 

48 1 Ķ¢S29-d 

72 1 Ķ¢S29-e 

30 N4.5:A1:S4:H170 

 

12.8 18.28 0.7 3 mm 

cylinders 

9.13 g 

600 2 3 mm 

cylinders 

7.42 g 

1/14 72  Ķ¢S-30 

31 N3.5:A1:S2.3:H170 21.6 30.85 0.7 3 mm 

cylinders 

12.53 g 

1/14 72  Ķ¢S-31 

7
9 
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APPENDIX C 

 

 

PREPARATION OF CALIBRATION GRAPHS TO DETERMINE 

CRSYTALS PERCENTAGES IN ZEOLITE A,X MIXTURES  

 

 

Bragg angles and relative intensities of peak numbers in Figure 3.3 were compared 

with a reference pattern in the international zeolite database and listed in Table C.1. 

Intensities of that peaks were calculated by subtracting the baseline intensity. 

Relative intensities were calculated based on X9 peak. 

 

Table C.1: Comparision of zeolite X and reference pattern in international zeolite 

database 

 

Peak 

No 

NaX Hydrated (Ref:D.H.Olson, 

J.Phys.Chem. 74-2758-2764 (1970)) 

Commercial zeolite X                   

Aldrich Lot:03130MS 

h k l 2  ˼ Irel  2  ˼ I  Irel  

1 1 1 1 6.12 100    6,09 (2020-140) 1880 99 

2 2 2 0 10.00 10.4 9,99 (880-140) 740 39 

3 3 1 1 11.73 3.8 11,76 (550-170) 380 20 

4 3 3 1 15.43 6.5 15,5 (980-140) 790 42 

5 3 3 3 18.42 1.3 18,49 (480-190) 290 15 

6 4 4 0 20.07 2.0 20,17 (720-200) 520 27 

7 5 3 1 21.00 0.6 21,07 (330-200)130 7 

8 6 2 0 22.47 1.1 

22,59 (510-210) 300 16 6 0 2 0.2 

9 5 3 3 23.31 6.2 23,41 (2130-230) 1900 100 

10 6 2 4 26.65 2.4 

26,76 (1890-250) 1640 86 6 4 2 3.2 

11 7 3 3 29.21 1.2 29,3 (650-280) 370 19 
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Table C.1: contôd 

 

Peak 

No 

NaX Hydrated (Ref:D.H.Olson, 

J.Phys.Chem. 74-2758-2764 (1970)) 

Commercial zeolite X   

Aldrich Lot:03130MS 

h k l 2  ˼ Irel  2  ˼ I  Irel  

12 6 6 0 30.3 1.0 

30,45 (1000-300) 700 37 8 2 2 1.7 

13 7 1 5 30.94 0.4 

31,06 (2120-300)1820 96 

7 5 1 0.4 

5 5 5 5.7 

14 8 0 4 31.98 1.6 

32,11 (1050-300) 750 39 8 4 0 1.8 

15 7 3 5 32.59 0.1 

32,71 (570-300) 270 14 

9 1 1 0.1 

7 5 3 0.4 

16 6 6 4 33.59 3.4 33,74 (1250-300) 950 50 

17 9 3 1 34.17 0.5 34,33 

 

(650-300) 350 

 18 9 1 3 0.6 

18 8 4 4 35.13 0.5 35,26 (500-300) 200 11 

19 10 2 2 37.34 0.2 

37,5 (830-330)500 26 6 6 6 1.2 

 

 

Bragg angles and relative intensities of peak numbers in Figure 3.4 were compared 

with a reference pattern in the international zeolite database and listed in Table C.2 

Intensities of that peaks were calculated by subtracting the baseline intensity. 

Relative intensities were calculated based on A10 peak. 
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Table C.2: Comparision of Pure Zeolite A and reference pattern in International 

Zeolite Database 

Peak 

No 

Linde Type A (Ref:V.Gramlich, Z.Kristallogr. 

133-134-149 (1971)) 

Commercial Zeolite A                 

(Merck Lot No:5251610) 

h k l 2  ˼ Irel  2  ˼ I  Irel  

1 2 0 0 7.18 100 7,12 (970-110) 860 40 

2 2 2 0 10.17 51.3 10,11 (860-140) 720 34 

3 2 2 2 12.46 31.8 12,48 (690-150) 540 25 

4 4 2 0 16.11 5.503 16,13 (580-160) 420 20 

5 4 4 0 20.41 3.6 20,44 (330-190) 140 7 

6 6 0 0 21.67 10.6 

21,7 (1100-200) 900 42 4 4 2 22.8 

7 6 2 2 23.99 44.3 24,03 (1790-200) 1590 75 

8 6 4 0 26.11 10.1 26,12 (820-210) 610 29 

9 6 4 2 27.11 41.0 

27,14 (1790-200) 1590 74 

10 6 4 4 29.94 19.7 

29,99 (2395-270) 2125 100 8 2 0 19.9 

11 8 2 2 30.83 5.4 

30,89 (620-280) 340 16 6 6 0 2.3 

12 8 4 0 32.53 9.3 
32,57 (760-290) 470 22 

13 8 4 2 33.37 3.0 33,43 (450-290) 160 8 

14 6 6 4 34.18 27.1 34,24 (1690-290) 1400 66 

15 8 4 4 35.75 4.7 35,77 (510-290) 220 10 

16 10 0 0 36.51 4.1 36,53 

 

(460-290)170 

 8 8 6 0 0.4 

17 10 2 2 38.00 1.6 

38,03 (460-290) 170 8 6 6 6 1.4 
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A1,A9, A10,  X1, X3 and X4 peaks were chosen for preparing the calibration graphs. 

