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ABSTRACT 
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   Co-Supervisor: Prof. Dr. Nesrin HASIRCI 

 
 

July 2007, 69 Pages 

 
 
 
Zeolites are nanoporous crystalline aluminosilicates that are tasteless, odorless and 

nontoxic to humans. They can be tailored into antibacterial agents that are more cost 

effective than other conventional alternatives. Considering the increasing demand for 

enduring antibacterial agents, the potential uses of antibacterial zeolites are numerous 

in medical applications and for everyday household products. To produce 

antibacterial zeolites, the extra framework cations in the zeolite structures can be 

exchanged with silver ion (Ag+), the most commonly used antibacterial heavy metal 

ion due to its high stability, strong activity and broad spectrum. Utilization of 

antibacterial zeolite powders can be diversified when they are used as fillers in a 

polymer matrix. Polyurethanes (PU) are a class of polymers which can be prepared 

in wide range of physical structures with excellent mechanical properties. Ag+ loaded 

zeolites used as fillers in the PU matrix would contribute to the diversity and 

efficiency of the PU utilization in many applications including biomedical uses and 

consumer products. 
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In this study, three types of zeolites, namely; zeolite Beta, X and A with different 

pores sizes and SiO2/Al2O3 ratios were synthesized hydrothermally and treated with 

Ag+ containing solution for the exchange of cations. Composites were prepared by 

incorporation of sieved Ag+ exchanged zeolite particles into biomedical grade PU 

prepolymers which were prepared either in film or as sponge forms. Films were 

prepared by molding and foams were prepared in the presence of water as the 

blowing agent.  

 

Liquid media antibacterial tests showed that all of the Ag+-zeolite powders were 

effective against E. coli at a concentration of 500 ppm zeolite in deionized water. To 

assess the antibacterial effect of composites against E. coli, disc diffusion tests were 

carried out. Bacterial growth inhibition zones formed around the composite samples 

were the evidence of the antibacterial activity in the vicinity of the surface. All three 

kinds of zeolites successfully introduced the desired antibacterial property to the 

biomedical grade PU both in elastomeric film and in the foam form. Mechanical 

characterization of the composites yield higher ultimate tensile strength, modulus of 

elasticity and elongation at break values compared to control PU. No significant 

change in thermal properties of the composites was observed. Hence mechanical and 

thermal characterization of the composites showed that zeolites serve for the 

reinforcement of the mechanical properties of the polymer and did not cause any 

deterioration in thermal properties.  

 

 

Keywords: Zeolites, polyurethane, composite materials, silver ion, antibacterial   
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ÖZ 
 
 

ZEOLİT POLİMER KOMPOZİTLERİN BİYOLOJİK 
UYGULAMALAR İÇİN SENTEZİ 
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   Tez Danışmanı: Prof. Dr. Nurcan BAÇ 

   Ortak Tez Danışmanı: Prof. Dr. Nesrin HASIRCI 

 
 

Temmuz 2007, 69 Sayfa 

 
 
 
Zeolitler tatsız, kokusuz ve sağlığa zararlı olmayan nanogözenekli kristal yapıda olan 

alüminasilikatlardır. Çoğunlukla kullanılan alternatiflerinden çok daha ekonomik 

antibakteriyel malzemelere dönüştürülebilirler. Dayanıklı antibakteriyel malzemelere 

olan artan talep düşünüldüğünde antibakteriyel zeolitler için biyomedikal alanda ve 

günlük yaşamda pek çok potansiyel kullanım alanı olduğu görülür. Antibakteriyel 

zeolitlerin üretimi için, zeolitin kafes yapısına tutunmuş olarak bulunan katyonlar, 

yüksek dayanımı, güçlü etkisi ve geniş spektrumu sebebiyle en çok kullanılan 

antibakteriyel ağır metal olan gümüş iyonuyla değiştirilebilir. Toz yapıdaki bu 

zeolitler bir polimer içinde dolgu malzemesi olarak kullanıldıklarında olası kullanım 

alanlarının çeşitliliği artırılır. Poliüretanlar polimerler içinde çok iyi mekanik 

özelliklere sahip ve pek çok fiziksel yapıda hazırlanabilen bir sınıftır ve gümüş iyonu 

içeren zeolitlerin poliüretan içinde dolgu malzemesi olarak kullanılmasının 

poliüretanın biyomedikal alanda ve tüketici ürünlerinde kullanım çeşitliliğinin 

artmasına katkı sağlayacağı düşünülmektedir. 

 



 vii

Bu çalışmada farklı gözenek boyutu ve SiO2/Al2O3 oranına sahip üç çeşit zeolit 

(zeolit Beta, X ve A) hidrotermal yöntemle sentezlendi ve iyon değişimi için gümüş 

iyonu içeren çözeltilerle işleme tabi tutuldu. Kompozitler iyon değiştirilmiş 

zeolitlerin elendikten sonra ince tabaka ya da köpük şeklinde hazırlanmış poliüretan 

prepolimerinin içine katılmasıyla hazırlandı. Elastomerik ince tabaka halindeki 

kompozitler kalıplara dökülerek; köpük şeklindeki kompozitler ise kabartıcı olarak 

su kullanılarak hazırlandı. 

 

Sıvı ortamda yapılan mikrobiyoloji deneyleri gümüş iyonu yüklü zeolitlerin 500 

ppm’lik derişimdeki E. coli bakterisine karşı etkin antibakteriyel özelliğe sahip 

olduğunu gösterdi. Kompozitlerin antibakteriyel etkisinin gözlemlenebilmesi için 

disk difüzyon testi kullanıldı. Kompozit örneklerinin etrafında oluşan bakteriyel 

büyümenin engellendiği alanlar kompozitlerin antibakteriyel etkiye sahip olduklarını 

gösterdi. Üç çeşit zeolit de istenen antibakteriyel özelliği hem elastomerik tabaka 

halindeki kompozitlere hem de köpük yapıdaki kompozitlere başarıyla kazandırdı. 

Kompozitlerin mekanik karakterizasyonunda saf PU örneğine göre daha yüksek 

kopma kuvveti, esneklik modülüsü ve kopma uzaması değerleri elde edildi. 

Kompozitlerin termal özelliklerinde de önemli bir değişme kaydedilmedi. Böylece 

zeolitlerin polimerin mekanik yapısını güçlendirdiği ve ısıl özelliklerde bir 

kötüleşmeye sebep olmadığı kompozitlerin mekanik ve ısıl karakterizasyonuyla 

gösterildi. 

 

 

Anahtar kelimeler: Zeolitler, poliüretan, kompozit malzemeler, gümüş iyonu, 

antibakteriyel.
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CHAPTER 1 
 
 

INTRODUCTION 
 
 
 
Zeolites possess a highly ordered special molecular structure composed of uniform 

nanoscale channels and cavities, unlike their ordinary powdery appearance. This 

eccentric framework structure of zeolites distinguished them among other inorganic 

materials. Crystalline structure of natural zeolites, synthesis of new framework types 

and applications of natural and synthetic zeolites in many areas have been the subject 

of many scientific studies for long years. Together with the knowledge accumulation 

about their structure-property relationships, zeolites found widespread utilization 

areas in chemical industry. Most commonly, they are used as catalysts, ion-

exchangers and adsorbents.  

 

Properties such as long-term chemical and biological stability, size and shape 

selectivity, reversible binding ability to small molecules, non-toxic, odorless and 

tasteless nature made zeolites attractive materials for biomedical applications in 

recent years. One of those applications is the use of zeolites as antibacterial 

materials. In principle, this application relies on the ion-exchange property of 

zeolites. Native cations found in the zeolite structure such as sodium, potassium, and 

calcium can readily be exchanged with other cations like heavy metal ions (copper, 

zinc, silver, etc.) In fact this information has long been used as the basis for the 

heavy metal ion removal from the water sources. However, the very nature of the 

exchanged cations enables other promising applications. These heavy metal ions 

have oligodynamic antibacterial effect and thus the zeolites carrying these ions in 

their structure are named as antibacterial zeolites. Among the antibacterial heavy 

metal ions, silver ion is the most widely used because of its strong effect and wide 

spectrum together with its low human toxicity. Due to the increasing demand for 

antibacterial materials in medicine as well as in everyday life, novel materials that
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exhibit high resistance to heat, radiation, and mechanical stress are gained a great 

interest. Antibacterial zeolites combine the stability and strength with their 

availability at low cost relative to the alternatives.  

 

Although antibacterial zeolites have already been used in a wide range of 

applications, their being in the fine powder form limits their utilization due to the 

handling problems especially in the manufacture. The research going on in the area 

of inorganic-organic composite materials showed in many cases that inorganic fillers 

such as zeolites incorporated into the organic polymer matrix contribute to 

reinforcement of the thermal and mechanical properties of the polymer matrix as 

well as diversifying the areas that both materials can be used in conjunction.  

 

Considering the potential biomedical applications and availability in a wide range of 

mechanical properties, polyurethanes (PUs) are one of the most convenient polymers 

that zeolites can be incorporated into. PUs are widely used in biomedical applications 

as well as in the production of many commercial products. They can be prepared in a 

very broad range of physical structures (elastomers, films, adhesives, foams, fibers, 

etc.) with excellent mechanical properties. Their inherent tissue and blood 

compatibility made them desired biomaterials for many applications in medical 

practice. Zeolites incorporated into the PU matrix imparting antibacterial property to 

the composite structure may serve the efficacy of the material especially in the 

applications where sanitation is important.  

 

This study involves the PU-antibacterial zeolite union considering the synthesis and 

characterization stages and assessment of the efficacy as an antibacterial product. 

There are different studies focused on material synthesis and characterization as well 

as microbiological properties of different types of zeolitic materials used in PU 

matrix. The antibacterial property imparted to PU by zeolite addition and 

improvement of the mechanical properties of the composite materials was examined 

in parallel since functionality would not mean much without quality. Furthermore 

antibacterial zeolite Beta was synthesized and used for the first time in this study. 
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1.1 Zeolites 
 
Zeolites are crystalline inorganic materials that have highly ordered uniform 

channels and cavities in molecular dimensions. Their microporous nature is not a 

result of the defects or of entrapped air inside the bulk, but the result of inherent 

molecular structure of the crystals [1]. This ordered structure is called as framework 

structure and is formed by the silica and alumina units bridged by shared oxygen 

atoms [2]. Tetrahedral silica and alumina units are shown in Figure 1.1. Silica and 

alumina units are first organized into ring structures (4, 5, 6, 8, 10, or 12 membered 

rings), and then those rings form highly ordered and uniform channels and cavities 

which distinguish zeolites among inorganic materials. Microporous topology of the 

framework enables zeolites to have enormous surface areas in very little volumes 

since they are almost all-surface materials with no dead bulk. This high 

surface/volume ratio is the reason why zeolites are utilized as favorite materials 

especially in catalysis, adsorption and ion-exchange.  

