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SYNTHESIS OF ANTIBACTERIAL POLYMERS REDUCING BIOFILM 

FORMATION AND THEIR APPLICATION ON HOLLOW FIBER 

MEMBRANES 

SUMMARY 

Conventional water filtration systems become insufficient to fulfill the standards. 

Therefore, the demand to advanced filtration processes increases dramatically. 

Membrane processes are preferred the most, especially the ultrafiltration (UF) 

membranes. Among the cross-flow and static (dead-end) ultrafiltration methods, 

static filtration is advantageous by using less energy; however, relatively fast fouling 

compared to the cross-flow method is one of the main drawbacks of this system. One 

of the major reasons for fouling is the biofouling caused by the colonization of 

microorganisms on the surface of membranes. In general, to remove the formed 

biofilms on the membrane surfaces, chemical backwashings are periodically applied 

to membranes and these washings decrease the membranes mechanic performances. 

If the halogens (occur during the backwashing cycles) can be hold for a longer period 

of time on the surface of membranes, the use-life of membranes can be increased by 

reducing the number of harmful washing cycles. This assumption can be achieved by 

using halogen storing N-halamine compounds. In this regard, the prepared 

membranes will be reactivated in each washing-cycle and antibacterial surfaces will 

be provided without the necessity of various chemicals.  

In this study, in order to increase the biodegradability resistance of the ultrafiltration 

membranes used in water treatments, polymers having high chlorine loading 

capacity, good solubility in matrix systems, high chlorine stability and not leaching 

from the material by water were synthesized and added to matrix polymers being 

used in the production of flat sheet and hollow fiber membranes (HFM). A dry-jet-

wet spin line and spinneret was designed and produced. HFMs were successfully 

manufactured in the established spinning system and packed in module form. The 

effects of antibacterial polymers on the membrane structures were determined by 

investigation of ternary phase diagrams, morphological and surface properties of flat 

sheet and HFMs. The permeability tests and SEM analyzes were used to obtain 

information about the porosity of the membranes and the improvement of the water 

flux and protein rejection values of the membranes according to the unmodified 

membranes. In addition, the produced flat-sheet membranes permeability values 

were compared with a commercial PVDF membrane and it was found that some of 

the produced membranes showed higher protein rejection performance than the 

commercial membrane. Likewise, the water flux of HFMs were very close to the 

commercial membranes. Finally, the speed and duration of the produced membranes 

biocidal performances were proven with different test methods. 

 

Keywords: Antibacterial polymer, polymer synthesis, N-halamines, ultrafiltration 

membranes, dry- jet-wet spinning. 
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BİYOFİLM OLUŞUMUNU AZALTAN ANTİBAKTERİYEL 

POLİMERLERİN SENTEZİ VE  İÇİ BOŞ LİFLERE UYGULANMASI 

ÖZET 

Klasik su arıtma sistemleri sıkılaĢan standartları sağlamakta yetersiz kalmaktadırlar. 

Bu sebeple, ileri arıtma proseslerine olan talep gün geçtikçe artmaktadır. Membran 

prosesleri en çok tercih edilen ileri arıtma prosesleridir. Bu prosesler  içerisinde 

ultrafiltrasyon (UF) membranları yaygın kullanıma sahiptir. UF membranları çapraz-

akıĢlı veya dik-akıĢlı olarak iĢletilebilmektedir. Dik-akıĢlı filtrasyon yöntemi daha az 

enerji kullandığı için avantajlıdır, ancak zamanla diğer yönteme göre hızlı tıkanması 

bu sistemin önündeki en büyük engellerdendir. Tıkanmaların en önemli 

sebeplerinden birisi ise su arıtımı ile filtrelenen mikroorganizmaların membran 

yüzeyinde oluĢturduğu biyofilmlerdir. Genellikle su arıtma tesislerinde, membran 

yüzeyinde oluĢan bu biyofilmleri uzaklaĢtırmak için membranlara zarar veren 

sodyum hipoklorit gibi kimyasallar ile periyodik ters(geri)-yıkamalar yapılmaktadır. 

Bu yıkamalarda ortaya çıkan halojenler bir miktar daha membran yüzeyinde 

tutulabilirse, yıkama sayıları azaltılabilir ve membran kullanım ömürleri uzatılabilir. 

Bu varsayım halojenleri depolayabilen N-halamin kimyası ile gerçekleĢtirilebilir. 

Böylece her yıkama iĢleminde membran yüzeyleri tekrar aktifleĢtirilmiĢ olup, farklı 

kimyasallar kullanılmadan antibakteriyel yüzeyler elde edilmiĢ olacaktır. 

Bu çalıĢmada, su uygulamalarında kullanılacak ultrafiltrasyon membranların 

biyobozunum dirençlerini arttırmak amacıyla, matris polimer ile ortak çözgende 

çözülebilen, yüksek klor depolama kapasitesine sahip, klor stabilitesi yüksek ve su 

ile malzemeden kolayca uzaklaĢmayan polimerler sentezlenmiĢ ve sentezlenen 

polimerler membran üretiminde kullanılan polimer matrislere katılarak, düz ve içi 

boĢ lifler üretilmiĢtir. Ġçi boĢ lif üretimi için bir kuru-jet-yaĢ çekim hattı ve bir düze 

tasarlanmıĢ ve üretilmiĢtir. Kurulan sistemde içi boĢ lifler baĢarıyla üretilmiĢ ve 

geçirgenlik testleri için modül formunda paketlenmiĢtir. Membranların üretiminde 

kullanılan polimerlerin üçlü faz diyagramları ile düz ve içi boĢ liflerin  morfolojik ve 

yüzey özellikleri incelerenek sentezlenen antibakteriyel polimerlerin yapıya olan 

etkileri belirlenmiĢtir. Geçirgenlik testleri ve SEM analizleri yardımıyla 

membranların gözeneklilikleri hakkında bilgi edinilmiĢ, katkısız membrana göre 

membranın su akısı ve protein reddi değerlerindeki iyileĢmeler ortaya konulmuĢtur. 

Ayrıca elde edilen düz membran geçirgenlik değerleri halihazırda ticari olarak 

kullanılan bir PVDF membran ile kıyaslanarak, elde edilen protein reddi değerlerinin 

ticari membrandan dahi yüksek olduğu görülmüĢtür. Yine benzer Ģekilde üretilen içi 

boĢ lifler ticari kataloglardaki akı değerlerine çok yakın su akısı değerleri 

göstermiĢtir. Son olarak üretilen membranların farklı test yöntemleriyle hızlı ve uzun 

süreli bir antibakteriyel etkinliğe sahip olduğu kanıtlanmıĢtır. 

 

Anahtar Kelimeler: Antibakteriyel polimer, polimer sentezi, N-halamin, 

ultrafiltrasyon membranları, kuru-jet-yaĢ lif çekimi. 



1 

1.  INTRODUCTION 

Water has a great importance in our lives, we need water in every part of our lives 

from food and beverage and cleaning to jobs. Therefore, even reaching clean and 

fresh water has a vital importance, unfortunately 2.1 billion people worldwide lack of 

safe drinking water, and more than 4 billion people lack of safe sanitation. According 

to the 2017 report of the World Health Organization, 842,000 people die every year 

globally due to clean water shortage. On the other hand, the worldwide problems 

such as climate change, population growth, urbanization, and industrialization 

increase the scarcity of clean and fresh water. In this context, wastewater and water 

treatments are gaining importance as well as the water resources management 

(WHO, 2017; WWAP, 2012; WWAP 2016). 

Membrane technologies, especially pressure driven membrane technologies with 

hollow fiber form have been used extensively in water treatments due to being more 

economical and energy effective by decreasing space requirements, energy 

consumption, and waste production than traditional separation methods (Aryanti et 

al., 2018; Fakhru‟l-Razi et al., 2009; Zhang et al., 2009).  In spite of these 

advantages, the organic/bio-foulings which influence the membrane efficiency limit 

the application of pressure driven membranes in water treatments (Aryanti et al., 

2018; Kang et al., 2016). Between pressure driven membrane processes including 

microfiltration, ultrafiltration, nanofiltration, and reverse osmosis, ultrafiltration has 

significant portion of worldwide market in water treatment as it can be applied 

directly or for pre-filtration before reverse osmosis and nanofiltration (Chang et al., 

2014; Zhao et al., 2012). 

Poly(vinylidene fluoride) (PVDF) attracts considerable attention in ultrafiltration 

applications due to its good film forming capability and mechanical properties, 

outstanding anti-oxidation activities, excellent chemical resistance, strong thermal 

and hydrolytic stabilities, and good solubility in many organic solvents. In contrast to 

all these advantages, the hydrophobic character of the polymer limits membrane 

performance by increasing fouling tendency of ultrafiltration membrane, which 
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causes a sharp drop in water flux performance of the membrane and has been 

restricted its usage in water treatments (Wang et al., 2012; Yan et al., 2006; Yuliwati 

and Ismail, 2011; Zhao et al., 2013). To recover the membrane performances 

periodic backwashings are applied generally with sodium hypochlorite being one of 

the most effective cleaning agents for PVDF ultrafiltration membranes. Even if the 

cleaning efficiency of sodium hypochlorite is greater than 85% in PVDF membrane 

backwashings, the membrane structure is damaged by these washing cycles (Bogati 

et al., 2015; Nguyen and Roddick, 2011). Many modifications have been applied to 

PVDF membranes to reduce backwashing cycles by decreasing organic/bio-foulings 

on membrane surface and so prolong the membrane lifetime. 