Intensity of A1, A9 and A10 peaks at different zeolite A percentages was given in 

Table C.3. Intensity of X1, X3 and X4 peaks at different zeolite X percentages was 

given in Table C.4. The calibration graphs based on these chosen peaks and 

summation of them were prepared and given in Figure C.1 to C.8.  

 

Table C.3: Intensity of A1, A9 and A10 peaks at different zeolite A percentages in 

the mixture. 

 

XRD %A IA1 IA10 IA9 

7426 100 (970-110) 860 (2395-270) 2125 (1800-220) 1580 

7428 90 (890-120) 770 (2210-260) 1950 (1690-230) 1460 

7431 80 (830-130) 700 (2060-250) 1810 (1610-240) 1370 

7433 70 (660-140) 520 (1780-250) 1530 (1310-210) 1100 

7435 60 (640-110) 530 (1600-280) 1320 (1320-230) 1090 

7430 50 (600-130) 470 (1390-270) 1120 (1160-230) 930 

7434 40 (490-130) 360 (1210-290) 920 (1050-250) 800 

7432 30 (500-140) 360 (1050-290) 760 (850-250) 600 

7427 20 (330-130) 200 (870-250) 620 (720-230) 490 

7429 10 (280-140) 140 (650-200) 450 (600-270) 330 

7419 0 0 0 0 0 0 0 
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TableC.4: Intensity of X1, X3 and X4 peaks at different zeolite X percentages in the 

mixture. 

 

XRD %X IX1 IX3 IX4 

7419 100 (2020-140) 1880 (550-170) 380 (980-190) 790 

7429 90 (1550-140) 1410 (510-180) 330 (940-170) 770 

7427 80 (1410-130) 1280 (410-160) 250 (800-180) 620 

7432 70 (1010-140) 870 (400-150) 250 (730-190) 540 

7434 60 (1030-130) 900 (380-150) 230 (600-190) 410 

7430 50 (880-130) 750 (340-150) 190 (595-190) 405 

7435 40 (730-110) 620 (350-140) 210 (500-180) 400 

7433 30 (580-140) 440 (290-180) 110 (400-170) 230 

7431 20 (470-130) 340 (240-170) 70 (330-170) 160 

7428 10 (270-120) 150 (210-180) 30 (300-190) 110 

7426 0 0 0 0 0 0 0 

 

 

 

Figure C.1. Calibration Graph based on X1 peak 
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Figure C.2: Calibration graph based on X3 peak 

 

 

Figure C.3: Calibration graph based on X4 peaks 
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Figure C.4: Calibration graph based on summation of X3 and X4 peaks 

 

 

 

Figure C.5: Calibration Graph based on A1 peak 
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Figure C.6: Calibration graph based on A10 

 

 

Figure C.7: Calibration graph based on A9 peak 
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Figure C.8: Calibration graph based on summation of A1,A9 and A10 peaks 
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APPENDIX D 

 

 

DATA FOR TERNARY  DIAGRAM  

 

 

Data that used to plot ternary diagram are given in Table D.1. 

 

 

Table D.1 Data for ternary diagram 

 

 

Hydrogel Composition N/A/S 

N7:A1:S6:H250 0.5/0.07/0.43 

N4.7:A1:S3.4:H170 0.52/0.11/0.37 

N3.5:A1:S3.4:H170 0.44/0.13/0.43 

N3.5:A1:S2.3:H170 0.51/0.15/0.34 

N2.5:A1:S2.3:H170 0.43/0.17/0.40 

N2.5:A1:S3.4:H170 0.36/0.15/0.49 

N3.5:A1:S3:H170 0.47/0.13/0.40 

N4:A1:S3.4:H170 0.48/0.12/0.40 

N3:A1:S3.4:H170 0.41/0.14/0.45 

N4.5:A1:S4.5:H190 0.45/0.1/0.45 

N5.5:A1:S3.5:H190 0.55/0.1/0.35 

N5.5:A1:S4.0:H190 0.52/0.1/0.38 

N5.5:A1:S45:H190 0.5/0.09/0.41 

N5.5:A1:S5.0:H190 0.48/0.08/0.44 

N5.5:A1:S5.5:H190 0.46/0.08/0.46 

N7:A1:S6.5:H250 0.48/0.07/0.45 

N4.5:A1:S4:H170 0.47/0.11/0.42 

N6.5:A1:S6:H260 0.48/0.076/0.44 

N6:A1:S5.5:H240 0.48/0.08/0.44 

N5:A1:S4.5:H200 0.476/0.095/0.429 

N8:A1:S8:H323 0.471/0.058/0.471 
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APPENDIX E 