 
 
 

 

Figure 1.1: Main building blocks of zeolites; silica and alumina units. 
 
 
 
Silica units in the framework structure are neutral however alumina units have an 

unbalanced negative charge. To balance the negative charge of the framework, there 

are cations held in the channels of the zeolites. Na+, Ca++, K+ are the most commonly 

found cations in natural zeolites or in the as-synthesized forms of the synthetic 

zeolites [3]. With the ion-exchange process, other cations can be loaded into the 

zeolite structure in the place of native cations.  
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There are about 130 different types of frameworks identified including both natural 

and synthetic zeolites [4]. A very broad classification of zeolites is made according 

to the SiO2/Al2O3 ratio of the framework. Zeolites with SiO2/Al2O3 ratios less than 4 

is called as low silica zeolites, with SiO2/Al2O3 ratios between 4 and 10 are named as 

intermediate silica zeolites and with SiO2/Al2O3 ratios greater than 10 are referred as 

high silica zeolites. Some important properties of zeolites such as hydrothermal 

stability, hydrophobicity and ion-exchange capacity are altered according to 

SiO2/Al2O3 ratio [3]. 

 

1.1.1 Zeolite Beta 
 
Zeolite Beta is a large pore and high silica zeolite first synthesized in 1967 by 

Wadlinger et. al. [5]. Its framework is composed of three dimensional interconnected 

channels which are formed by the stacking of 12 membered rings [6]. The pore 

diameters of the channels are approximately 0.5 and 0.7 nm [7]. A model showing 

the three dimensional channel system of zeolite Beta is given in Figure 1.2. 

 
 
 

 

Figure 1.2: Model of zeolite Beta framework [8]. 
 
 
 
Zeolite Beta can be synthesized in a very wide range of SiO2/Al2O3 ratios (10-200) 

with different silica sources (tetraethyl orthosilicate, silica solution or fumed silica) 

in the presence of a structure directing agent (tetraethyl ammonium hydroxide or 

tetraethyl ammonium bromide) under autogenous pressure [9]. It is an industrially 
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important zeolite in petrochemical industry [10], as well as in catalytic membrane 

and advanced sensor applications [11]. 

 

1.1.2 Zeolite X 
 
Zeolite X is a large pore (0.8 nm) zeolite in Faujasite framework family primarily 

used as an adsorbent and in gas drying [3]. There are different techniques developed 

for the synthesis of zeolite X using different source materials. Crystals obtained can 

be various in shape ranging from small spherical aggregates to huge well-shaped 

octahedra depending on the synthesis materials and techniques [12, 13]. Figure 1.3 

shows the framework structure of zeolite X. 

 
 
 

 

Figure 1.3: Model of Faujasite framework [14]. 
 
 
 
1.1.3 Zeolite A 
 
Zeolite A is one of the most important and well-known zeolites in industry, produced 

in hundreds of thousands of tons annually. It is utilized in diverse industrial 

applications as water softeners, additives in PVC thermoplastics, gas dryers and 

separating media for linear and branched hydrocarbons [3].  
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Figure 1.4: Model of zeolite A framework [14]. 
 
 
 
Its framework is composed of alpha and beta cages producing the unit cell shown in 

Figure 1.4. The opening of the channels is 0.4 nm (for Na form). Cubic crystals or 

cubic crystals with truncated edges of zeolite A (about 1-3 µm) are obtained by 

hydrothermal treatment of nearly equimolar mixture of aluminate and silicate at 

moderate temperatures [15]. Also the synthesis of larger crystals (about 20 µm) in the 

presence of tetraethylamine as the stabilizing agent is reported [13]. 

 

1.2 Silver Ion 
 
Germicidal effects of heavy metal ions such as silver, zinc, copper, mercury, tin, 

lead, bismuth, cadmium, and thallium [16] are recognized since nineteenth century. 

The most remarkable property of these ions is their oligodynamic activity, i.e., their 

ability to exert their effects at minute concentrations [17; 18]. Among these metal 

ions, silver ion is the most commonly used one because of its strong antibacterial 

activity, high stability together with its wide spectrum and remarkably low human 

toxicity [19, 20]. Because of these superior properties compared to other metals, 

silver species is very widely used and concerns of silver-resistive bacteria emerge as 

in the case of a variety of microorganisms treated with organic biocides. However, it 

is reported that unlike antibiotics, resistance to silver ion by microorganisms is rare 

[18]. This fact shows the advantage of silver ion over the conventional organic 

biocides. 
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Mode of action of free silver ion on bacteria is realized through binding to electron 

donor groups containing sulphur, oxygen and nitrogen. Since these elements are 

found in the most important biological components such as thio-, amino-, imidazole, 

carboxylate-, and phosphate-, quite a number of biological processes are disrupted by 

the presence of silver ion. Moreover, binding of silver ions to bacterial DNA can 

inhibit transport processes such as phosphate and succinate uptake and can alter the 

cellular oxidation processes finally leading to cell death [20].  

 

In spite of the efficient antibacterial effect of silver ion, metallic silver has very 

limited antibacterial action because of its chemical stability and the lethal effect of 

silver on bacteria is directly correlated to silver ion concentration in the medium. 

Thus, silver coated [21, 22] or silver particle impregnated [23-25] materials can only 

be effective when they can produce free silver ions. Another concern about the 

utilization of silver ion as an antibacterial agent is the human toxicity. Silver ion 

concentration higher than 10 mg/L may be toxic to certain human cells, thus silver 

coated medical materials brings the problem of local cytotoxicity [20]. Therefore the 

preferred way of conveying silver species to create the antibacterial efficiency is 

most desirably in the ion form. Considering these, antibacterial zeolites seem to be 

the most promising additive to introduce antibacterial effect to a composite material 

since the release of silver ion into the desired medium where the composite material 

will be utilized can be controlled by fine tuning the chemical and physical structure. 

 

Interaction of silver ion with blood proteins such as albumin is reported to decrease 

the antibacterial efficiency. Bonding to a protein structure stabilizes the ion causing 

the loss of activity against bacteria [20]. Chloride ion found in the close environment 

of silver ion containing material also causes the loss of action since it reacts and 

precipitates as AgCl. In addition, NO3
- is found to weaken the antibacterial activity 

of silver ion [17]. Thus, complete awareness of presence of proteins and ionic species 

is necessary in order to use silver species especially in contact with living tissues. 
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1.3 Polyurethane (PU) 
 
Polyurethanes are a class of polymers which can be prepared in a wide range of 

physical structures with excellent mechanical properties. First synthesis was done by 

Bayer, and they have been commercially used for more than 60 years now 

predominantly in the elastomer and foam forms. Polyurethanes are produced by the 

condensation polymerization reaction between diisocyanates and polyols. The name 

“polyurethane” comes from the “urethane” linkage (Figure 1.5) formed between 

these two polymers. However they do not only contain urethane linkage, ether and 

ester groups of polyols, but also depending on the monomers and production 

technique adapted, they may also contain urea, biuret, allophanate, carbodiimide, 

aromatic hydrocarbon rings and even ionic groups. 

 
 
 

 

Figure 1.5: Urethane linkage 
 
 
 
Cross-links formed by hydrogen bonding in the urethane groups form hard segments 

while flexible polyol chains constitute the soft segments. Structural and 

morphological properties of polyurethanes can be greatly varied by changing the type 

and chain length of reacting monomers and fabrication techniques. They can be 

prepared in a variety of forms including elastomers, foams, fibers, coatings, 

adhesives and resins. Together with this wide range of physical forms, polyurethanes 

offer elasticity with high mechanical strength, abrasion resistance and controllable 

hardness. Thus, it is possible to tailor made the polymer according to the utilization 

purpose [26-29]. 

 

Availability in a very wide range of physical and mechanical properties, stability 

during sterilization, and compatible nature with the biological environment makes 

polyurethanes one of the mostly used materials in biomedical applications. They are 
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conveniently used in endoprostheses, cardiac valves, or regenerative membranes for 

damaged internal organs without inducing any major inflammation, destruction of 

body fluids or blood components [29].  

 

1.3.1 Polyurethane Foam (PUF) 
 
Polyurethane foams can be obtained through the reaction of isocyanate groups with 

water (Eqn. 1.1) which occurs at a similar rate that isocyanates react with polyols in 

the formation of polyurethane networks. By that reaction unstable carbamic acid is 

formed which readily decomposes to CO2 and an amine (Eqn. 1.2). Actually CO2 

formed by this reaction is what “blows” the foam. While CO2 is blowing out, amine 

reacts with isocyanate groups to form urea (Eqn 1.3). Water blown polyurethane-

polyurea foam production is based on these set of reactions [30]. Polyurethane foams 

are produced in vast amounts and used in many applications from acoustic insulation 

to furniture making. 

 
 
 

     (1.1) 

     (1.2) 

   (1.3) 

 
 
 
In this study, the aim is to synthesize, characterize and assess the antibacterial 

activities of composites prepared by the incorporation of Ag+ exchanged zeolites into 

biomedical grade PU matrix. Ag+-zeolites are expected to impart antibacterial 

activity and contribute to the enhancement of mechanical properties of PU.
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CHAPTER 2 
 
 

LITERATURE SUMMARY 
 
 
 
The research which is the embodiment of this thesis involves the synthesis of an 

antibacterial composite material made up of silver ion containing zeolites 

incorporated into polyurethane matrix. Thus, the studies in literature were classified 

into subheadings as shown in Figure 2.1 according to the intersections of three 

highlights summarized in the introduction part.  

 
 
 

 

 

Figure 2.2: Schematic showing the classification of the related studies in literature. 
The star sign indicates the intersection of PU-Ag+-zeolites where this study takes its 
place. 

 

 

Antibacterial  

Effect of Silver 
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2.1 
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2.1 Ag+-Zeolites 
 
Zeolites are ideal carriers of silver for antibacterial applications. Because silver, in its 

antibacterially active ionic form (Ag+), can directly be loaded into the zeolites by 

simple ion-exchange process. In fact, among the noble metals, only Ag+ can be fully 

and completely exchanged into zeolites from aqueous solutions [31]. Furthermore 

zeolite is a thermally stable, low cost and non-toxic material which supplies 

controllable continuous release of Ag+ makes it a perfect material to induce 

antibacterial effect in many applications. Because of the antibacterial effect of Ag+, 

zeolites containing Ag+ is generally termed as antibacterial zeolite. 