Surface modification and blending modification are the two main methods applied to 

PVDF membranes to improve the hydrophilicity (Liu et al., 2011). Surface 

modification can be achieved by coating hydrophilic substances (Boributh et al., 

2009; Nunes et al., 1995) or grafting hydrophilic substances by high energy 

irradiation (Yang et al., 2013), plasma (Wang et al., 2002; Zhao et al., 2015), 

living/controlled polymerization (Chen et al., 2007; Meng et al., 2011) or UV photo 

irradiation (Chen et al., 2018; Rahimpour et al., 2009). Modifying the membrane 

surface by these methods is expensive and also it may lose its effectiveness over time 

due to the partially modification on only membrane surface. Therefore, blending 

modification is more advantageous method allowing modification during production 

and providing modification of all membrane structure including even inner side (Liu 

et al., 2011). Hydrophilic (Fadilah et al., 2016; Fontananova et al., 2006; Ngang et 

al., 2014; Zuo et al., 2008) or amphiphilic (Liu et al., 2013; Zhao et al., 2008) 

polymers, and inorganic nanoparticles (Safarpour et al., 2014; Yan et al., 2006) are 

commonly used additives for blending modification method. 

Although hydrophilic additives are effective against organic fouling, antibacterial 

additives are needed to destroy the biofilm formed by microorganisms on the 

membrane surface. Quaternary ammonium salts (Kakihana et al., 2017; Zhang, et al., 

2016), metal ions (Damador et al., 2009; Shi et al., 2013), and N-halamines (Huang 

et al., 2017; Kang et al., 2016; Wang et al., 2017) are some of the antibacterial agents 

applied to membrane structure to improve biocidal performance of the membranes. 

Among these agents, besides the features like long term stability in water and dry air, 

lack of corrosion of surfaces, effectiveness against a broad spectrum of 
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microorganisms, non-toxicity to human and environment, especially the two abilities 

of N-halamines; storing the halogens that occurs during backwashings and 

regenerating by rechlorination make them the most advantageous agent for 

membrane applications (Hou et al., 2017; Yu et al., 2013). Backwashing can be 

converted to an added-value with these properties of N-halamines. N-halamines 

storing halogens in their structure for a certain period of time and releasing when 

exposed to microorganism will prevent the formation of biofilm on the membrane 

surface and thus membrane can be used more actively for a longer time.  Therefore, 

there is a demand for new N-halamine polymers being compatible with membrane 

structure and improving the membrane performance. 

1.1 Aim and Scope of the Thesis 

The aims of the study are to synthesize antibacterial polymers reducing the biofilm 

formation on membrane surface during the filtration of microorganism-containing 

fluids, and to produce PVDF flat-sheet and HF membranes incorporated with the 

synthesized polymers. In the first section, a general literature review was conducted 

by examining the historical background and current developments related to the 

research subject. In the second section, it is aimed to examine the changes in 

membrane structure caused by the additives made by selecting appropriate polymer 

structures from literature. In the third section, it is aimed to synthesize novel 

antibacterial polymers based on the findings obtained in the first section and to 

investigate the effects of synthesized polymers on membrane properties. In the fourth 

section, it is first aimed to establish a hollow fiber spinning unit, then to produce 

hollow fibers by the incorporation of the polymers which improves the membrane 

properties in the third section, and finally to investigate the effects of these additives 

on the HFM structure. 

1.2 Literature Review 

An overview to membrane science and technology  1.2.1 

 Historical developments of membranes  1.2.1.1

Even if the commercial use of membranes in large scale is a new technology, the 

history of membrane development dates back to the eighteenth century. In fact that 
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the phenomenon of osmosis, which is the transport of solvent molecules through a 

semipermeable membrane into a higher solute concentration region, have already 

been observed since ancient times (e.g. on the construction of Egyptian pyramids), 

but have not been described until 1748 (Hammel and Scholander, 1976). As Jean-

Antonine Nollet‟s studies to explain the term of „osmosis‟, membrane studies had 

always been conducted on a laboratory scale until the beginning of the twentieth 

century (Baker, 2004; "Osmosis," 2018). The first commercial membrane was 

produced under the sponsorship of the US Army to test the safety of water due to the 

water problems after the World War II. In consequence of the four main problems of 

membrane separation; unreliableness, bad selectiveness, slowness, and 

expensiveness, there was no significant membrane industry until 1960 (Baker, 2004). 

Loeb-Sourirajan‟s development of defect-free, high-flux, anisotropic reverse osmosis 

membranes in 1960, which has an ultrathin selective layer on a much thicker 

microporous support, was a milestone in the membrane technology (Baker, 2004; 

Loeb and Sourirajan, 1963). After this development, membrane technology 

progressed rapidly and membrane processes (microfiltration, ultrafiltration, reverse 

osmosis and electrodialysis) were established in large areas around the world in 1980 

(Baker, 2004). Recently, membranes used in many industrial applications such as 

water and wastewater treatments, gas separation, environmental and energy areas, 

food, biotechnology, pharmaceutical, medicine, and etc. (Li et al., 2008; "Membrane 

technology," 2018).  

 Types of membranes  1.2.1.2

Membranes can be classified according to their morphologies (symmetrical or 

anisotropic), thicknesses, transport mechanisms (active or passive), materials 

(organic or inorganic), origins (biological or synthetic), and etc. Among them the 

classification made by morphology has a great importance (Mulder, 1996). As seen 

in Figure 1.1, membranes can be divided into two groups as symmetrical and 

anisotropic membranes according to their morphology. 

Symmetrical membranes can be in microporous structure or as a nonporous dense 

layer form. While isotropic microporous membranes generally used as 

microfiltration membranes, nonporous dense membranes used in laboratory studies 

due to their low flux ratio. Nonporous dense membranes can be produced as a simple 
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casted film with help of a casting knife or as a melt extruded film. Isotropic 

microporous membranes are generally produced by one of the phase separation 

techniques. Track-etch, melt expansion or template leaching are the other methods to 

produce isotropic microporous membranes (Baker, 2004). 

 

Figure 1.1 : Schematic view of membrane classification according to their 

morphology (Baker, 2004) 

The separation in anisotropic membranes takes place at the very thin top layer (0.1 to 

1 μm) supported by the large pores (100 to 200 μm) at the bottom. As the separation 

process takes place in a very thin layer, very high flux values can be achieved. Phase 

separation, interfacial polymerization, solution coating, plasma polymerization are 

some of the methods to produce anisotropic membranes. Among them phase 

separation has the most common use (Baker, 2004; Porter, 1990). 

While preparing a membrane with the phase separation method, a homogeneous 

polymer solution is prepared, the solution is casted as a film, and the casted film is 

precipitated by several ways such as immersing in a nonsolvent bath, placing the film 

in a humid atmosphere to provide water vapor absorption, and evaporating the 

solvent. During precipitation step one phase homogeneous polymer solution 
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separates into two phases; a polymer-rich solid phase forming the membrane 

structure and polymer-poor liquid phase forming the membrane pores. The 

precipitation at surface occurs more rapidly than the inner and bottom sides of the 

film that causes a smaller pore formation at the membrane surface (Baker, 2004; 

Porter, 1990). This instantaneous precipitation at the membrane surface decreases the 

speed of solvent removing at the inner side of membrane resulting the formation of 

large finger-like cavities. Thus, the asymmetric membrane structure is formed. 

Nonsolvent induced phase separation is one of the most common approaches to 

obtain porous asymmetric membranes with phase separation process. Nonsolvent 

induced phase separation is a complex system with at least three components 

(polymer/solvent/nonsolvent) and double-sided mass transfer. The phase separation 

mechanism of this three component system can be explained by ternary phase 

diagram (Idris et al., 2017; Witte et al., 1996). A schematic ternary phase diagram 

desired to prepare an asymmetric membrane is shown in Figure 1.2. The curve 

shown as solid line represents the binodal curve dividing the diagram into two 

principle regions as one-phase region and two-phase region. While all of the 

components are miscible in one-phase region, polymer solution separates into a 

polymer-rich (solid) and polymer-poor (liquid) phases in two-phase region. The 

curve shown as dashed line represents the spinodal curve. The region between the 

binodal and spinodal curves is metastable region where the polymer solution is not 

precipitate normally even if being in a thermodynamically unstable region.  

For a specific polymer concentration at point A, the composition of ternary system 

follows the A-D path where a continuous solvent-nonsolvent exchange occurs, and 

reached the final membrane composition at point D. Until the point B, precipitation 

is not start for this solution composition. However, after that point casting solution 

enters a metastable region and during the path the viscosity increases. The point 

where the precipitated polymer can be considered as solid is shown as C. S and L 

points on the polymer-nonsolvent line represent the polymer-rich (solid) phase and 

the polymer-poor (liquid) phase, respectively. The position of the point D on S-L line 

indicates the porosity of the membrane (Baker, 2004; Porter, 1990; Sadrzadeh and 

Bhattacharjee, 2013). 
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Figure 1.2 : Schematic ternary phase diagram of a three component system (Baker, 

2004) 

Generally, water is used as a non-solvent instead of organic-based coagulation bath 

such as methanol or isopropanol due to its higher precipitation ratio that forms more 

anisotropic membrane structure. Depending on the application area of the membrane, 

different additions have been made to the membrane structure such as addition of 

low solubility solvents for more dense structure, hydrophilic polymer additions for 

more porous membrane structure, antibacterial agents additions to produce 

membranes with antibacterial properties, and etc. (Baker, 2004; Damodar et al., 

2009; Fadilah and Hassan 2016; Zhang et al., 2016; Zuo et al., 2008). 

 Membrane separation processes  1.2.1.3

As seen in Figure 1.3, four industrial membrane processes have been developed 

depending on the size of particles and molecules separated; microfiltration (MF), 

ultrafiltration (UF), nanofiltration (NF), and reverse osmosis (RO). Reverse osmosis 

membranes can be reject even species with very low molecular weight such as salt 

ions due to almost dense surface layer where separation occurs with thermal motion 

of the polymer chains. Reverse osmosis generally used for desalination of seawater 

(Macedonio et al, 2012). Nanofiltration membranes (with a pore diameter between 

10-100 Ǻ)  which have a separation feature between ultrafiltration and reverse 

osmosis membranes are used in many applications such as water and wastewater 
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treatments, desalination, pharmaceutical, biotechnology, food, and etc. (Mohammad 

et al., 2015). Recently, ultrafiltration membranes have a great importance as they can 

be applied as a prefiltration for nanofiltraton and reverse osmosis and as a membrane 

process itself (Susanto and Ulbricht, 2009). While the ultrafiltration membranes can 

discriminate the dissolved macromolecules (e.g. proteins) from solution, 

microfiltration membranes having the largest pore diameters of these four separation 

processes, filters the 0.1 to 10 μm diameter particles such as colloidal particles, and 

bacteria (Figure 1.3). 