 

XRD RESULTS  

 

 

 

 

Figure E.1: XRD pattern of (a)Ķ¢S1a (XRD6236) (b) Ķ¢S1b (XRD6238) 

(c)Ķ¢S2a(XRD6225)  

(a) 

(b) 

 (c) 
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Figure E.2: XRD pattern of (a)Ķ¢S2b (XRD6266) (b) Ķ¢S2c (XRD6263)                

(c) Ķ¢S3(XRD6262)  

(a) 

(b) 

(c) 
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Figure E.3: XRD pattern of (a)Ķ¢S4 (XRD6318) (b) Ķ¢S5 (XRD6263) 

(c)Ķ¢S6a(XRD6321) 

(a) 

(b) 

(c) 
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Figure E.4: XRD pattern of (a)Ķ¢S6b (XRD6322) (b) Ķ¢S7 (XRD6393) (c)Ķ¢S8 

(XRD6394) 

 

(a) 

(b) 

(c) 
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Figure E.5: XRD pattern of (a)Ķ¢S9 (XRD 6395) (b) Ķ¢S13 (XRD7063)  

 

(a) 

(b) 
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Figure E.6: XRD pattern of (a) Ķ¢S14 (XRD7064) (b) Ķ¢S15(XRD7065) 

(a) 

(b) 
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Figure E.7: XRD pattern of (a)Ķ¢S16 (XRD7066) (b) Ķ¢S17 (XRD7067) 

(c)Ķ¢S18(XRD7068) 

(a) 

(b) 

(c) 



97 

 

 

 

 

Figure E.8: XRD pattern of (a)Ķ¢S19 (XRD7069) (b) Ķ¢S20 (XRD7070) 

(c)Ķ¢S21(XRD7068) 

(a) 

(b) 

(c) 
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Figure E.9: XRD pattern of (a)Ķ¢S22 (XRD7343) (b) Ķ¢S23b (XRD7441) 

(c)Ķ¢S24b (XRD7440) 

(a) 

(b) 

(c) 
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Figure E.10: XRD pattern of (a)Ķ¢S25 (XRD7442) (b) Ķ¢S28a (XRD7443) 

(c)Ķ¢S28b (XRD7445) 

(a) 

(c) 
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Figure E.11: XRD pattern of (a)Ķ¢S28c (XRD7442) (b) Ķ¢S28d (XRD7444) 

 

 

 

 

 

 

(b) 
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Figure E.12: XRD pattern of (a)Ķ¢S29a (XRD7586) (b) Ķ¢S29b (XRD7587)         

(c) Ķ¢S29c (XRD7588) 

(a) 

(b) 

(c) 
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Figure E.13: XRD pattern of (a)Ķ¢S29d (XRD7589) (b) Ķ¢S29e (XRD75) (c) Ķ¢S30 

(XRD7591)       

(a) 

(b) 
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Figure E.14: XRD pattern of (a) Ķ¢S31 (XRD7592)  (b) Commercial 3A 

(XRD7593) (c) Commercial 4A (XRD7594)    

(a) 

(b) 

(c) 
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APPENDIX F 

 

 

SEM PICTURES 
 

 

   

    

Figure F.1: SEM image of (a) Ķ¢S18 inner surface(X500), (b) Ķ¢S18 inner surface 

(X1000), (c) Ķ¢S18 inner surface (X1500), (d) Ķ¢S18 inner surface (X12000) 

(a) (b) 

(c) (d) 
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Figure F.2: SEM image of (a) Ķ¢S18 outer surface(X500), (b) Ķ¢S18 outer surface 

(X1000), (c) Ķ¢S18 outer surface (X1500) 

(a) 

(b) 

(c) 



106 

 

 
 

 
 

 
 

Figure F.3: SEM image of (a) Ķ¢S18 cross section (X150), (b) Ķ¢S18 cross section 

(X1000),   (c) Ķ¢S18 cross section (X2400) 

(a) 

(b) 

(c) 
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Figure F4: SEM image of (a) Ķ¢S-3 inner surface (X2000) (b) Ķ¢S-3 inner surface 

(X3000)  

 

 

(a) 

(b) 
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Figure F5: SEM image of (a) Ķ¢S-3 outer surface (X500) (b) Ķ¢S-3 outer surface 

(X4000) (c) Ķ¢S-3 outer surface (X10000) 

(a) 

(b) 

(c) 
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Figure F6: SEM image of (a) Ķ¢S-3 cross section (X2000) (b) Ķ¢S-3 cross section 

(X4000) (c) Ķ¢S-3 cross section (X10000) 

(a) 

(b) 

(c) 
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Figure F7: SEM image of (a) Ķ¢S-7 inner surface (X2000) (b) Ķ¢S-7 inner surface 

(X4000) (c) Ķ¢S-7 inner surface (X10000) 

(a) 

(b) 

(c) 
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Figure F8: SEM image of (a) Ķ¢S-7 outer surface (X2000) (b) Ķ¢S-7 outer surface 

(X4000) (c) Ķ¢S-7 outer surface (X10000) 

(a) 

(b) 

(c) 