 

There are different brand names for Ag+ exchanged zeolites around the world and its 

application areas are spreading. Table 2.1 shows three examples of those brand 

names around the world. 

 
 
 
Table 2.1: Brand names of Ag+-zeolites. 
 

Brand Name Origin 

 
Japan 

 

Korea 

 

U.S.A. 

  
 
 
There are two different mechanisms proposed for the mode of action of Ag+-zeolites 

on bacteria:  

1) Direct elution of Ag+ from zeolite into the environment and successive 

inhibition of bacterial metabolic processes. 
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2) Generation of reactive oxygen species by Ag+ in the zeolite structure which 

necessitates the aerobic conditions for Ag+-zeolites to be effective [32]. This 

effect is similar to the sterilization effect of ozone, however zeolites are 

advantageous since they are non-toxic, stable and cheap materials unlike 

ozone [33]. 

 

Although there are speculations, antibacterial activity of Ag+-zeolites were confirmed 

against many microorganisms both in aerobic and anaerobic medium [19, 34].  

 

The utilization areas of Ag+-zeolites represented in literature are numerous such as 

dental applications [34-37], deodorants [38], hemostatic agents [39], hydrophilic 

coatings for condensers [40], etc.  

 

Some of the studies in literature involving microbiological testing of silver loaded 

zeolite species are given in Table 2.2 with the corresponding references. As it is seen 

from the table, the activity Ag+-zeolites against a very wide range of microorganisms 

were proven. 

 

The antibacterial effect of Ag+-zeolites strengthen the role of zeolites in biomedical 

and biotechnological field. Because of the growing interest for antibacterial materials 

in everyday life and because of the constant need of sterilization in medical 

applications, Ag+-zeolites have a big potential in different forms as commercial 

products. In Japan, they have already started to be used in the forms of coatings, 

additives, fibers, etc. in many goods. Together with the studies researching the 

composite structures, mechanical properties, toxicology, clinical trials; antibacterial 

zeolites is very likely to be well-known materials ensuring the sanitation of many 

products. 
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Table 2.2: Summary of the studies in literature involving Ag+-zeolites. 
 

Study 
Zeolite type 

(or brand name) 

Specific Purpose 

(if stated) 
Microorganisms tested Effective against 

Matsuura,1997 [35] Zeomic® Dental application 
C. albicans, S. aureus, 

P. aeruginosa, 
All 

Kawahara, 2000 [34] Zeomic® Dental application 

P. gingivalis, P. intermedia, 

A. actinomycetemcomitans, 

S. mutans, S. sanguis, A. viscosus, 

S. aureus 

All (even in anaerobic 

conditions) 

Inoue, 2002 [19] Faujasite  E. coli 
E. coli (not in 

anaerobic conditions) 

Cowan, 2003 [41] AgION® Coating on stainless steel E. coli, P. aeroginosa, S. aureus All 

Matsumura, 2003 [32] Zeomic®  E. coli E. coli 

Top, 2004 [16] Clinoptilolite  P. aeroginosa,  E. coli All 

Ostomel, 2006 [39] Zeolite 5A Hemostatic agent P. aeroginosa P. aeroginosa 

Nakane, 2006 [38] Zeomic® Deodorant 
M. luteus, B. epidermidis, 

C. amycolatum, S. epidermidis 
All 

13 
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2.2 Silver-Polymer Composites 
 
2.2.1 Silver Coating 
 
Knowledge on the antibacterial activity of silver has inspired many applications since 

its discovery. Coating is one of the most commonly used methods to utilize the 

antibacterial effect of silver species together with other materials. Especially coating 

of polymers is very commonly applied wherever bacterial colonization is a risk. 

 

According to the review of silver coated medical devices by Schierholz; many 

laboratory and animal studies confirmed the antibacterial activity of silver coated 

devices, however convincing clinical studies are rare [20]. In order for silver coatings 

to show successful reduction of bacterial contamination, there should be continuous 

production of Ag+, since the antibacterial effect of the ion form is much more 

effective than the metallic form. On the other hand, Ag+ concentrations higher than 

10 mg/L may be toxic to human cells leading to local tissue loss. Coating of silver 

and its alloys used for central venous catheter and urinary catheter showed 

controversial clinical results that point out the need of more clinical studies before 

the establishment in practice. 

 

One recent study of Wang et al, investigating the surface modification on the 

efficacy of polyethylene teraphtalate (PET) reported that the adhesion of 

Staphylococcus epidermidis is suppressed by silver coating. PET films were coated 

by filtered cathodic vacuum arc technique and the thickness of silver layer was 

observed approximately as 4-5 µm. Ag+ release from the continuous silver coating on 

PET surface was measured as 0.12 mg/L in 2 hours and the reduction in the bacterial 

adhesion is associated with this release. This finding suggests that production of Ag+ 

is necessary for silver coated materials to have antibacterial activity. Also amount of 

Ag+ released is under the threshold concentration of toxicity for animal cells and it is 

proven for screening the lactate dehydrogenase (LDH) (an enzyme which is released 

to medium only after necrotic cell damage) activity of seeded endothelial cells on 

PET-Ag samples. Furthermore interfacial free energy between bacterial cells and 
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PET-Ag surface was calculated as a positive value indicating that the adhesion is not 

energetically favored [42]. 

 

Besides the medical applications targeting the treatment of patients, the sanitation of 

hospital environment and sterility of the clothing of staff is an important concern. 

Masks are the interface of healthcare workers with the patients and contaminations 

on the outer surface may penetrate into the mask and cause infections. Li et al, 

studied the antimicrobial effect of Ag and TiO2 nanoparticle coating applied by 

textile finishing machine on the outer surface of the surgical masks. 100 % reduction 

in the viable cell counts for E. coli and S. aureus was obtained while the counts on 

the uncoated samples were increased. This study shows that silver nanoparticle 

coating inhibits the bacterial growth and ensures the protection of healthcare staff 

against common hospital pathogens. However grinding of particles to less than 100 

nm was necessary to create enough surface area for the improvement of antibacterial 

action [43]. 

 

Another study of special importance is related with silver coating on PU by Gray et 

al. In this study, a commercial medical grade PU (TecothaneTM) which is used in the 

production of urinary catheters were coated with silver by electroless plating 

technique which necessitates the use of commercial plating solutions. The effect on 

bacteria was evaluated by using E. coli strains since it is a clinical isolate from 

urinary track infection. The highest antibacterial activity was observed at lowest 

plating times. This phenomenon was related to decrease in the dissolution rate of Ag+ 

at longer plating times due to the decreased surface/volume ratio of silver particles. 

Silver coated samples were determined as bacteriostatic rather bacteriocidal due to 

the low dissolution rate of Ag+ from the surface [21].  

 

Foam form of PU was also coated with silver nanoparticles to be used as a water 

filter which eliminates the bacterial contamination of drinking water. For this 

purpose PU foams were soaked in a silver nanoparticle solution which is obtained by 

the boiling silver nitrate and sodium citrate together. No bacterium detected in water 

after passing through the filter prepared by silver nanoparticle coated PU foam. This 
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result indicates that the antibacterial Ag+ dissolution from the materials having large 

surface areas coated with metallic silver can be effective against bacterial 

contamination unlike the elastomers and films with lower surface areas [22]. 

 

2.2.2 Silver Impregnation 
 
Addition of silver species into the polymer matrix during the production stage is also 

a common method applied to obtain antibacterial composites to overcome the 

problems of coating such as poor adhesion and lack of uniformity.  

 

Radheshkumar and Münstedt studied silver powder impregnation into polyamide 

(PA) and polypropylene (PP) matrix [24, 44]. The results show that PP-Ag 

composites showed significantly lower Ag+ release than composites. This is 

explained by the water affinity difference of two polymers. Since the impregnated 

particles are elementary silver, presence of water is needed to dissolve and convert 

silver metal to antibacterial Ag+. PA, with its higher affinity to water than PP eases 

the transfer of water inside the polymer matrix and consecutively results in higher 

Ag+ release. They also compared PP-Ag composites with the composites that they 

prepared by adding commercial silver carrier materials. These materials were stated 

as titanium dioxide, sodium hydrogen zirconium phosphate or zeolites but no exact 

data were stated other than brand names. Composites prepared by two of these 

materials showed significantly higher Ag+ release which is explained by the effect of 

the silver carrier material’s porous nature. It can be concluded that porous carriers of 

silver leads to successful antibacterial composites even with hydrophobic polymers 

which shows inadequate Ag+ release when impregnated with elementary silver 

particles. 

 

Silver particle impregnation into PU matrix was also studied for the use of composite 

as a catheter (under the brand name Erlanger silver catheter). Composites were 

prepared by elementary silver addition into commercial thermoplastic polyurethane 

(Tecothane). Bacteriocidal effect against Staphlylococcus epidermidis could only be 

reached by composites prepared with 20x20 nm sized silver particles while micron 
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sized particles did not reduce bacterial adhesion. A similar conclusion as the studies 

summarized so far is that; release of Ag+ is directly related with the active surface of 

the material and very small particles were necessary to introduce the desired 

antibacterial effect to PU matrix [23]. 

 

In the study of Chou et al, silver nanoparticle impregnation into PU matrix showed 

significant improvement of thermal and mechanical properties when used in very low 

loadings (1.5x10-3-6.5x10-3 wt. %). The presence of Ag particles in PU matrix serves 

as the nucleation sites inducing increased crystallization of the polymer, thus both 

thermal and mechanical resistance of the material is enhanced. In the in vivo 

experiments, enhanced biostability of the composite material upon implantation was 

observed but no microbiology test was done. Although it is reasonable to use this 

material in the production of an implant due to its enhanced thermal and mechanical 

properties along with increased biostability, antibacterial activity should not be 

expected at such low Ag loadings because of inadequate Ag+ production [25]. 

 

2.3 Zeolite-Polymer Composites 
 
From the materials point of view, composite structures offer the advantage of 

combining the good properties of both materials while overcoming the shortcomings. 

The applications of zeolites are limited with their powdery nature. This limitation is 

surmounted and utilization of zeolite powders can be diversified when they are used 

as fillers in a polymer matrix. This way, not only the problem of handling a powdery 

material like zeolite is overcome but also the thermal and mechanical properties of 

the polymer are enhanced [45, 46]. 