 

Figure 1.3 : Membrane separation processes with different particle and molecule 

size ("Membrane technology," 2018) 

Ultrafiltration membranes  1.2.2 

The term of „ultrafilter‟ described firstly by Bechhold, is a pressure-driven 

membrane separation process with fine pores catching the macromolecules and 

colloids (Baker, 2004; Koros et al., 1996). 

 Structure of ultrafiltration membranes 1.2.2.1

Ultrafiltration membranes are generally produced in an anisotropic structure with 

Loeb-Sourirajan process. A schematic representation and cross-section images of 
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anisotropic membrane structure is given in Figure 1.4. As seen in figure membrane 

structure consists of a finely porous surface layer (0.1 to 1 μm) performing the 

separation, and a microporous support layer (approximately 125 μm) providing 

mechanical strength (Baker, 2004; Porter, 1990; Strathmann, 2001). As the 

separation takes place in such a thin layer, high flux values can be achieved in the 

ultrafiltration membrane processes. 

 

Figure 1.4 : Schematic representation and cross-section images of an asymmetric UF 

membrane (Porter, 1990; Strathmann, 2001) 

As mentioned previously, such asymmetric membrane structure is obtained by 

delaying coagulation of the interior side of membrane due to the rapid coagulation of 

membrane surface. In the literature, a variety of modifications have been applied to 

the membranes changing the coagulation behavior of membrane to obtain the desired 

membrane properties. For example, as explained in literature addition of hydrophilic 

polymers to the casting solution until a specific concentration triggers the 

instantaneous demixing causing a more porous membrane surface. On the other 

hand, extra addition above this concentration increases the viscosity of casting 

solution and forms a denser top-layer due to the delayed demixing (Ma et al., 2011). 

 Membrane configurations and modules 1.2.2.2

Membranes have been produced in different geometries such as flat-sheet, tubular, 

and hollow fiber. Flat sheet membranes are produced easily by casting dope solution 
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on a support layer with an applicator. However, for large-scale applications, 

membrane films are obtained by casting the dope solution on a rotating drum or an 

endless band (Baker, 2004). Tubular membranes are formed on the 0.25-1 inch 

diameter tube‟s inner walls. The advantages of this membrane configuration are less 

fouling and easy cleaning. Despite these advantages, expensive support tubes 

requirement is the most important limitation of this membrane form (Porter, 1990). 

Between other geometries, HFMs are very advantageous because they provide high 

surface area, low pressure losses, high material transfer rate, and easy production 

(Peng et al., 2012). A schematic representation of hollow fiber spinneret and 

spinning system are given in Figure 1.5. Polymer solution and a suitable bore-

forming liquid (water, oil, etc.) inject from different channels to form hollow fiber 

structure. The dense surface layer in anisotropic membrane structure can be formed 

on the outside surface, inside surface or both side surfaces of the fiber, by changing 

the bore-forming liquid and coagulation bath compositions. The position of dense 

layer should be adjusted according to the where separation liquid fed, since the 

separation takes place in this thin dense layer of membrane (Baker, 2004). 

 

Figure 1.5 : Schematic representation of hollow fiber spinneret and dry-jet wet 

spinning system (Tsai et al., 2006) 

In industrial applications separation processes require hundred thousands of square 

meters of membrane. Therefore, membranes are packed in modules to obtain 
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effective separation with large surface area (Ismail et al., 2015). Most commonly 

used four module types are; plate & frame, spiral wound, tubular, and hollow fiber. 

Between them, while plate & frame, and spiral wound modules are used to pack the 

flat-sheet membranes, tubular and hollow fiber modules are used for tube and hollow 

fiber form membranes, respectively as their names indicate. High surface area to per 

unit volume which provides high productivity is the most important advantage of the 

hollow fiber modules.  For example, for volume of 0.04 m
3
, the effective membrane 

area of; HFM, spiral wound flat-sheet membrane, and tubular membrane are 575 m
2
, 

30 m
2
, and 5 m

2
, respectively (Moch Jr, 2005). 

According to the flow direction, two different flow types are available for hollow 

fiber modules due to their tubular geometry; inside-out and outside-in. Solution feed 

through the bore of hollow fiber and permeate is collected from the outside of the  

membrane in the inside-out flow mode. On the other hand, in the outside-in mode 

while feeding made from the upper surface of the membrane, the permeate is 

collected in the fiber bore (Serra et al., 1998). The appropriate flow type is selected 

according to the application area. In the case of hollow fiber module applications 

such as water treatments the outside-in mode is used (Figure 1.6) (Li et al., 2004; Li 

et al., 2008).  

 

Figure 1.6 : A commercial hollow fiber module and outside-in filtration mode 

 Applications of ultrafiltration membranes 1.2.2.3

Ultrafiltration membranes used to recover electrocoat paint in automotive plant as 

first large-scale industrial application, have been used various applications 

nowadays. Cheese production, clarification of fruit juice, filtration of gelatin, egg 

white separation, wine and beer productions are some of the examples for 

ultrafiltration applications in food industry. Ultrafiltration is utilized to harvest the 

cell, concentrate and purify the enzymes, process the blood plasma, and etc. in 
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pharmaceutical and biotechnology. In automotive industry additional to the recovery 

of electrocoat paint, ultrafiltration has been used to separate oil-water emulsions. 

Except these applications ultrafiltration has a large market in water and wastewater 

treatments (Baker 2004; Jönsson and Trägårdh, 1990; Li et al., 2008; Porter, 1990). 

 Ultrafiltration membranes for water treatments  1.2.2.4

Conventional water filtration systems are inadequate to remove undesired particles 

and molecules such as microorganisms, suspended and colloidal particles, natural 

organic matters, and etc. (Li et al., 2008). Therefore, the demand for advanced 

treatment processes increases dramatically. Membrane technologies, especially 

pressure driven membrane technologies began to be used extensively in water 

treatments due to being more economical and energy effective by decreasing space 

requirements, energy consumption, and waste production than traditional separation 

methods (Aryanti et al.,  2018; Fakhru‟l-Razi et al., 2009; Zhang et al., 2009;). 

Between pressure driven membrane processes (reverse osmosis, nanofiltration, 

ultrafiltration, and microfiltration), ultrafiltration has a significant portion of 

worldwide market in water treatment as it can be applied both in filtration and 

prefiltration before nanofiltration and reverse osmosis processes (Chang et al., 2014; 

Zhao et al., 2012). The increase in shortage of clean and fresh water due to the 

worldwide problems such as population growth, climate change, industrialization, 

and urbanization triggers the use of UF membranes as a pretreatment to RO allowing 

to production of freshwater from nonconventional sources. The development of HFM 

form and dead-end filtration method increased the UF membrane applications in 

water treatments (Li et al, 2008; WWAP, 2012). 

 Membrane fouling  1.2.2.5

Separated colloidal and macromolecular materials in membrane processes 

accumulate on the membrane surface and form a gel layer called as fouling. This 

fouling layer causes a sharp decline in water flux of the membrane. Especially in 

dead-end filtration a faster fouling is present according to the cross-flow filtration 

due to the vertical feed on the membrane surface (Figure 1.7). Despite the faster 

fouling problem, dead-end filtration providing 70% energy saving per cubic meter of 

water has been used widely in recent years (Bennett et al., 2012; Serra et al., 1998). 
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Fouling on the membrane surface can be examined as inorganic fouling, colloidal 

fouling, microbial fouling, and organic fouling according to the type of fouling 

material. The most important factors that prevent the use of HFMs in filtration 

system are colloidal cake and biofilm formation on the membrane surface formed by 

organic and microbial fouling materials, respectively (Puspitasari et al., 2010; Regula 

et al., 2013). One of the most important problems encountered in dead-end filtration 

is biodegradation by microorganisms. Microorganisms that are prevented from 

passing through the membrane, form biofilms on the membrane surface by clustering 

(Hilal et al. 2004; Pearce, 2010). As seen in Figure 1.7 the microorganism 

colonization on the membrane surface reduces the fluid flow rate of the membrane 

and increases the pressure on the membrane. Biofilm formation generally 

exponentially increases after module replacement or cleaning. 

 

Figure 1.7 : Cross-flow and dead-end filtrations 

To prevent the membrane clogging caused by organic and microbial pollutants, 

periodic backwashings are applied to the membranes at regular intervals. However, 

with these backwashings, it is very hard to prevent biofouling and chemical 

backwashing should be performed after several backwashes. Even these strong 

washings are not enough to clean all members of the colony. For this purpose, shock 

washing is carried out with high concentrations of chlorine approximately 1 per 
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week. All these washings to remove organic/bio-foulings reduce the membrane 

performance, and more importantly, shorten the membrane life (Avlonitis et al., 

1992; Ettori et al., 2011; Li et al., 2008).  Many modifications have been applied to 

membranes to reduce backwashing cycles by decreasing organic/bio-foulings on 

membrane surface and so prolong the membrane lifetime. Generally, hydrophilic 

(Fadilah and Hassan, 2016; Fontananova et al., 2006; Liang et al., 2013; Liu et al., 

2013; Lv et al., 2018; Meyer and Ulbricht, 2018; Ngang et al., 2014; Safarpour et al., 

2014; Yan et al., 2006; Zhao et al., 2016; Zuo et al., 2008) and antibacterial agents 

(Damodar et al., 2009; Huang et al., 2017; Kakihana et al., 2017; Kang et al., 2016; 

Shi et al., 2013; Wang et al., 2017; Zhang et al., 2016) have been added to membrane 

structure to reduce organic/bio-foulings, respectively. 