 

Inorganic-organic mixed matrix membranes are well-known research area yielding 

the necessary knowledge especially for separation processes. There many studies 

involving zeolite addition into the polymer matrix as the filler phase to facilitate the 

separation of various mixtures. Since it is a very wide research area only the studies 

involving PU-zeolite composites will be mentioned here. 
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In the study of Lue et al, ZSM zeolites were used as fillers in PU matrix. PU-ZSM 

composites were prepared by using tetrahydrofuran as the solvent and a uniform 

membrane was obtained after the removal of solvent by vacuum-drying. The cross-

section of the composite membrane is shown in Figure 2.2. Because of the large size 

of ZSM crystals (approximate diameter: 10 µm), a complete embedding of the 

crystals in the polymer can not be observed in the cross-sectional micrographs. 

Mechanical properties of the composite membrane are not known since the study 

involves only the research on the separation performance [47]. 

 
 
 

 

Figure 2.3: SEM image of PU-ZSM membrane [47]. 
 
 
 
Another study aiming the synthesis of composite membranes for separation involves 

SAPO-5 incorporation into PU matrix. Different than the previous study, asymmetric 

composites which are composed of a dense top and a porous bottom layer were 

prepared. Both the density and the swelling ratio measurements confirmed that 

SAPO-5 particles (0.2-0.4 µm diameter) are in close interaction with PU matrix. This 

is explained by the cross-linking of hydrogen bonds between polymer chains and 

hydroxyl groups T-OH (T: Si, Al, P) on the surface of the zeolite crystals [45].  

 

More insightful study on the mechanical properties of zeolite-polymer composites 

were performed by Aksoy et al. This study involves as-synthesized and calcined 

zeolite Beta particles (approximate diameter: 1 µm) as the filler phase in PU matrix. 
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Different from other studies no solvent, catalyst or other ingredient is used in the 

preparation of composites. Similar with PU-SAPO-5 composite mentioned 

previously, formation of hydrogen bonding between the hydroxyl groups of zeolite 

with carbonyl or ether groups of PU was confirmed by ATR-FTIR analysis. This fact 

showed its effect also on the enhancement of mechanical properties. Ultimate tensile 

stress, modulus of elasticity and elongation at break values for all of the composites 

were higher than pure PU films. The strongest composites were the ones prepared 

with calcined-zeolite Beta. [46].  

 

These findings clearly showed that without altering the chemical structure, the 

mechanical properties can be improved by incorporation of zeolite in PU matrix. 

Moreover, with the functionalization of zeolite particles incorporated into the 

structure, it is possible to obtain composites having specific functions as well as 

reinforced structures. 

 

2.4 Ag+-Zeolite-Polymer Composites 
 
The idea of antibacterial zeolite-polymer composites was first patented by Hagiwara 

et al. in 1988. Two processes are described in this patent for the production. The first 

method is admixing zeolite particles previously provided by metal ion into the 

polymer and the other method was moulding the zeolite-polymer mixture into an 

article first and then treating with metal ion solution. The patent is extended to 

involve natural zeolites and synthetic zeolites having SiO2/Al2O3 ratio of at most 14. 

Bactericidal metal ions that can be used are stated as silver, zinc, copper or a 

combination of these ions. Polymer of choice is not limited and the patent involves 

all synthetic or semi-synthetic organic polymers. Stated preferable zeolite content is 

in between 0.01-10 wt. % and metal ion content is maximum 30 wt. % (5 wt. % is 

preferable) in the case of silver. For the microbiological tests, the disc diffusion 

method is used with E. coli, P. aeroginosa, S. aureus as bacteria; A. flavus as 

eumycetes; and C. albicans as fungus. Silver exchanged zeolite A - nylon composite 

were given as an example and it showed satisfactory antibacterial activity against all 

of the tested microorganisms [48]. 
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Pehlivan et al. studied polypropylene (PP) based composites prepared by the addition 

of Ag+ exchanged clinoptilolite as the filler phase. Clinoptilolite is a natural zeolite 

and the minimum size of the particles reached by wet-grinding and sieving is 45 µm. 

Although the surface modification procedure applied with PEG 4000 to zeolites in 

order to provide uniform distribution along the polymer matrix, very large 

agglomerates were reported. Non-uniform zeolite distribution and void formation 

around the zeolites in the tensile tested samples were observed and this situation is 

explained by surface incompatibility between zeolites and PP. Mechanical properties 

and material’s resistance to thermal degradation were decreased as a result of the 

inhomogeneity of the structure. The study does not involve microbiological 

experiments to asses the antibacterial activity of composites [49]. 

 

The ability of zeolitic materials to maintain their chemical and physical structures 

even after utilization in a catalytic process created the idea of recycling waste 

catalysts and converting them to useful products. Estevão et al. investigated the 

development of an antibacterial composite material using Ag+ ion exchanged waste 

catalyst in PU matrix. Waste catalyst is identified to contain only 39 % zeolitic 

material (Si/Al = 3.60) and the rest is composed of a series of metal oxides. 

Composites comprising 20 wt. % of catalyst were prepared by heat pressing PU 

pellets having different soft-to-hard segment ratios together with the catalyst. The 

results show that only composite having an intermediate soft-to-hard segment ratio 

PU was able to release Ag+ higher than the minimum inhibitory Ag+ concentration 

for C. tropicalis, Cr. humicolus, S. aureus, and E. coli. It is shown here that with 

simple treatments a waste catalyst can be converted to a useful product for various 

applications. However, besides its zeolitic content, waste catalyst contains many 

heavy metal oxides that may be toxic for living tissues and this necessitates further 

considerations for the determination of possible applications [28]. 
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CHAPTER 3 
 
 

EXPERIMENTAL 
 
 
 
3.1 Materials 
 
In zeolite synthesis, as aluminate source; sodium aluminate (50.8 wt % Al2O3, 43.4 

wt % Na2O, Riedel de Haën), as silica source; Ludox
® HS-40 colloidal silica solution 

(40 wt % SiO2 suspension in water, Sigma Aldrich) or sodium metasilicate 

pentahydrate (Na2O.SiO2.5H2O, 29 wt. % Na2O, 28 wt. % SiO2, 43 wt. % H2O,   

Fluka AG) and as soda source NaOH powder (>97 wt. %, J. T. Baker) was used. For 

zeolite Beta synthesis only tetraethyl ammonium hydroxide (35 wt % TEAOH 

solution in water, Aldrich) was used as the organic structure directing agent (sda). 

For the preparation of Ag+ ion exchange stock solution, solid AgNO3 (J. T. Baker) 

was used. In all synthesis and ion-exchange procedures deionized water (resistivity > 

18 MΩ cm) water was used. 

 

In PU synthesis toluene diisocyanate (TDI; Dow Chemical Company, USA as a 

mixture of 2,4 and 2,6 toluene diisocyanate in the ratio of 80:20) and polypropylene 

ethylene glycol (polyol; Dow Chemical Company; MW ~3500) were used as 

monomers. 

 

3.2 Preparation of Zeolites 
 
3.2.1 Synthesis of Zeolites 
 
Three types of zeolites, namely; zeolite Beta, zeolite X and zeolite A which have 

low, intermediate and high SiO2/Al2O3 ratios, respectively were synthesized 

hydrothermally from gel solutions having the compositions given in Table 3.1. 

Calculations for the determination of the exact amount of reagents are given in 

Appendix A. 



22 

Table 3.1:  Gel compositions for the synthesized zeolites 
 
Zeolite 

type 
Composition 

Synthesis 

Conditions 

Beta 2.2 Na2O: Al2O3: 20 SiO2: 4.6 (TEA)2O: 444 H2O
*,§ 150°C, 8 days 

X 17 Na2O: Al2O3: 8 SiO2: 666 H2O� 90°C, 16 hours 

A 3.39 Na2O: Al2O3: 1.77 SiO2: 116.9 H2O� 100°C, 4 hours 

* TEA stands for tetraethylammonium ion. 
§ Reference [50] 

� Reference [51] 

 
 
 
Zeolite Beta: Sodium aluminate precursor solution for zeolite Beta was prepared by 

first dissolving NaOH powder and then sodium aluminate in deionized water. 

Tetraethyl ammonium hydroxide solution, which is the structure directing agent (sda) 

for zeolite Beta synthesis, was added and the precursor solution was stirred. Ludox® 

HS-40 colloidal silica solution was added onto aluminate precursor and the mixture 

is mixed thoroughly. Prepared zeolite synthesis solution was poured into Teflon lined 

stainless steel autoclaves. The autoclaves were kept statically at 150°C in a 

conventional oven for 8 days. The resulting solid products were vacuum-filtered, 

washed with deionized water until pH of the filtrate is around 9.0 and dried at 80°C 

overnight. Teflon liners of the autoclaves were cleaned after each run by keeping 

them in 5% HF solution for one day and then in distilled water for the following day. 

 

Zeolite A and X: A and X type zeolites were synthesized according to the published 

procedures [51] using sodium metasilicate pentahydrate and sodium aluminate as 

silicate and aluminate sources, respectively. For the synthesis gel preparation first 

NaOH was dissolved in deionized water. Into one half of this solution sodium 

aluminate was added. Sodium metasilicate pentahydrate was added into the other 

half of the sodium hydroxide solution. Both precursor solutions were magnetically 

stirred thoroughly. After the dissolution is complete, two precursor solutions were 

mixed together and synthesis gel was formed. The gel is vigorously shaken for the 

homogenization, put into high density polyethylene (HDPE) bottles and placed into 
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the oven previously heated to the synthesis temperature designated in Table 3.1. 

After the synthesis time was complete, solid precipitate of the solution was recovered 

by vacuum-filtering. Filtered products were washed with deionized water until the 

filtrate’s pH is around 9.0 and dried at 80°C overnight as in the synthesis of zeolite 

Beta. Just like in the zeolite Beta synthesis, after each run HDPE bottles were 

cleaned by keeping one day in 5% HF solution and following day in distilled water. 

 

3.2.2 Ion-Exchange:  
 
The stock solution was prepared by dissolving solid AgNO3 deionized water with the 

concentration of 0.05 M. 1 g of each zeolite sample was put into 25 mL of 0.05 M 

AgNO3 solution and the resulting suspension was stirred in dark for 24 hours at room 

temperature. In the ion-exchange process of all the zeolite samples, same 

solid/solution ratio and same duration was applied. Zeolites were removed from 

AgNO3 solution by centrifugation at 3700 rpm. The solid part was washed with 

repeated centrifugation, decantation and redispersion steps using deionized water to 

remove excessive AgNO3. Ag
+ loaded zeolites, namely; AgX, AgA, and AgBeta 

were obtained after drying at 80°C. 

 

3.2.3 Calcination:  
 
Before the utilization of zeolite Beta in composite preparation, the organic structure 

directing agent (TEA) in the structure should be removed. Thus, Ag+ loaded zeolite 

Beta samples were calcined at 550°C for 6 hours prior to use and named as cAgBeta. 

 

3.3 Preparation of Composites  
 
Zeolites were kept in a conventional oven at 80°C overnight to reduce the adsorbed 

humidity before the composite preparation. Dried zeolites were sieved (Sieve No: 

100, openings 160 µm) to homogenize the particle size of zeolites.  

 

PU prepolymer was prepared as described: Toluene diisocyanate and polypropylene 

ethylene glycol was used in the polymer synthesis without the addition of any other 
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ingredients (solvent, catalyst, or activator). Polymerization process was carried out in 

a closed vacuum system [46]. 

 

3.3.1 PU-Ag+-Zeolite Composite Films 
 
For composite preparation, freshly prepared viscous PU prepolymer was poured into 

glass Petri dishes were used as molds. Desired amounts (10 wt. %) of sieved zeolites 

were added onto the prepolymer. With the help of a spatula, zeolite powders were 

dispersed thoroughly in the Petri dish to obtain a homogenous composite.  

 

For the curing of zeolite-polymer composites prepared in Petri dishes were placed in 

a vacuum oven for the curing of polymer. They kept at 80°C until the formation of 

solid films (about 10 days). Composites were easily removed from the glass dishes 

by peeling off after solidification.  

 

3.3.2 PU-Ag+-Zeolite Composite Foams 
 
Same viscous PU prepolymer was used to produce PU foam with the addition of 

water as the blowing agent. For this purpose, 3 g of prepolymer was poured into 

glass Petri dish (5 cm diameter). Then 5 drops of deionized water was added on top 

of the prepolymer and vigorously mixed by the help of a spatula. The mixture is 

readily formed a white-colored foam. The samples prepared in the foam form were 

named as polyurethane foam and designated as “PUF”.  Ag+-zeolite containing foam 

samples were prepared by the addition of 10 wt. % Ag+-zeolite. After the 

introduction of water and initial foam formation, Ag+-zeolite is added and thoroughly 

mixed. Resulting PUF samples were cured in a conventional oven at 80°C until 

solidification.  

 

3.4 Material Characterization 
 
3.4.1 X-Ray Diffraction Analysis (XRD) 
 
Phase identification of the synthesized zeolites was done by powder X-Ray 

diffraction analysis (XRD) using Ni filtered Cu-Kα radiation (Philips PW 1729). The 
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voltage and current were 30 kV and 24 mA, respectively. The diffraction peaks were 

scanned between 5-40 2θ degrees with step size of 0.01° and 0.1°/s. Time constant 

was 1 s, and slit was 0.2 mm. 

 

3.4.2 Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray 

Spectroscopy (EDX) 

 
Morphological properties of the Ag+ loaded zeolites as well as PU-zeolite composites 

were examined by scanning electron microscopy (SEM) (Leo Supra 35VP FE-Gun 

LaB6). Energy dispersive X-ray spectroscopy analysis of the Ag
+-zeolites was done 

by using Röntec X-Flash® 1102 X-ray detector attached to LEO Supra. Before SEM 

and EDX analyses zeolite powder and composite samples were coated with gold. 

(Only cross-sectional micrographs of the composite samples were obtained by using 

carbon coating prior to SEM analysis)  

 

SiO2/Al2O3 ratio and Ag
+ loading of the ion-exchanged zeolites were calculated by 

using the atomic percent values (at. %) for the elemental species determined by EDX 

analysis. Percent Ag+ loading was calculated by Equation 3.1: 

 
 

100
.%)(.%)(

.%)(
% ×

+
=

atNaatAg

atAg
exchangeAg     (3.1)  

 
 
3.4.3 Inductively Coupled Plasma- Optical Emission Spectrometry (ICP-

OES) 

 
Ag+ content of the ion-exchanged zeolites were determined by inductively coupled 

optical emission spectrometry (ICP-OES, Perkin Elmer Optima 4300DV) after total 

dissolution of the zeolite samples by digestion in microwave treatment. 
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3.4.4 Thermal-Gravimetric Analysis (TGA) and Differential Scanning 
Calorimetry (DSC) 
 
Thermal characterization of PU-Ag+-zeolite composites was achieved by using 

thermal gravimetric analyzer (Perkin Elmer Pyris 1 TGA) and differential scanning 

calorimetry (Shimadzu DSC 60). Analysis was performed under N2 atmosphere 

between 25 - 600°C for TGA and -140 - 250°C for DSC at a heating rate of 

10°C/min.  

 

3.4.5 Mechanical Testing 
 
Mechanical properties of PU-Ag+-zeolite composites were analyzed by Lloyd LRX 

5K Mechanical Tester, controlled by a computer running program (WindapR). 

Composite samples were attached to the holders of the instrument (gauge length: 20 

mm) and load-deformation curves were obtained as output for each composite 

sample. Equation 3.2 was used to calculate the ultimate tensile strength (UTS).  

 
 

A

F
=σ   (3.2) 

 
 
In this equation σ denotes the ultimate tensile strength (MPa), F is the maximum load 

applied before rupture (N) and A is the initial cross-sectional area (mm2) of the 

sample.  

 

Stress-strain curve was obtained from load-deformation curve and slope of the elastic 

region is accepted as Young’s modulus (E) of the sample. At least five sample of the 

same composite type were tested and average values of Young’s modulus, ultimate 

tensile strength and percent elongation at break (EAB) values were calculated. 
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3.5 Microbiological Tests 
 
3.5.1 Liquid Media Test 
 
The antibacterial effect of Ag+ loaded zeolites on Escherichia coli was tested in 

liquid media. Bacteria colonies were grown on eosin methylene blue (EMB) agar 

plates at 37°C one day prior to microbiological tests.  

 

Bacteria colonies grown on EMB agar were taken by an inoculating loop and 

dissolved in 50 mL of deionized water. Transfer of bacteria between different media 

was done under aseptic conditions. All the equipment was either available in sterile 

packages or they were flame sterilized prior to use and transfers were done inside the 

aspirated cabin. 

 

Concentration of zeolite samples was adjusted to be 500 ppm in the resulting 

antibacterial test solutions. After bacteria culture was thoroughly dispersed in the 

deionized water, zeolite samples were added and the solutions were gently mixed. 

Since the amount of zeolite samples were only a few milligrams they were easily 

dispersed in the bacteria solution and neither settling of solid part was observed. For 

control purposes blank solution was prepared without zeolite addition in order to see 

the normal growth of bacteria in the experimental conditions applied.  

 

Bacteria solutions containing the zeolite samples were placed in the incubator with 

the lids of the containers were partially open. They were kept in the incubator (at 

37°C) for one day at static conditions. Samples from the liquid media were taken by 

an inoculating loop and spread onto EMB agar by a sterile cotton swab. The agar 

plates were again incubated for one day at 37°C. Antibacterial efficacy of the zeolite 

samples were determined by observing the growth of bacteria on the agar plates 

where samples from the zeolite containing bacteria solutions were spread. 

 
3.5.2 Disc Diffusion Test 
 
Antibacterial effect of the PU-Ag+-zeolite composites was determined by the disc 

diffusion method. Prior to tests bacteria colonies were grown on EMB agar plates at 
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37°C as in the case of liquid media tests. With the aid of a sterile cotton swab the 

inoculum is taken from EMB agar plates and spread onto Muller-Hinton (MH) agar 

plates.  

 

Composite samples were prepared by punching 5 mm discs out of the films obtained 

in the molds. Foam samples were prepared by scissor cutting for convenience since 

they were too thick for punching. These samples were placed on the inoculated MH 

agar both vertically and horizontally. After one day of incubation at 37°C, 

antibacterial effect was determined visually by observing the bacterial growth 

inhibition zones formed around the composite samples and recorded by taking 

photographs.
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CHAPTER 4 
 
 

RESULTS AND DISCUSSION 
 
 
 
4.1 Zeolite Characterization 
 
4.1.1 XRD Analysis 
 
As the first step in this study, three different types of zeolites were synthesized by the 

hydrothermal synthesis method. Zeolite types of different SiO2/Al2O3 ratios and pore 

sizes were selected. Zeolite Beta is high silica zeolite having a large pore diameter 

(6-7 Å), zeolite X is another large pore diameter (8 Å) zeolite with intermediate silica 

content and zeolite A is a low silica zeolite with small pore diameter (4 Å). 

 

Powder X-ray diffraction analysis was used to characterize the crystal phases in the 

synthesized zeolites. The success of zeolite synthesis was assessed by the 

comparison of the Bragg angles in X-ray diffraction patterns of the synthesized 

zeolite and the corresponding target zeolite. Figures 4.1, 4.2 and 4.3 show the 

powder XRD patterns of the synthesized zeolite Beta, zeolite X and zeolite A, 

respectively. Characteristic XRD patterns of the zeolites in the literature are given in 

Appendix B. 

 

XRD patterns of the synthesized zeolites completely matches with the characteristic 

peaks of the target zeolites given in literature confirming that each type of zeolite 

was obtained as the single crystalline phase. However, in the XRD pattern of zeolite 

X intensities of the peaks are lower compared to other two types indicating the 

presence of some amorphous material together with the crystalline phase.
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Figure 4.1: Powder X-ray diffraction pattern of the synthesized zeolite Beta 

(Synthesis solution SiO2/Al2O3 ratio: 20). 
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Figure 4.2: Powder X-ray diffraction pattern of the synthesized zeolite X (Synthesis 

solution SiO2/Al2O3 ratio: 8). 
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Figure 4.3: Powder X-ray diffraction pattern of the synthesized zeolite A (Synthesis 

solution SiO2/Al2O3 ratio: 1.77). 

 
 

4.1.2 Ion-Exchange 
 
The amount of Ag+ ion loaded into the zeolites were determined by ICP-OES and 

given in Table 4.1. In zeolite Beta, Ag+ loading is approximately the half of the 

loading in zeolite A and X, which is an expected result since maximum ion-exchange 

capacity of zeolite Beta is lower due to the higher SiO2/Al2O3 ratio of the framework 

structure.  