Antibacterial agents  1.2.3 

Gram-positive and Gram-negative bacteria are the two main groups of the bacteria 

according to staining with gram. As seen in Figure 1.8, even though the inner 

structures of them are similar, Gram-positive bacteria has a thick peptidoglycan cell 

membrane with teichoic acid, Gram-negative bacteria has a thin peptidoglycan cell 

membrane without teichoic acid. Therefore, while Gram-positive bacteria stain in 

purple, Gram-negative bacteria stain in pink during gram staining ("Gram stain," 

2018).  The thin peptidoglycan layer of Gram-negative bacteria is surrounded by 

outer membrane layer that provides extra resistance to the cell by limiting the 

concentration of biocide reaching the target sites (Russel, 1999). 

 

Figure 1.8 : Cell structures of Gram-positive and Gram-negative bacteria 
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To inactivating the bacteria firstly biocides accumulate on the cell surface, then 

passage and concentrate on target and finally interact and damage the target site.  The 

final attack can occur with physical or chemical interactions of biocide and bacteria 

(Denyer, 1995). As physical interactive agents damage the cell membrane integrity 

of bacteria, they are referred as membrane active agents. Quaternary ammonium 

salts, biguanids, alcohols, and phenols are the examples of membrane active agents 

(Chapman 2003; Denyer, 1995; Mcdonnel and Russell, 1999). For chemical 

interactive agents, a chemical interaction between the biocide and the cytoplasmic 

constituents of bacterial cell occurs, in order to stop the growth of bacteria or inactive 

it (Denyer and Stewart 1998; Maillard, 2002). Oxidants such as halogen and 

peroxides, inorganic ions such as copper and silver, and organic biocides such as 

formaldehyde are the members of chemical interactive agents (Chapman, 2003). 

 Common biocides  1.2.3.1

Biocide is a general term including various substances such as preservatives, 

disinfectants, pesticides, and antimicrobials ("Biocide," 2018). Between them 

antimicrobials are the agents inhibiting growth of the microorganism or killing them. 

According to that activation type, they are named as biostatic and biocidal, 

respectively (Block, 2001; McDonnel and Russell, 1999). In this study, antimicrobial 

agents used to define the agents that destroy the microorganisms on non-living 

materials. In this respect, biguanides, heavy metals, peroxides, quaternary 

ammonium salts, alcohols, and halogens are the most common antimicrobial agents. 

Biguanides are the cationic amines demonstrating good biocidal activity by 

distributing cell membrane. Chlorhexidine and poly(hexamethylenebiguanide) are 

the most common used biguanide and polymeric biguanide, respectively. 

Poly(hexamethylenebiguanide) demonstrates much greater antimicrobial activity 

according to monomeric and dimeric biguanides (De Paula et al., 2011; McDonnell 

and Russell, 1999; Simoncic and Tomsic, 2010). Biguanides are effective against 

bacteria, fungi, viruses, and parasites (Chindera et al., 2016). Antimicrobial soaps, 

antiseptic hand gels, contact lens cleaning solutions, wound dressing, and cosmetics 

are some of the usage area of biguanides. 

Heavy metals such as copper, silver, zinc, cobalt, and their salts are inexpensive and 

effective agents, but they are toxic to human being except silver and copper. Their 
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antimicrobial activity occurs by cleavage of the disulfide bonds within proteins 

(Capelli, 1990; Gao and Craston, 2008; Yoshimura and Minami, 1998).  

Peroxides as a chemical interactive agent oxidize the thiol groups of enzymes and 

proteins to inactivate microorganisms. Peroxides are used in various applications 

such as sterilants for medical devices, wound cleaners, and etc. due to their 

effectiveness against wide range of microorganisms including bacteria, bacterial 

spores, and viruses (McDonnell and Russell, 1999). 

Quaternary ammonium salts (QASs) are cationic membrane active agents 

demonstrating biocidal activity by an electrostatic interaction of N
+
 site of salt with 

the negatively charged cell surface, and the penetration of the long alkyl chain 

through cell wall (McBain, et al., 2004; McDonnell and Russell, 1999). For an 

effective biocidal performance the length of the alkyl chain at the nitronium site 

which is usually between 12-18 carbon atoms is very important (Dizman, et al., 

2004; Gao and Cranston, 2008; Windler, et al., 2013). 

Alcohols demonstrate fast action but short-term stability due to their low boiling 

points. Despite the most of alcohol are used as antiseptics, short chain alcohols such 

as ethanol and isopropanol are used as disinfectant. Inactivation mechanism of 

alcohols occurs by damaging the cell membrane and denaturing the proteins.  As the 

water increases the diffusion to the cell membrane, the aqueous solutions of alcohols 

(60-90 wt%) have higher antimicrobial activity. Alcohols are often used as 

disinfecting sprays in hotels and in hand hygiene or a disinfectant material for 

thermometer, stethoscope, and etc. They are effective against viruses, fungi, and 

vegetative bacteria (Block, 2001; Fraise, 1999; McDonnell and Russell, 1999; 

Rahimi et al., 2012; Wu, 2004). 

Halogens are cheap agents with broad spectrum antimicrobial effectiveness. Water 

solutions of halogens such as Cl2, Br2, NaOCl, and ClO2 form chloric and iodic acids 

and then oxidize the amino groups of bacteria protoplasm proteins by releasing 

atomic oxygen and haloids (Block, 2001; Morato et al., 2003; Wu, 2004). While 

chlorine uses for disinfection of inanimate objects, swimming pool, drinking water, 

and etc., iodine generally uses in health related areas such as skin disinfestations 

("Antimicrobial Agents I," 2018; "Oxidizing Agents," 2018). 
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 N-halamines  1.2.3.2

Halogens are effective against broad spectrum of microorganisms; however their 

instability in water and on surfaces limits their use. This disadvantage of the 

halogens can be eliminated by N-halamines. As seen in Figure 1.9, N-halamines can 

stabilize an oxidative halogen on their structure by temporary covalent bonds and 

release the halogen when encountered with a microorganism. The lethal action of N-

halamines occurs with the transfer of the oxidative chlorine to the acceptor regions 

(thiol or amino groups in proteins) of microorganisms (Simoncic and Tomsic, 2010; 

Sun et al., 2010; Timofeeva and Kleshcheva, 2011). Long term stability in water and 

dry air, being non-corrosive for surface and non-toxic for human and environment, 

effectiveness against a broad spectrum of the bacteria make N-halamines one of the 

most efficacious biocidal agent (Hou et al., 2017; Yu et al., 2013). 

 

Figure 1.9 : Regenerable property of N-halamine compounds (Gao and Cranston, 

2008) 

Figure 1.10 demonstrates the three types of N-halamines; amine, amide, and imide. 

The N-Cl bond dissociation constants of amine, amide, and imide are <10
-12

, <10
-9

, 

and <10
-4

, respectively. There is an inverse relationship between the bond length and 

bond dissociation energy. Even though the length of imide bond is shorter than 

amide one, its ionic character causes more-rapid hydrolysis of imide bond. So, imide 

N-halamines kill bacteria more rapidly than the other N-halamines, but it is the least 

stable one (Akdag et al., 2006; Kou, 2009).  

 

Figure 1.10 : General structure of N-halamines 
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To inhibiting the reestablishment of the microorganisms the stability of N-halamine 

compounds is important. Cyclic N-halamine compounds that lack of an α-hydrogen 

(the hydrogen bonded to carbon atom adjacent to N-X moiety) are the most stable 

and applicable N-halamines. α-hydrogen can cause double bond formation which 

inhibits the re-chlorination of N-halamine compounds (Kaminski et al., 1976).  

Antibacterial HFMs  1.2.4 

Nano-silver, titanium dioxide, quaternary ammonium salts, and N-halamine 

compounds are generally used in the production of antibacterial membranes to 

remove the biofilm on the membrane surface. These materials are generally applied 

by direct addition of the agent to polymer dope solution or by graft polymerization 

on the HFM surface. 

Chou et al. (2005) produced nano-silver added cellulose acetate HFMs. The 

produced membranes reduced the biodegradation; however, the nano-silver loaded 

on the membrane lost efficiency in a short span of time like five days. Similarly, in 

many studies in the literature, the difficulty of regenerating silver atoms is a major 

disadvantage for nano-silver added systems (Booshehri, et al., 2013; Gunawan et al., 

2011; Mansouri et al., 2009; Sawada et al., 2012). 

Yuliwati et al. (2011) produced antibacterial poly(vinylidene fluoride) (PVDF) 

HFMs by addition of titanium dioxide (TiO2). Since the difficulty of dispersing nano-

TiO2 in polymer mixtures, Resosudarmo et al. (2011) coated the HFM surface with 

the nano-TiO2. TiO2 added systems are not suitable particularly for compact water 

treatment systems due to the requirement of UV light to activate the TiO2 (e.g. Li et 

al., 2004; Rahimpour et al., 2011; Zhang et al., 2014).  

Yao et al. (2008) produced antibacterial polypropylene HFMs by grafting quaternary 

ammonium salts on membrane surface. The obtained membranes showed anti-

fouling properties by inactivating the bacteria. However, the very long time 

requirement (approximately 60 min) to inactivate bacteria and the inability of 

quaternary ammonium salts to inactivating a wide range of bacteria are the 

disadvantages of this system.   
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N-halamine added antibacterial HFMs  1.2.5 

Even though the biodegradability is reduced by the above methods, chemical 

backwashings are applied to membranes at regular intervals to prevent 

biodegradability and generally halogenated oxidants (Cl2, Br2, I2, NaOCl, and ClO2) 

are used during these washings (Puspitasari et al., 2010; Regula et al., 2013). In 

drinking water industry, the membranes are generally disinfected by a 1 min 

backwashing with chlorine 10 mg/L for every hour and a 15-30 min backwashing 

with 400 mg/L chlorine for every week (Regula et al., 2013). Therefore, optimizing 

and improving this disinfection process will be an important step in extending the 

membrane life.   