 
 
 
Table 4.1: Amount of Ag+ loaded in the zeolites determined by ICP-OES. 
 

Zeolite type Synthesis gel SiO2/Al2O3 ratio Amount of Ag
+
 (wt. %) 

Zeolite Beta 20 5.53 ± 0.02 

Zeolite X 8 10.66 ± 0.04 

Zeolite A 1.77 10.58 ± 0.01 
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Ag+ loading of zeolite X is slightly higher than that of zeolite A although their 

expected loading should be lower due to its higher SiO2/Al2O3 ratio. The reason 

could be related with the applied ion-exchange procedure (24 hour ion-exchange 

process with a low concentration AgNO3 solution). According to the EDX analysis 

of the Ag+ loaded zeolites given in Table 4.2, ion-exchange was not completed in 24 

hour process for zeolite A and X, whereas for zeolite Beta, it is 98% completed. With 

repeated Ag+ ion exchange procedures or by using more concentrated AgNO3 

solutions higher Ag+ loading is attainable for both zeolite X and zeolite A. However, 

repeated ion-exchange processes or concentrated ion-exchange solutions were 

avoided because ions tend to deposit on the zeolite surface as silver oxide which is 

detrimental for the desired antibacterial activity [48]. EDX analysis results of the 

Ag+-zeolites are given in Appendix C. 

 
 
 
Table 4.2: Amount of Ag+ loaded in the zeolites determined by EDX. 
 

Zeolite type Ag
+ 
ion exchange (%) Ag

+
 (wt. %) 

Zeolite Beta 98.3 7.1 

Zeolite X 34.8 15.6 

Zeolite A 25.5 12.7 

 
 
 
There is a slight difference between weight percent of Ag+ in the zeolites determined 

by ICP-OES and EDX. The reason of the difference in quantitative results is thought 

to be originated by the difference in the analysis methods. The bulk analysis method 

is used in ICP-OES rather than the semi-quantitative analysis focused on a limited 

sample region in EDX. Although the numerical results are different, changing trend 

between zeolite types are consistent. 

 
4.1.3 Morphology 
 
Scanning electron micrographs of Ag+-zeolites are given in Figure 4.4. Particle sizes 

are approximately in the range of 1.5 - 2 µm for AgA; 0.7 - 1 µm for cAgBeta and 
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AgX. Characteristic cubic shape of zeolite A particles were observed in micrographs 

with slightly truncated edges. Presence of some amorphous particles together with 

the crystals was noticed in zeolite X micrograph as it is indicated by their XRD 

pattern. Zeolite Beta crystals did not show a definite crystal shape but they were 

observed as round shaped particles having coarse surfaces as the examples in the 

literature [52].  

 
 
 

 

Figure 4.4: Scanning electron micrographs of Ag+-zeolites: a) AgA b) AgX               
c) cAgBeta. 
 
 
 
 
 
 
 
 

    (a)     (b) 

    (c) 
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4.2 Composite Characterization 
 
4.2.1 Morphology 
 
Scanning electron micrographs of the cross-sectional views of the composites with 

low magnifications are given in Figure 4.5. In some regions of PU-cAgBeta 

composites, agglomerated particles were noticed (shown by white arrow in Figure 

4.7.b). AgX and AgA composites however; showed similar morphology to pure PU 

in the cross-sectional view. 

 

Higher magnification images (Figure 4.6) showed that zeolite particles are in close 

contact with the polymer matrix. There are almost no voids between the polymer and 

crystals. This case is also true for cAgBeta particles, showing that agglomeration 

seen in lower magnifications is just a result of poor mixing of the composites rather 

than an incompatibility between two materials. 
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(a) (b) 

  

(c) (d) 

Figure 4.5: Cross-sectional micrographs of a) PU and composites: b) PU-cAgBeta   
c) PU-AgX and d) PU-AgA. 
 
 
 
In the study of Pehlivan et. al. [49] involving clinoptilolite incorporation into 

polypropylene matrix; non-uniform zeolite distribution and void formation between 

zeolites and polymer matrix were observed. It was explained by the incompatibility 

between the matrix and the filler phases. Another important point leading to inferior 

mechanical properties may be related with the uncontrollable size (45 µm) of natural 

zeolite particles used. Larger crystals in the polymer matrix promote void formation. 

 

Absence of voids in PU-Ag+-zeolite composites examined in this study shows that 

there is indeed an interaction between the surface of zeolites and PU matrix. It is also 
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in agreement with the improvement in the mechanical properties of the composite 

materials compared to the pure PU films. Synthetic zeolites offer an advantage in 

composites when compared to natural zeolites considering the controllable particle 

size of the crystals. As the particle size of the filler phase is reduced, interaction 

between two phases increases due to the increased surface area.  

 
 
 

  

(a) (b) 

 

(c) 

Figure 4.6: Higher magnification cross-sectional images of composites:                    
a) PU-cAgBeta, b) PU-AgX, c) PU-AgA. 
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Zeolite particles were seen mostly buried under a continuous thin PU film in surface 

micrographs (Appendix D). This may lower the antibacterial property since the 

interaction of Ag+ ions inside the zeolite particles with the surface is reduced, on the 

other hand it prevents the zeolite particles to fall out from the surface and be released 

to the application environment in an uncontrolled way. 

 
 
 

  

(a) (b) 

Figure 4.7: SEM images of PUS-AgA composites: a) Low magnification (119X)     
b) Higher magnification (4192X). 
 
 
 
In the composites prepared as foams showed good dispersion of zeolites. A 

representative example is given for PUS-AgA composite in Figure 4.7. As it is seen 

on Figure 4.7-a, zeolites are found mostly in the bulky regions where the air bubbles 

meet. Higher magnifications image shows the fine dispersion of zeolite particles in 

one of the bulky regions. 

 

4.2.2 Mechanical Properties 
 
Mechanical properties of PU-Ag+-zeolite composite samples were compared with 

pure PU films. The purpose was to investigate whether zeolite particles in the 

composite matrix cause a decline in any of the mechanical parameters that will result 
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in an inefficient material. Characteristic parameters showing strength, elasticity and 

ductility of PU-Ag+-zeolite composites obtained by tensile testing are given in Table 

4.3.  

 

The first remarkable observation is the increase in ultimate tensile stress (UTS), 

modulus of elasticity (E) and elongation at break (EAB) values for all of the 

composites compared to pure PU. Enhancement of mechanical properties upon 

incorporation of inorganic species in organic polymer matrices is a well-known 

situation shown for various inorganic-organic composites and the results obtained in 

this study are in agreement with the studies in literature [45, 46]. Most significant 

increase is observed in the Young’s modulus of the composites. This shows that Ag+-

zeolites, as inorganic fillers in PU matrix increase the resistance of material against 

elastic deformation.  

 
 
 
Table 4.3: Mechanical properties of PU-Ag+-zeolite composites compared with 
control PU samples. 
 

 UTS (MPa) E (MPa) EAB (%) 

PU 0.70 ± 0.15 3.72 ± 0.21 17.90 ± 3.87 

PU-cAgBeta 1.19 ± 0.11 5.78 ± 0.37 22.64 ± 1.83 

PU-AgX 1.97 ± 0.29 11.18 ± 1.83 20.62 ± 4.18 

PU-AgA 1.17 ± 0.10 6.99 ± 0.94 18.70 ± 2.28 

 
 
 
Percent increase in the measured mechanical parameters is illustrated in Figure 4.10. 

As it is seen in the figure; the strongest and stiffest composites were obtained by the 

addition of AgX zeolites. This can be interpreted as the effect of low crystallinity of 

zeolite X phase. Because the increase in UTS and E values are much higher than that 

of PU-cAgBeta, although the crystal sizes of two zeolite types are similar. Low 

crystallinity may be thought as a disadvantage when controlling Ag+ loading of 

zeolites however, it is shown here that it contributes to the enhancement of 
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mechanical properties resulting in stronger composites most probably due to the 

better dispersion of small amorphous particles in PU matrix.  
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Figure 4.8: Effect of Ag+-zeolite incorporation on the mechanical properties of PU. 

 
 
 
Effect of zeolite addition on UTS and E values are close to each other for PU-

cAgBeta and PU-AgA. On the ductility of the composite samples, shown by EAB 

values, addition of cAgBeta is more effective than other zeolite types however the 

increase is moderate when compared to a similar study involving the addition of 

calcined zeolite Beta into PU matrix. In that study, it was shown that lower zeolite 

loading in PU matrix leads to more ductile composites, and increase in EAB values 

(115% for 0.1% loading and 99% for 1% loading) is declined as the zeolite loading is 

increased 10 times [46]. 26% increase in EAB obtained with 10% cAgBeta loading 

applied in this study is in agreement with declining trend of percent increase in EAB 

values obtained in the mentioned study. It is obvious that zeolite loading more than 

10% would not be favored since it would result in an inferior material than PU in 

terms of ductility. 
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4.2.3 Thermal Properties 
 
Thermogravimetric analysis results of pure PU sample and PU-Ag+-zeolite 

composites are shown in Figure 4.11 and the temperatures where 50% weight loss 

occurs are listed in Table 4.4. 
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Figure 4.9: Comparison between TGA results of PU and PU-Ag+-zeolite composites. 
Inset: Magnification of the region where the weight loss rate is the highest. 
 
 
 
Table 4.4: Temperatures at which 50 percent weight loss is observed in TGA. 
 

 PU PU-cAgBeta PU-AgX PU-AgA 

T50% (°C) 392 397 396 394 

 
 
 
TGA results of the composite samples showed similar characteristics. Thermal 

degradation of the samples was started around 250°C and completed around 425°C. 

Ag+-zeolite addition into PU matrix did not have any negative effect on the 
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resistance of the polymer against thermal degradation. On the contrary, there is a 

slight increase in the temperature at which the thermal degradation is fastest for all 

types of composites compared to pure PU.  

 

In the study of Chou et. al., it was shown that upon incorporation of a very small 

amount of silver nanoparticles (in the order of 10-3 wt. %) into PU matrix, 

degradation temperature of the composites increased from 370°C to 438°C. This 

much of an increase is explained by the fact that the silver nanoparticles served as the 

nucleation sites for the enhanced crystallization of PU matrix [25]. In PU-Ag+-zeolite 

composites however, this effect is not significant. Ag+-zeolites do not have an 

important role on the improvement of thermal resistance nor do they have any 

negative effect making composites more susceptible to thermal degradation. 

 

Glass transition temperatures and melting temperatures were determined to be in the 

range of (-54) - (-51) °C and 163-169°C, respectively (Table 4.5). Close results 

obtained for pure PU and composite samples confirm that Ag+-zeolite addition does 

not have a significant effect on thermal characteristics of the material. This is also 

consistent with TGA results. DSC curves of the samples can be seen in Appendix E. 

 
 
 
Table 4.5: Glass transition and melting temperatures of PU and composite samples 
determined by DSC. 
 

Sample Tg (°C) Tm (°C) 

PU -53.14 169.19 

PU-cAgBeta -52.87 163.50 

PU-AgX -51.22 167.29 

PU-AgA -54.10 165.99 
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4.3 Microbiological Tests 
 
Antibacterial activity of the synthesized materials was tested at two stages of the 

study against the most common pathogenic bacteria, Escherichia coli. First, Ag+ 

loaded zeolite powders were tested in liquid media at low zeolite concentrations. 

Then composites were tested using a conventional method used for polymers which 

are impregnated with antibiotics and disinfectants.  

 

4.3.1 Liquid Media Test 
 
Liquid media tests were used to determine the antibacterial activity of Ag+-zeolites. 

Lethal effect of Ag+-zeolites on bacteria was assessed by comparing the effect of Na+ 

form of the same zeolites. In addition a blank solution containing only E. coli cells in 

deionized water was also used as blank to observe the normal growth of the bacteria 

on agar plates. The amount of zeolite used in the tests was kept constant for all 

samples as 500 mg zeolite / L solution (500 ppm).  

 

Photographs of the agar plates taken after 24 hours’ incubation are shown in Figure 

4.12. All three types of Ag+-zeolites were found to be effective against E. coli 

whereas Na+ form of the same zeolites had no significant effect on the bacteria. 

Embedded close-up light microscope images show the surface of the agar plates at 

higher magnifications. Bacteria colonies were clearly visible in the agar plates where 

samples from Na+-zeolite containing solutions were spread, whereas no sign of living 

cells were seen even at magnified images in the agar plates on which samples from 

Ag+-zeolite containing solutions were spread. These tests clearly proved the 

antibacterial activity of Ag+-zeolites against E. coli even at low concentrations. 
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Figure 4.10: Antibacterial effect of Ag+-zeolites powders compared with Na+ form of the same zeolites, tested in liquid media. 
Embedded close-up figures are the optical microscope images of the agar surfaces. a) Blank, b) NaBeta, c) NaX, d) NaA, e) cAgBeta,   
f) AgX, g) AgA. 

43 
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4.3.2 Disc Diffusion Test 
 
The efficacy of PU-Ag+-zeolite composites on the inhibition of bacterial growth was 

tested with disc diffusion method which is a conventional method used in many 

studies involving antibacterial materials [16, 22, 28, 38, 53]. Images of the agar 

plates inoculated by bacteria and incubated in the presence of composite samples 

were shown in Figure 4.13. 

 
 
 

 

Figure 4.11: Pure PU and composite samples on bacteria bearing agar plates. a) PU, 
b) PU-cAgBeta, c) PU-AgX, d) PU-AgA. 
 
 
 
As it is seen from the figure, there is a bacterial growth inhibition zone around the 

pressed composite samples while around the pure PU sample no clearance is 

observed. Around each of the composite sample, about 1-2 mm of inhibition zone 

ring is clearly visible. Considering the slow diffusion rate of Ag+ ion in the solid-like 

agar medium, observed clearance areas around the composites are the evidence of 
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antibacterial activity in the vicinity of the surface. In fact, this antibacterial effect 

confined to very limited environment is thought to be the desired case for PU-Ag+- 

zeolite composites. Because, if these composites are to be used in contact with the 

human body, in a catheter for example, Ag+ ion elusion from the material to the 

surrounding tissues should be kept under control since the ion is also toxic for animal 

cells in high concentrations [20].   

 

No significant difference of the antibacterial activity is observed among the 

composite samples prepared by the incorporation of different types of Ag+-zeolites. 

This shows that even cAgBeta with its lower Ag+ loading compared to AgX and 

AgA is an effective antibacterial filler in PU matrix.  

 

Antibacterial effect of prepared foam samples were also tested with the same 

method. There are some disadvantages of this method related with the physical form 

of foam samples. Since the contact area with the agar is reduced because of the 

porous nature of the polymers, the inhibition zone is less clearly visible then in the 

case of film samples. Thus, in order to be able to observe the bacterial growth 

inhibition, photographs of the agar plates were taken both before and after the 

removal of the sample from agar plate. Figure 4.14 shows the results of disc 

diffusion test of foam samples. As in the case of film samples, all foam samples 

containing Ag+ zeolites have antibacterial property, while pure PUF does not. Cracks 

and craters seen on the agar are just due to pressing of the sample and do not effect 

bacterial growth. However, the sensitivity of the applied method is not sufficient to 

determine the effect of zeolite type on the antibacterial effect of composite.  

 

This result indicates that Ag+-zeolites can effectively be used to impart antibacterial 

activity in polyurethanes prepared as foams as well as elastomeric films. An 

antibacterial material which is prepared in the foam form can be used in a variety of 

areas from food packaging to furniture by just the modification of the foam.



46 

    

(a) (c) (e) (g) 

   
 

(b) (d) (f) (h) 

Figure 4.12: Pure PUF and composite samples on the inoculated agar plates. a-b) PUF, c-d) PUF-cAgBeta, e-f) PUF-AgX,                      
g-h) PUF-AgA. 
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CHAPTER 5 
 
 

CONCLUSION 
 
 
 
This study aimed to synthesize polymer-zeolite composites which show antibacterial 

effect. Three different zeolite types were synthesized and successfully converted into 

antibacterial powders by Ag+ ion-exchange. PU was chosen as the polymer matrix to 

incorporate Ag+-zeolites into, because of its good mechanical properties, 

biocompatibility and versatile nature.  

 

Zeolite A, X, and Beta with their small particle sizes showed a good interaction with 

the polymer and formed quality composites. Mechanical characterization of the 

composites in accordance with the morphology showed superior properties of 

composites compared to pure PU. Especially in the PU-AgX composite, a more 

pronounced increase in tensile strength and modulus was observed most probably 

due to better dispersion of the particles in PU matrix. Thermal analyses yielded very 

similar results for pure PU and composite samples demonstrating that zeolite 

addition does not deteriorate the thermal properties of PU. 

 

Microbiological tests revealed good antibacterial effect of Ag+ exchanged zeolites at 

low concentrations in liquid media. All three type of zeolites used in this study 

achieved to impart the desired antibacterial activity in PU. The thin bacterial growth 

inhibition zones around the composite samples showed low Ag+ elution from the 

composites in solid like agar medium which is the desired case since higher Ag+ 

release would be toxic to animal cells when possible biomedical applications are 

considered. Composites in the foam form also demonstrated antibacterial activity; 

however since the contact area is less than film samples, growth inhibition was only 

visible when the samples are removed from the agar. 
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In summary, Ag+-zeolite–PU composites were prepared, characterized and their 

antibacterial activity was confirmed with the microbiological tests. It was shown that 

zeolites can effectively be used together with PU to obtain fully functional and 

mechanically reinforced antibacterial composites. 
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CHAPTER 6 
 
 

RECOMMENDATIONS 
 
 
 
Both zeolites and PU are versatile materials that can be tailor made with special 

treatments for the desired applications. Hence further diversifications and 

improvements are always possible. Thus following points can be recommended for 

future studies. 

 

PU used in this study was synthesized in biomedical purity, without any additional 

ingredients other than monomers such as solvent, catalysts, chain extenders, 

plasticizers, etc. Hence the composites prepared with this type of PU would be 

beneficial for the applications involving close contact with the living tissues. 

However, for more general applications, composites may be prepared in the presence 

of a solvent to ensure that no agglomeration of particles is present.  

 

Microbiological analyses can be varied by using different methods or different 

pathogenic microorganisms chosen according to the determined application of the 

composite. Ag+ released from the composites in different liquid media mimicking the 

body fluids may be measured to determine the possible conditions in case of 

utilization as a biomedical material. 

 

Instead of making composites with incorporation of zeolites into the polymer matrix, 

crystal growth on the surface may be used. However, since PU is a hydrophobic 

polymer, surface functionalization must be performed in order for zeolites to attach 

on PU surface in the aqueous synthesis solution. This way, presence of zeolites only 

on the surface of the polymer is ensured and antibacterial effect may be imparted by 

treating the zeolite coated polymer substrates with Ag+ solutions. 
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APPENDIX A 
 
 

PREPARATION OF THE ZEOLITE SYNTHESIS 
MIXTURE  

 
 
 
A. 1 Zeolite Beta 
 
Source Materials: 
  

• Tetraethyl ammonium hydroxide [TEAOH≡(C2H5)4NOH]:  

35 wt. % TEAOH in water, molgMWTEAOH /26.147=  

For 100 g of TEAOH solution in water: 

TEAOHmol
g

mol
TEAOHg 2377.0

26.147

1
35 =×  

OHmol
g

mol
OHg 22 6111.3

0.18

1
65 =×  

OHTEAOHFormula 219.15:19.15
2377.0

6111.3
⋅⇒=  

molgWeightFormula /68.4200.1819.1526.147: =×+  

 

• Colloidal silica: 

40 wt. % SiO2 suspension in water (0.41 wt. % Na2O)  

molgMWSiO /08.602 = , molgMW ONa /98.612 =  

For 100 g of SiO2 solution in water: 

22 6657.0
08.60

1
40 SiOmol

g

mol
SiOg =× 22 0066.0

98.61

1
41.0 SiOmol

g

mol
ONag =×  

( ) OHmol
g

mol
OHg 22 310.3

0.18

1
41.040100 =×−−  

OHONaSiOFormula 222 97.401.0:97.4
6671.0

310.3
;01.0

6657.0

0066.0
⋅⋅⇒==
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molgWeightFormula /16.1500.1897.498.6101.008.60: =×+×+  

 

• Sodium aluminate: 

50.7682 wt. % Al2O3 and 43.3950 wt. % Na2O, 5.8368 wt. % impurity 

molgMW OAl /96.10132 = , molgMW ONa /98.612 =  

For 100 g sodium aluminate: 