As mentioned before halogens are inexpensive and very effective agents, but they are 

not very stable in water. N-halamine chemistry is used to make the halogens more 

stable by forming temporary stable covalent bonds with them (e.g. chlorine and 

bromine). Chlorine based chemical washing used in water treatment can be 

converted to an added value by using N-halamines. By holding the halogens on 

membrane structure, the number of washings can be reduced and thus membrane life 

can be prolonged.  

In this regards, Kang et al. (2016) produced antibacterial PVDF ultrafiltration HFMs 

by addition of N-halamine grafted carbon nanotubes to membrane structure. This 

study requires a two-step processes so direct incorporation of N-halamine to 

membrane structure will be more effective and easier. 
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2.  SYNTHESIS OF N-HALAMINE POLYMERS AND THEIR 

INCORPORATION INTO PVDF ULTRAFILTRATION MEMBRANE 

STRUCTURE  

2.1 Introduction  

As mentioned in literature review section, membrane processes are increasingly 

becoming important for water treatment industry. The major problem of membranes 

in this industry is membrane organic/bio-foulings, which increases the feed pressure 

on a membrane and decrease the clean water flux through the membrane. Therefore, 

it is necessary to apply periodic backwashings to membranes, which deteriorates the 

membrane structure. To decrease the number of backwashing cycles, it is essential to 

add hydrophilic and antibacterial agents to membrane structure. 

To overcome organic fouling problem, there are many studies suggesting utilization 

of hydrophilic additives into membrane structure (Liang et al., 2013; Lv et al., 2018; 

Meyer et al., 2018). Although the organic fouling problem is substantially solved by 

hydrophilic additives, it is essential to use antibacterial additives to prevent 

biofouling. In antibacterial applications, the selection of the accurate antibacterial 

agent depending on the application area is of great importance. In water-treatment 

applications backwashings are generally applied with halogen sourced oxidizers such 

as Cl2, Br2, I2, NaOCl, and ClO2 (Puspitasari et al. 2010; Regula et al., 2013). In 

general, halogens are not very stable in water so that using an antibacterial agent 

taking the halogen on its structure would increase the time between backwashings 

and decrease the biofilm formation on membrane structure. Because of their halogen 

holding properties, N-halamines are the most suitable antibacterial agents for this 

study. Due to its both good stability and antibacterial activity a hydantoin ring with 

amide and imide moieties on it; a hydantoin acrylamide (HA) monomer and its 

various polymers synthesized by Kocer et al. (2011a) was preferred for this study.  

The hypothesis of this section of the thesis is “The incorporation of the selected N-

halamine polymers into the flat sheet PVDF membranes would reduce the biofilm 
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formation on the membrane surface and improve the filtration performance of the 

membranes without the need of hydrophilic substances.”  

In this part of the study, a hydantoin acrylamide monomer and its homo- and 

copolymers were synthesized and characterized with FTIR and DSC analysis. Then, 

a hydrophilic substance (PVP) and synthesized polymers were incorporated into the 

membrane structure by blending technique. The effects of hydrophilic and 

antibacterial additions on membrane water flux and BSA rejection performances 

were investigated and the results were compared with a commercial membrane. The 

presence of antibacterial additive in membrane structure was characterized by FTIR 

and XPS analysis. The thermal properties and surface morphology of produced 

membranes were characterized with DSC and SEM analyses, respectively. The 

improvement of produced membranes biocidal performance with addition of 

synthesized polymers was proven.  

2.2 Experimental  

Materials  2.2.1 

For synthesis of N-(2-methyl-1-(4-methly-2,5-dioxoimidazolidin-4yl)propan-2-

yl)acrylamide (HA), N-(1,1-Dimethyl-3-oxobutyl)acrylamide (DA) (Aldrich), 

potassium cyanide (Merck) and ammonium carbonate (Sigma-Aldrich) were used. 

To polymerizing HA, potassium persulfate (PPS) (Acros) was used as initiator. A 9:1 

copolymer of HA and 2-Acrylamido-2-methyl-1-propanesulfonic acid sodium salt 

(SA) (Aldrich) was synthesized. 

Polyvinylidenefluoride (PVDF) (Alfa Aesar) and N-Methyl-2-pyrrolidone (NMP) 

was used as based polymer and solvent in membrane casting solution, respectively. 

Polyvinylpyrrolidone (PVP) K30 (Mn=40,000 g/moles, TCI) was added to the 

membrane dope solution as a pore former. Sterlitech BN475 (BN) being a 

commercial PVDF UF membrane was used to compare water flux and BSA rejection 

performances of the produced membranes. Disodium phosphate (Na2HPO4.2H2O) 

(Merck) and sodium dihydrogen phosphate (NaH2PO4) (Merck) were used for the 

preparation of protein feed solution. Bovine Serum Albumin (BSA) (Fisher 

Scientific) was used for the estimation of protein rejection performance of the 

produced membranes.  
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Synthesis of N-halamine monomer and its polymers 2.2.2 

The HA monomer was prepared according to a procedure described in Kocer et al. 

(2011b). As seen in Figure 2.1, while producing HA, 17.093 g (100 mmol) N-(1,1-

Dimethyl-3-oxobutyl)acrylamide (DA), 13.565 g (200 mmol) potassium cyanide, and 

57.654 g (600 mmol) ammonium carbonate was reacted in a solvent mixture of water 

and ethanol (1:1 by volume) for one week at room temperature. After evaporation of 

ethanol, the crude products were isolated by treating with dilute HCl and filtrated.  

 

Figure 2.1 : Synthesis of the hydantoin acrylamide 

HA monomer was polymerized by free radical polymerization. The HA (8.4 mmol) 

was dissolved in water with 0.004 g of initiator, potassium persulfate. By nitrogen 

bubbling for 15 min dissolved oxygen was removed and the reaction was continued 

under nitrogen atmosphere by stirring at 75 °C for 4 h. The obtained polymer was 

filtered as white powder form. The reaction mechanism of the homopolymer (HP) 

was given in Figure 2.2. 

 

Figure 2.2 : Synthesis of the homopolymer 

The 9 mmol HA was copolymerized with 1 mmol 2-Acrylamido-2-methyl-1-

propanesulfonic acid sodium salt (SA) by free radical polymerization. 2.15 g of HA 
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and 0.46 g of SA was dissolved in 50 mL distilled water together with 0.01 g 

potassium persulfate. By nitrogen bubbling for 15 min dissolved oxygen was 

removed and the reaction was continued under nitrogen atmosphere by stirring at 75 

°C for 4 h. The water was removed by evaporation to take the synthesized polymer. 

The reaction mechanism of copolymer (CP) was given in Figure 2.3. 

 

Figure 2.3 : Synthesis of the copolymer 

Preparation of the ternary phase diagrams  2.2.3 

Ternary phase diagrams of polymer/solvent/nonsolvent systems were drawn to take 

information about thermodynamic stability and phase separation behavior of the 

polymers. Ternary diagrams were drawn according to the cloud point test. 

Nonsolvent (water) was dropwise added to the polymer dope solution stirring at 30 

°C. The addition of nonsolvent was stopped when the appearance of dope solution 

turn to milky-like structure for low concentration solutions and local precipitation 

was observed and not disappeared for a specific time for high concentration polymer 

solutions. For low concentration solution after turbidity occurred, stirring was 

continued for further 30 min to observe the turbidity is disappear or not disappear. If 

the solution turns to clear, more nonsolvent addition was made to the solution, 

otherwise the found point is saved as cloud point and composition of the ternary 

point was calculated according to the polymer, solvent, and nonsolvent weights.  

Polymer blends and flat sheet membrane production  2.2.4 

Phase inversion method was used to prepare membranes. Pristine PVDF (M-0), just 

PVP added (M-P30, M-P35, M-P40, M-P45), both PVP and HP added (M-P35-HP1, 

M-P35-HP3, and M-P35-HP5), just polymer added (M-HP1, M-HP3, M-CP3, and 

M-CP5) added membranes were prepared as summarized in Table 2.1. While 
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preparing membrane dope solutions, firstly, HP or CP was dissolved in NMP by 

stirring at 60 °C for 2 h, then PVDF (and PVP) was added and stirring was continued 

for extra 4 h, and the mixture was stirred overnight at 40 °C to obtain a homogeneous 

solution.  200 μm films were produced on a glass sheet with the help of a film 

applicator. The coagulation of films was made in a tap water bath at 30 °C, and then 

the produced films were kept in distilled water at 30 °C.  

Table 2.1 : Casting solution compositions of the produced membranes.  

Membranes 

Component Compositions 

PVDF 

(wt%) 

PVP 

(wt%) 

HP    

(wt%) 

CP    

(wt%) 

NMP 

(wt%) 

M-0 18.00 - - - 82.00 

M-P30 18.00 0.30 - - 81.70 

M-P35 18.00 0.35 - - 81.65 

M-P40 18.00 0.40 - - 81.55 

M-P45 18.00 0.45 - - 81.65 

M-P35-HP1 17.82 0.35 0.18 - 81.65 

M-P35-HP3 17.46 0.35 0.54 - 81.65 

M-P35-HP5 17.10 0.35 0.90 - 81.65 

M-HP1 17.72 - 0.18 - 82.00 

M-HP3 17.46 - 0.54 - 82.00 

M-CP1 17.72 - - 0.18 82.00 

M-CP3 17.46 - - 0.54 82.00 

Chlorination of the produced membranes  2.2.5 

For chlorination 10% aqueous solution of 6% sodium hypochlorite (household 

bleach) was prepared and the pH of the solution was adjusted to 7 with 6 N HCl. 