3232 50.0
96.101

1
7682.50 OAlmol

g

mol
OAlg =×  

ONamol
g

mol
ONag 22 70.0

98.61

1
3950.43 =×  

ONaOAlFormula 232 4.1:4.1
50.0

70.0
⋅⇒=  

( )
molgWeightFormula /43.200

100

)8368.5100(
98.614.196.101

: =
−

×+
 

 

• Sodium hydroxide (NaOH): 

wt. % NaOH, 3 wt. % H2O, molgMWNaOH /99.39=  

For 100 g sodium hydroxide: 

NaOHmol
g

mol
NaOHg 4256.2

99.39

1
97 =×  

OHmol
g

mol
OHg 22 1667.0

0.18

1
3 =×  

OHNaOHFormula 207.0:07.0
4256.2

1667.0
⋅⇒=  

molgWeightFormula /25.410.1807.099.39: =×+  

 

• De-ionized water 

 

Batch (Molar) Composition: 
 
2.2 Na2O : 20 SiO2 : Al2O3 : 4.6 (TEA)2O : 440 H2O [50] 
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Pertinent Chemical Equations: 
 

• 2 (NaOH·0.07 H2O) → Na2O + 1.14 H2O    (A.1) 

• 2 (TEAOH·15.19 H2O) → (TEA)2O + 31.38 H2O   (A.2) 

 
Amount of the Reagents: 
 

� For 4.6 mol of (TEA)2O: 

9.2 mol (TEAOH·15.19 H2O) Weight: 3870.256 g 

� For 20 mol of SiO2: 

20 mol (SiO2·0.01 Na2O·4.97 H2O) Weight: 3003.2 g 

� For 1 mol of Al2O3: 

1 mol (Al2O3·1.4 Na2O)  Weight: 200.43 g 

� For 2.2 mol of Na2O: 

ONamol 22.001.020 =×  is supplied by colloidal silica. 

ONamol 24.1  is supplied by sodium aluminate. 

ONamol 26.04.12.02.2 =−−  should be supplied by NaOH. 

For 0.6 mol Na2O; NaOHmol2.16.02 =×  is needed according to Equation A.1. 

1.2 mol (NaOH·0.07 H2O)  Weight: 49.5 g 

� For 440 mol of H2O: 

OHmol 2348.144
2

38.31
2.9 =×  is supplied by TEAOH according to Equation A.2. 

OHmol 24.9997.420 =×  is supplied by colloidal silica. 

OHmol 2684.0
2

14.1
2.1 =×  is supplied by NaOH according to Equation A.1. 

OHmol 2568.199684.04.99348.144444 =−−−  is needed. 

199.568 mol H2O  Weight: 3592.224 g 
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(TEAOH·15.19 H2O)  Weight: 3870.256 g 

(SiO2·0.01 Na2O·4.97 H2O) Weight: 3003.2 g 

(Al2O3·1.4 Na2O)  Weight: 200.43 g 

(NaOH·0.07 H2O)  Weight: 49.5 g  

H2O    Weight: 3592.224 g  Total: 10715.61 g. 

Scaling factor is determined as: 
batchofweightTotal

61.10715
 

 

For example for 100 g of batch, scaling factor is 107.1561 and necessary amount of 

reagents needed for the batch preparation is determined according to the scaling 

factor. 

(TEAOH·15.19 H2O)  g1179.36
1561.107

256.3870
Weight ==  

(SiO2·0.01 Na2O·4.97 H2O) g0264.28
1561.107

2.3003
Weight ==  

(Al2O3·1.4 Na2O)  g0487.1
1561.107

43.200
Weight ==  

(NaOH·0.07 H2O)  g4619.0
1561.107

5.49
Weight ==   

H2O    g3352.33
1561.107

224.3592
Weight ==   

 

A. 2 Zeolite X 
 
Source Materials:  
 
Sodium metasilicate pentahydrate was used as the silica source in the synthesis of 

zeolite X and zeolite A different from the synthesis of zeolite Beta. 

• Sodium metasilicate pentahydrate:  

OHSiOONaFormula 222 5: ⋅⋅  molgWeightFormula /14.212:  

 
Batch (Molar) Composition: 
 
17 Na2O: Al2O3 : 8 SiO2: 666 H2O [51] 
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Amount of the Reagents: 
 

� For 8 mol of SiO2: 

8 mol (Na2O· SiO2·5 H2O)  Weight: 1697.12 g 

� For 1 mol of Al2O3: 

1 mol (Al2O3·1.4 Na2O)  Weight: 200.43 g 

� For 17 mol of Na2O: 

ONamol 28  is supplied by sodium metasilicate pentahydrate. 

ONamol 24.1  is supplied by sodium aluminate. 

ONamol 26.74.1817 =−−  should be supplied by NaOH. 

For 7.6 mol Na2O; NaOHmol2.156.72 =×  is needed according to Equation A.1. 

15.2 mol (NaOH·0.07 H2O)  Weight: 627.00 g 

� For 666 mol of H2O: 

OHmol 24058 =×  is supplied by sodium metasilicate pentahydrate. 

OHmol 2664.8
2

14.1
2.15 =×  is supplied by NaOH according to Equation A.1. 

OHmol 2336.617664.840666 =−−  is needed. 

617.336 mol H2O   Weight: 11112.048 g 

 

(Na2O· SiO2·5 H2O)  Weight: 1697.12 g 

(Al2O3·1.4 Na2O)  Weight: 200.43 g 

(NaOH·0.07 H2O)  Weight: 627.00 g 

H2O    Weight: 11112.048 g  Total: 13636.60 g. 

Scaling factor is determined as: 
batchofweightTotal

60.13636
 

 

For 100 g of batch, scaling factor is 13.63703 and necessary amount of reagents is 

determined accordingly. 

(Na2O· SiO2·5 H2O)  g3445.12
3660.136

12.1697
Weight ==  

(Al2O3·1.4 Na2O)  g4698.1
3660.136

43.200
Weight ==  
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(NaOH·0.07 H2O)  g5979.4
3660.136

.627
Weight ==   

H2O    g4870.81
3660.136

048.11112
Weight ==   

 

A. 3 Zeolite A 
 
Source Materials:  
 
The source materials used in zeolite A synthesis are the same as the ones used in 

zeolite X synthesis. 

 
Batch (Molar) Composition: 
 
3.39 Na2O: Al2O3 : 1.77 SiO2: 116.9 H2O [51] 

 
Amount of the Reagents: 
 

� For 1.77 mol of SiO2: 

 1.77 mol (Na2O· SiO2·5 H2O) Weight: 375.4878 g 

� For 1 mol of Al2O3: 

1 mol (Al2O3·1.4 Na2O)  Weight: 200.43 g 

� For 3.39 mol of Na2O: 

ONamol 277.1  is supplied by sodium metasilicate pentahydrate. 

ONamol 24.1  is supplied by sodium aluminate. 

ONamol 222.04.177.139.3 =−−  should be supplied by NaOH. 

For 0.22 mol Na2O; NaOHmol44.022.02 =×  is needed according to Equation A.1. 

0.44 mol (NaOH·0.07 H2O)  Weight: 18.15 g 

� For 116.9 mol of H2O: 

OHmol 285.8577.1 =×  is supplied by sodium metasilicate pentahydrate. 

OHmol 2251.0
2

14.1
44.0 =×  is supplied by NaOH according to Equation A.1. 

OHmol 2799.107251.085.89.116 =−−  is needed. 

107.799 mol H2O   Weight: 1940.386 g 
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(Na2O· SiO2·5 H2O)  Weight: 375.4878 g 

(Al2O3·1.4 Na2O)  Weight: 200.43 g 

(NaOH·0.07 H2O)  Weight: 18.15 g 

H2O    Weight: 1940.386 g  Total: 2534.45 g. 

Scaling factor is determined as: 
batchofweightTotal

45.2534
 

 

For 100 g of batch, scaling factor is 25.3445 and necessary amount of reagents is 

determined accordingly. 

(Na2O· SiO2·5 H2O)  g8143.14
3445.25

4878.375
Weight ==  

(Al2O3·1.4 Na2O)  g9082.7
3445.25

43.200
Weight ==  

(NaOH·0.07 H2O)  g7161.0
3445.25

15.18
Weight ==   

H2O    g5603.76
3445.25

386.1940
Weight ==  
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APPENDIX B 
 
 

CHARACTERISTIC XRD PEAKS OF ZEOLITE BETA, X 
AND A IN THE LITERATURE 

 
 
 
 

 

Figure B.1: Characteristic XRD pattern of zeolite Beta [51]. 
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Figure B.2: Characteristic XRD pattern of zeolite X [50]. 
 
 
 

 

Figure B.3: Characteristic XRD pattern of zeolite A [50]. 
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APPENDIX C 
 
 

EDX ANALYSIS DATA 
 
 
 

Figure C.1: EDX analysis results of cAgBeta powder. 

   

Element At. % Wt. % 

Oxygen 67.2 51.2 

Silicon 27.6 36.9 

Aluminum 3.8 4.8 

Sodium 0.0 0.0 

Silver 1.4 7.1 
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Figure C.2: EDX analysis results of AgX powder. 
 
 
 

Figure C.3: EDX analysis results of AgA powder. 

   

Element At. % Wt. % 

Oxygen 65.8 47.3 

Silicon 13.8 17.5 

Aluminum 11.1 13.4 

Sodium 6.0 6.2 

Silver 3.2 15.6 

 

   

   

Element At. % Wt. % 

Oxygen 69.1 52.1 

Silicon 10.2 13.5 

Aluminum 10.9 13.9 

Sodium 7.3 7.9 

Silver 2.5 12.7 
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APPENDIX D 
 
 

SURFACE MICROGRAPHS OF PU AND COMPOSITES 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure D.1: SEM images of the PU and composite surfaces: a) PU, b) PU-cAgBeta, 
c) PU-AgX, d) PU-AgA. 

(a) (b) 

(c) (d) 
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APPENDIX E 
 
 

DIFFERENTIAL SCANNING CALORIMETRY CURVES 
 
 
 

 

Figure E.1: DSC analysis results for PU. (Tg = -53.14°C, Tm = 169.19°C). 
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Figure E.2: DSC analysis results for PU-cAgBeta. (Tg = -54.10°C, Tm = 165.99°C) 
 
 
 

 

Figure E.3: DSC analysis results for PU-AgX. (Tg = -51.22°C, Tm = 167.29°C).
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Figure E.4: DSC analysis results for PU-AgA. (Tg = -52.87°C, Tm = 163.50°C) 
 

 

 

  