After the produced membranes were kept in this solution for 1 h, the unbonded 

chlorine on membrane was removed by washing with tap and distilled water, and 1 h 

drying at 45 °C. Iodometric/thiosulfate titration was applied to determine the loaded 

chlorine concentration onto the samples (Kocer et al., 2010). A solution of ethanol 

with 0.1 N acetic acid (90/10; v/v) was prepared and 0.25 g potassium iodide was 

dissolved in this solution, then the dried membrane sample was added to the solution. 

Titration was made with 0.005 N sodium thiosulfate solution until the color of the 

solution is yellow to clear. The weight percent of the loaded chlorine (Cl
+
) on the 

membrane samples were calculated according to the equation given below:  
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  (2.1)  

where Cl
+
, N,   , and W refer to weight percent of the oxidative chlorine on the 

membrane samples, titrant solution concentration (mol/L), titrant solution volume 

(L), and sample weight (g), respectively.  

Permeability tests of the produced membranes 2.2.6 

All produced membranes were kept in distilled water for seven days and the 

membrane pores were opened by wetting isopropanol before the permeability tests. 

Water flux tests were applied two times for HP and CP added membranes, before and 

after chlorination.  

Dead-end filtration method was used to determine water flux performance of the 

membranes. The schematic and real images of the installed dead-end filtration 

system with HP4750 Sterlitech stirred cell were given in Figure 2.4.  The effective 

membrane filtration area of the system was 14.6 cm
2
. Water filtration experiments 

were performed under three different constant pressures of 1, 3, and 5 bars. 

 

Figure 2.4 : Filtration test system 

The pure water fluxes (L/m
2
h) of the produced membranes were calculated according 

to the equation given below:  

    W
W

V
J

A t



  (2.2) 

where WJ ,   , A, and t refer to pure water flux (PWF), permeated water volume (L), 

effective membrane area (m
2
), and filtration time, respectively.  
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A phosphate buffer solution (0.1 M, pH 7) containing 1 g/L BSA was prepared to 

perform BSA rejection tests. The protein content in filtrated solution after one hour 

filtration was determined with UV-Visible spectrophotometer at 280 nm wavelength. 

Scinco-NEOSYS200 UV-Visible spectrophotometer was used for analysis and the 

rejection ratios of the produced membranes were calculated according to the equation 

given below: 

  % 100
f p

f

C C
R

C


    (2.3) 

where R, Cf, and Cp refer to protein rejection percentage (%), feed solution BSA 

concentration, and filtrated solution BSA concentration, respectively. For the pure 

water flux and BSA rejection performances, the membranes were tested at least three 

times and the results were given as mean value along with the standard deviations.  

Characterization of the produced membranes  2.2.7 

Attenuated total reflectance Fourier-transform infrared (ATR-FTIR) spectroscopy 

(Thermo Nicolet, IS50) was used to characterize the produced monomer, polymers 

(HP and CP), and membranes. While recording the spectra 16 scans were made at 4 

cm
-1

 spectral resolution and the scanning range was from 400 to 4000 cm
-1

. 

Thermal properties of the produced monomer and polymers were characterized with 

Perkin Elmer DSC 8000. Experiments were carried out under nitrogen atmosphere. 

Thermal transitions of samples were taken by heating the samples to 300 °C with 10 

°C/min heating rate.  

Thermo Scientific, K-Alpha spectrometer with a monochromated Al Kα (1486.6 eV) 

X-ray source was used to take X-ray photoelectron spectra (XPS) measurements. All 

binding energy corrections were made according to the carbon photo electron signal 

at 284.6 eV. 

Thermal properties of the produced membranes were characterized with TA 

Instrument, Q2000 differential scanning calorimeter (DSC). Firstly, thermal history 

on membrane samples (7-8 mg) were erased by heating the sample to 250 °C from 

50 °C with a 10 °C/min heating rate, then the sample was cooled to 50 °C and heated 

to again 250 °C with 10 °C/min heating rate under nitrogen atmosphere. 
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The morphologies of the membranes were characterized with FEI, QUANTA 200F 

Field Emission scanning electron microscope. Images of gold-palladium coated (10 

nm) membranes were obtained at 5,000x and 50,000x magnifications.  

Biocidal performances of the produced membranes were determined according to 

ASTM E 2149. Staphylococcus aureus (ATCC 6538) and Escherichia coli (ATCC 

35218) bacteria were used for tests. Bacteria suspension with 5x10
5
 CFU/mL 

concentration were treated to the chlorinated (M*) and unchlorinated membrane 

samples. The 1 g of membrane samples were put in 50 mL bacteria suspension and 

shaken for four different contact times as 5 min, 15 min, and 60 min. Then serial 

dilutions with phosphate buffer solution were prepared and spread onto Muller-

Hilton II agar plates. Before colonies were counted, the agar media was waited at 37 

°C for 24 h and the bacterial reduction was determined as logarithmic. 

2.3 Results and Discussion  

Characterization of the synthesized monomer and polymers  2.3.1 

As seen in Figure 2.1 hydantoin ring was formed from ketone moiety of DA. The 

formation of hydantoin ring from a ketone moiety occurs via Bucherer-Bergs 

reaction as seen in Figure 2.5 (Kou, 2009).  

 

Figure 2.5 : The mechanism of the Bucherer-Bergs reaction 
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The FTIR spectrum of DA and synthesized HA was demonstrated in Figure 2.6. The 

formation of hydantoin ring was confirmed by the new bands stretching at 3202 cm
-1

, 

1760 cm
-1

, and 1707 cm
-1

. The band at 3202 cm
-1

 was corresponding to additional N-

H stretching of HA. The other two bands at 1760 cm
-1

 and 1707 cm
-1

 are amide and 

imide carbonyl stretching on the hydantoin ring, respectively.  

 

Figure 2.6 : FTIR spectra of the DA and HA 

FTIR spectrum of the synthesized homopolymer and copolymers are shown in Figure 

2.7. The lack of vinyl bond stretching at 1630 cm
-1

 (overlapped for HA) and the 

broadening of the bands confirmed the formation of polymerization. On the other 

hand, the new bands at 1177 cm
-1

 and 1039 cm
-1

 being characteristic for SO3
- 
group 

asymmetric and symmetric stretching demonstrated the SA presence in the 

copolymer structure.  

 

Figure 2.7 : FTIR spectra of the synthesized polymers 
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DSC thermograms of the DA and HA were given in Figure 2.8. Because of the 

hydantoin ring formation which increases the H-bonding sites in structure, there was 

approximately 100 °C increase in melting point of HA according to DA. However, 

there was no meaningful change observed in HP and CP thermograms between 40 °C 

and 300 °C.   

 

Figure 2.8 : DSC thermograms of the DA, HA, HP, and CP 

Ternary phase diagram of the polymer/NMP/water system  2.3.2 

Ternary phase diagram of polymer/solvent/nonsolvent at 30 °C were determined in 

order to understand the thermodynamic behavior of membrane formation process. 

Thermodynamic analysis informed the effect of our synthesized polymers addition to 

the demixing process. The binodal curve determined with cloud point test is a 

measure of thermodynamic stability of the membrane casting solution. As the 

distance between the binodal curve and the solvent axis increases, the 

thermodynamic stability of the solution increases. Therefore, more nonsolvent is 

required for coagulation. According to Figure 2.9 the thermodynamic stabilities of 

the polymers were ranked from highest to lowest as CP, HP, and PVDF. This ranking 

showed that the thermodynamic stability of the solution is directly proportional to the 

hydrophilicity of the polymer. This means that the nonsolvent requirement for 

precipitation is higher for the hydrophilic polymers. The precipitation behavior 
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difference of PVDF and the synthesized polymers deteriorate membrane surface 

structure, as evidenced by SEM surface images of the membranes. 

 

Figure 2.9 : Ternary phase diagram of the Polymer (PVDF, HP, and CP)/ 

NMP/Water systems at 30 °C 

Filtration and BSA rejection performance of the produced membranes  2.3.3 

To control the organic membrane fouling and increase the membrane water flux, 

addition of hydrophilic substances such as PVP has been studied in various recent 

study in literature (Fadilah and Hassan, 2016; Zuo et al., 2008). The pure water flux 

and BSA rejection performances of commercial and produced membranes were 

given in Figure 2.10 and Figure 2.11, respectively. As seen in Figure 2.10 PVP 

addition increased both the pure water flux and BSA rejection performances of the 

membranes. However, despite this increase, the water flux values of the produced 

membranes were very low compared to the commercial membrane. On the other 

hand, contrary to the low water flux performance of the produced membranes, M-

P30 and M-P35 membranes demonstrated good BSA rejection performances being 

even higher than the BN. Although the BSA rejection values were almost same for 

M-P30 and M-P35, since the M-P35 had higher water flux performance, the HP 

addition was applied to M-P35 membrane recipe in the next part of the study.  
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Figure 2.10 : Pure water flux of the commercial, PVP added, and unmodified 

membranes 

 

Figure 2.11 : BSA rejection of the commercial, PVP added, and unmodified 

membranes 

In that part of the study, the effect of HP addition on membrane flux and BSA 

rejection performances was investigated by making various amount of HP addition in 

determined PVP added recipe (M-P35). Figure 2.12 demonstrated that the addition of 

HP cause a dramatic increase in water flux values of the membranes. Although the 

water flux values of HP added membranes were higher than the BN (especially at 3 
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and 5 bar pressures), BSA rejection ratio of the HP added membranes decreased by 

about 20% to 30% as seen in Figure 2.13. 

 

Figure 2.12 : Pure water flux of the commercial, PVP added, and HP added 

membranes  

 

Figure 2.13 : BSA rejection of the commercial, PVP added, and HP added 

membranes 

High water flux obtained by the addition of HP in the membrane structure showed 

that the membrane flux can be increased without hydrophilic additives such as PVP 

or PEG in contrast to that done in many studies. In addition, Causserand et al. (2015), 
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Hanafi et al. (2014), and Pellegrin et al. (2013) showed that PVP in membrane 

structure is degraded during sodium hypochlorite backwashings and decreases the 

resistance of the membrane.  During these backwashings, the removal of PVP from 

the membrane structure decreases the hydrophilicity of the membrane. On the other 

hand, the formation of gaps with leaching of PVP in the inner parts of the membrane 

decreases the mechanical resistance of the membrane (Causserand et al., 2015; 

Pellegrin et al., 2013). In this context, the production of membrane without adding 

PVP could be extended the membrane lifetime. Therefore, in that stage of the study 

only the synthesized polymers (HP and CP) additions were made to the membrane 

structure. 

As previously mentioned, backwashings are carried out with chlorine in industrial 

applications and chlorination is required in order to activate our polymers (HP and 

CP). Therefore, at this stage of the study, water flux tests were applied to HP and CP 

added membranes both before and after chlorination. The water flux tests results, 

Figure 2.14 and Figure 2.15, demonstrated that chlorination caused an increase in the 

water flux performances of membranes. When this result was evaluated together with 

the SEM images, this increase observed in the water flux values was probably related 

to the cleaning of the membrane surface. Although the water flux performances of 

the membranes produced by the addition of HP or CP were not as good as the 

membranes produced with HP and PVP addition, as seen in Figure 2.16 the BSA 

rejection of M-HP1 was close to M-P35 and also higher than the BN. 

 

Figure 2.14 : Pure water flux of the commercial, HP and CP added membranes 
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*Chlorinated membranes 

Figure 2.15 : Pure water flux of the commercial, HP and CP added chlorinated 

membranes 

 
*Chlorinated membranes 

Figure 2.16 : BSA rejection of the commercial, HP and CP added chlorinated 

membranes 

FTIR and XPS characterization of the produced membranes   2.3.4 

FTIR spectra of the produced membranes both for chlorinated and unchlorinated 

were given in Figure 2.17a, with full scale spectrum between 400 cm
-1

 and 4000 cm
-1 

wavenumbers and in Figure 2.17b, by focusing on the region between 1500 cm
-1

 and 

1900 cm
-1

 wavenumbers. In HP and CP added membranes spectra, M-HP1, M-HP3, 
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M-CP1, and M-CP3, there were two additional bands at 1717 cm
-1

 and 1760 cm
-1

 

corresponding to amide and imide carbonyl stretching of the hydantoin ring. As seen 

more clearly in Figure 2.17b, as the HP and CP addition rates in the membrane 

structure increased, the intensity of these two bands also increased. With 

chlorination, the bond between N-H converts to N-Cl and this conversion causes 

disruption of hydrogen bonding (N-H...O=C). This bond breakage caused by 

chlorination was clearly seen in Figure 2.17b by the shift of the bands at 1717 cm
-1

 to 

1734 cm
-1

 and 1760 cm
-1

 to 1791 cm
-1

.  This indicated that the HP and CP added 

membranes could retain chlorine in their structure. At the same time, similar to the 

literature, after chlorination the broad amide band at 1535 cm
-1

 formed two separate 

bands at 1538 cm
-1

 and 1571 cm
-1

. 

 
*Chlorinated membranes 

Figure 2.17 : FTIR spectra of the produced membranes 

a) 

b) 
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The HP, CP addition and chlorination effects on the membrane surface chemical 

structure were determined with XPS analysis. The XPS spectra of the produced 

membranes were given in Figure 2.18. There was an additional peak at about 200 eV 

corresponding to Cl2p in chlorinated membranes spectra demonstrated the N-Cl 

bond formation and confirmed the FTIR results. On the other hand, with addition of 

the synthesized polymers (HP and CP) to the membrane structure the intensities of 

the bands corresponding to N1s (400 eV), and O1s (532 eV) were increase. 

 
*Chlorinated membranes 

Figure 2.18 : XPS spectra of the produced membranes 

Thermal properties of the produced membranes  2.3.5 

Thermal properties of the produced membranes were determined with DSC analysis 

including two heating cycles as shown in Figure 2.19. While the melting point of the 

membranes in the first heating cycle was at around 158 °C, the melting peak shifted 

to 162 °C in the second cycle. The 4 °C difference between the first and second 

heating cycles resulted from the mechanical stretching history on the membranes in 

the first heating cycle. The presence of chlorine in chlorinated membrane structure 

was also confirmed by DSC analysis. As seen in Figure 2.19a, synthesized polymers 

added and chlorinated membranes, M-HP1, M-HP3, M-CP1, and M-CP3 showed an 

additional peak at around 220 °C. This new exothermic peak represented the thermal 

decomposition of N-Cl bond. 
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*Chlorinated membranes 

Figure 2.19 : DSC thermograms of the produced membranes; (a) during first heating 

cycle, and (b) during second heating cycle 

Morphology of the produced membranes  2.3.6 

The effects of the additions on membrane surface morphology were investigated with 

SEM analyses as seen in Figure 2.20 and 2.21. The SEM images were taken with 

5,000x and 50,000x magnifications. SEM images demonstrated that chlorination was 

cleaned the surface of the membranes and increase the membrane water flux values 

as mentioned in section 2.3.3. It was observed that the addition of synthesized 

polymers (HP and CP) to membrane structure both increase the porosity and pore 

size of the membranes. However, especially the high amount addition of HP and CP 

to the membrane structure cause a huge surface deterioration, a wider pore size 

distribution, and large cracks formation on the membrane surface. That deformation 

a) 

b) 
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on the membrane surface could be caused by the very different phase separation 

behavior of PVDF and synthesized polymers as explained in ternary phase diagrams. 

The delayed demixing of solvent – nonsolvent in synthesized polymers deteriorates 

the smooth membrane surface formed by the rapid precipitated PVDF. The 

relationship between the membrane surface deterioration and polymer phase 

separation behavior was proven with more deteriorated surface of M-CP3* according 

to M-HP3*, the additive of M-HP3* had a smaller thermodynamic stability 

difference with PVDF than M-CP3* one.  

 
*Chlorinated membranes 

Figure 2.20 : The surface morphology of the unmodified, HP added and chlorinated 

membranes (a) at 5,000x magnification, (b) at 50,000x magnification 

a) 

b) 
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*Chlorinated membranes 

Figure 2.21 : The surface morphology of the unmodified, CP added and chlorinated 

membranes (a) at 5,000x magnification, (b) at 50,000x magnification 

Biocidal performance of the produced membranes   2.3.7 

The biocidal performances of the produced membranes (both chlorinated and 

unchlorinated samples) were tested against S.aureus and E.coli at concentration of 

about 10
5
 CFU/mL, for various contact times as 5 min, 15 min, and 60 min. As seen 

in Figure 2.22, the control sample that was not include any membrane, unchlorinated 

samples (M-0, M-HP1, M-HP3, M-CP1, M-CP3), and the chlorinated sample of the 

pristine PVDF membrane (M-0*) did not show inactivation even at the end of the 60 

min. The chlorine loading effect on the biocidal performance was determined by 

a) 

b) 
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using lower chlorine loaded samples in the second tests as seen in Figure 2.23. All 

samples biocidal activity against S. aureus and E.coli for lower contact times (5 min 

and 15 min) decreased in second test due to the lower chlorine loadings. Even for 

lower chlorine loadings, the M-HP3* and M-CP3* exhibited complete inactivation 

against both type of bacteria in a contact time of 60 min. 

 

 
aThe inoculum concentrations were 5.78 log and 5.72 log for S.aureus (ATCC 6538) and E.coli (ATCC 35218), respectively. 

*Chlorinated membranes 

Figure 2.22 : Biocidal Test 1 
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aThe inoculum concentrations were 5.63 log and 5.70 log for S.aureus (ATCC 6538) and E.coli (ATCC 35218), respectively. 

*Chlorinated membranes 

Figure 2.23 : Biocidal test 2 

2.4 Conclusion  

A series of N-halamine polymers, HP and CP, were synthesized and added to the 

membrane dope solution in order to improve the permeation performances of the 

membranes and reduce the biolayer formation on the membrane surface. The water 

flux and BSA rejection performances of the produced membranes were compared 

with a commercial flat sheet PVDF ultrafiltration membrane (BN). In the first stage 
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of the that part of the study, various amount of PVP (between 0.30 to 0.45 wt%) 

additions were made to the membrane structure and the best membrane was selected 

according to the water flux and BSA rejection performances. Then, the HP was 

added to chosen membrane solution (M-P35). The additions of HP to M-P35 

membrane structure caused a huge increase in water flux performance, but decrease 

the BSA rejection. Because of this huge increase in water flux performance of the 

membrane, and as the PVP contribution decreases the mechanical resistance of the 

membrane by leaching during backwashing, only HP and CP added membranes were 

produced in the last part of this study. The membranes produced with HP and CP 

additions did not show water flux performances as good as the BN and both PVP and 

HP included membranes. But on the other hand, the BSA rejection performance of 

the HP added membrane was even higher than BN.  

FTIR and XPS analyses were performed to show the presence of the HP and CP in 

the membrane structure. Addition of these polymers to the membrane structure did 

not alter the melting point as demonstrated by DSC analysis.  The relationship 

between polymer coagulation rate and membrane surface structure was explained 

with ternary phase diagram of the polymer solutions and SEM images of the 

produced membranes. The biocidal test results showed that the antibacterial 

properties of the produced membranes were greatly improved by addition of HP and 

CP to the membrane structure. As a result, most importantly, this antibacterial 

property being renewed in every backwashing will greatly increase the added value 

of this washings and will reduce the number of the washings since it prevents the 

formation of biofilm for a longer time. However, new additives need to be developed 

to improve the membrane performance without destroying the membrane structure.  
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3.  PRODUCTION OF PVDF ULTRAFILTRATION MEMBRANES 

EXHIBITING ANTIBACTERIAL PROPERTY BY THE INCORPORATION 

OF NOVEL N-HALAMINE COPOLYMERS 

3.1 Introduction 

As mentioned earlier, in order to increase the biodegradability resistance of the 

ultrafiltration membranes used in water treatments, polymers having high chlorine 

loading capacity, good solubility in matrix systems, high chlorine stability, not 

leaching from the material by water should be synthesized. In this context, suitable 

polymer structures were selected and added to the membrane structure in the 

previous section. The changes in membrane structures resulted by these polymers 

additions were investigated and it was judged that the membrane surface is 

deteriorated as the thermodynamic stability difference between the base and additive 

polymer increases. Therefore, polymers having similar phase separation behavior 

with PVDF are needed. The hypothesis of this section of the thesis is “Membrane 

performance would be improved without deteriorating the membrane surface by the 

incorporation of novel N-halamine copolymers having similar thermodynamic 

stability to PVDF.” 

The characterizations of the synthesized polymers were made with 
1
H NMR and 

FTIR analysis. The presence of the synthesized polymers in produced membrane 

structure was proven with FTIR and XPS analyses. The surface and cross-section 

images of the produced membranes were investigated. The effects of the additives on 

membrane water flux and BSA rejection performances were examined. And finally, 

the speed and duration of biocidal performance of the produced membranes were 

proven with different biocidal test methods. 

3.2 Experimental 

Materials 3.2.1 

For the synthesis of novel N-halamine copolymers, N-tert-Butyacrylamide (TCI) 

(NTBAAm), N-Isopropylacrylamide (TCI) (NIPAAm), and N,N-
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Dimethylacrylamide (TCI) (NNDMAAm) were used. Potassium persulfate (Acros) 

was used as initiator for polymerizations.  

Polyvinylidenefluoride (PVDF) (Alfa Aesar) and N-Methyl-2-pyrrolidone (NMP) 

was used as based polymer and solvent in membrane casting solutions, respectively. 

Polyvinylpyrrolidone (PVP) K30 (Mn=40,000 g/moles, TCI) was added to the 

membrane dope solution as a pore former. Disodium phosphate (Na2HPO4.2H2O) 

(Merck) and sodium dihydrogen phosphate (NaH2PO4) (Merck) were used for the 

preparation of protein feed solution. Bovine Serum Albumin (BSA) (Fisher 

Scientific) was used for the estimation of protein rejection performance of the 

membranes.  

Synthesis of the novel N-halamine copolymers 3.2.2 

Novel copolymers of HA (7:3 mmol) with NTBAAm, NIPAAm, and NNDMAAm 

were synthesized by free radical polymerization. The copolymers were synthesized 

by dissolving 1.67 g (7 mmol) HA, and 0.39 g (3 mmol) NTBBAm, 0.35 g (3 mmol) 

NIPAAm or 0.30 g (3 mmol) NNDMAAm in 50 mL distilled water together with 

potassium persulfate (Acros) (PPS). By nitrogen bubbling for 15 min dissolved 

oxygen was removed and the reaction was continued under nitrogen atmosphere by 

stirring at 75 °C for 4 h. The precipitated copolymers were filtered. The reaction 

mechanisms of the new copolymers were given Figure 3.1. 

Preparation of ternary phase diagram  3.2.3 

Ternary phase diagrams of polymer/solvent/nonsolvent systems were drawn to take 

information about thermodynamic stability and phase separation behavior of the 

polymers. Ternary diagrams were drawn according to the cloud point test. 

Nonsolvent (water) was dropwise added to the polymer dope solution stirring at 30 

°C. The addition of nonsolvent was stopped when the appearance of dope solution 

turn to milky-like structure for low concentration solutions and local precipitation 

was observed and not disappeared for a specific time for high concentration 

solutions. For low concentration solution after turbidity occurred, stirring was 

continued for further 30 min to observe the turbidity is disappear or not disappear. If 

the solution turns to clear, more nonsolvent addition was made to the solution, 

otherwise the found point is saved as cloud point and composition of the ternary 

point was calculated according to the polymer, solvent, and nonsolvent weights. In 



45 

this section ternary phase diagrams of synthesized polymer solutions were studied 

both single and by mixing with PVDF.  

 

 

Figure 3.1 : Reaction mechanisms of the novel synthesized copolymers 
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Polymer blends and flat sheet membrane production  3.2.4 

Phase inversion method was used to prepare membranes. Pristine PVDF (M-0), both 

PVP and polymer added (M-P(HA-co-NTBAAm)-PVP, M-P(HA-co-NIPAAm)-PVP 

and M-P(HA-co-NNDMAAm)-PVP), just polymer added (M-P(HA-co-NTBAAm), 

M-P(HA-co-NIPAAm) and M-P(HA-co-NNDMAAm)) membranes were prepared 

as seen in Table 3.1. While preparing membrane dope solutions; firstly the 

copolymers were dissolved in NMP by stirring at 60 °C for 2 h, then PVDF (and 

PVP) were added and stirring was continued for an extra 4 h, and then the mixture 

was stirred overnight at 40 °C to obtain a homogeneous solution.  200 μm films were 

produced on a glass sheet with the help of a film applicator. The coagulation of the 

films was made in a tap water bath at 30 °C, and then the produced films were kept 

in distilled water at 30 °C.  

Chlorination of the produced membranes  3.2.5 

A 10% aqueous solution of 6% sodium hypochlorite (household bleach) was 

prepared and the pH of the solution was adjusted to 7 with 6 N HCl. After the 

produced membranes was kept in this solution for 1 h, the unbonded chlorine on the 

membrane was removed by washing with tap and distilled water, and 1 h drying at 

45 °C. Iodometric/thiosulfate titration was applied to determine the loaded chlorine 

concentration onto the samples (Kocer et al., 2010). A solution of ethanol with 0.1 N 

acetic acid (90/10; v/v) was prepared and 0.25 g potassium iodide was dissolved in 

this solution, then the dried membrane sample was added to the solution. Titration 

was made with 0.005 N sodium thiosulfate solution until the color of the solution is 

yellow to clear. The weight percent of the loaded chlorine (Cl
+
) on the membrane 

samples were calculated according to the equation 2.1. 

Permeability tests of the produced membranes  3.2.6 

All produced membranes were kept in distilled water for seven days, and the 

membrane pores were opened by wetting isopropanol before the permeability tests. 

Water flux tests were applied two times for the  polymer added membranes, before 

and after chlorination.  
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Table 3.1 : Casting solution compositions of the membranes produced with the 

incorporation of novel polymers. 
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Dead-end filtration method was used to determine water flux performance of the 

membranes. The schematic and real images of the installed dead-end filtration 

system with HP4750 Sterlitech stirred cell was given in Figure 2.4.  The effective 

membrane filtration area of the system was 14.6 cm
2
. Water filtration experiments 

were performed under three different constant pressures of 1, 3, and 5 bars. The pure 

water fluxes (L/m2h) of the produced membranes were calculated according to the 

equation 2.2. 

A phosphate buffer solution (0.1 M, pH 7) containing 1 g/L BSA was prepared to 

perform BSA rejection tests. The protein content in filtrated solution after one hour 

filtration was determined with UV-Visible spectrophotometer at 280 nm wavelength. 

Scinco-NEOSYS200 UV-Visible spectrophotometer was used for analysis and the 

rejection ratios of the produced membranes were calculated according to the equation 

2.3.  

For the pure water flux and BSA rejection performances, the membranes were tested 

at least three times and the results were given as mean value along with the standard 

deviations.   

Characterization of the produced polymers and membranes  3.2.7 

Attenuated total reflectance Fourier-transform infrared (ATR-FTIR) spectroscopy 

(Thermo Nicolet, IS50) was used to characterize the synthesized polymers and the 

produced membranes. While recording the spectra 16 scans were made at 4 cm
-1

 

spectral resolution and the scanning range was from 400 to 4000 cm
-1

. 

NMR analyses were made with 400 MHz Jeol-ECS spectrometer. NMR spectra of 

the produced polymers recorded with 32 (
1
H) scans.  

Thermo Scientific, K-Alpha spectrometer with a monochromated Al Kα (1486.6 eV) 

X-ray source was used to take X-ray photoelectron spectra (XPS) measurements. All 

binding energy corrections were made according to the carbon photo electron signal 

at 284.6 eV. 

The surface morphology and cross-section of the membranes were characterized with 

FEI, QUANTA 200F Field Emission scanning electron microscope. Images of gold-

palladium coated (10 nm) membranes were obtained at 800x and 3,000x 

magnifications for cross-section, and 50,000x magnification for surface. 
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The biocidal performances of the produced membranes were investigated both with 

agar diffusion method and by filtering the bacterial suspension. A Gram-positive and 

a Gram-negative bacteria were used as test microorganisms. For agar diffusion test 

both cultures were grown overnight and 10
8
 and 10

5
 CFU/mL bacterial suspensions 

of them were prepared. 100 μL of the bacterial suspension were spread on the 

Muller-Hilton II and bloody agars with 10
8
 and 10

5
 CFU/mL bacteria concentrations, 

respectively. All produced of the membranes (both chlorinated, M*, and 

unchlorinated)  were cut as 25 mm diameter circular disks and put on the inoculated 

agar plates for incubation at 37 °C for 24 h. Since the N-halamines are contact active 

antibacterial agents, the membranes were removed from the agar plate to determine 

antibacterial efficacy. 

Secondly, a countable result was obtained with filtration test. In the filtration test 

after 2 mL of phosphate buffer solution (PBS) was filtered to soak the membranes, 3 

mL of a known concentration (10
5
 CFU/mL) of bacterial suspension was filtered 

through the both chlorinated (M*) and unchlorinated membrane samples. Following 

the filtration of bacterial suspensions, the membranes (with 25 mm diameter) were 

divided into four equal parts. Then three parts of each membrane were placed in 10 

mL PBS after 5, 15, and 30 min time intervals, and the suspension were shaken for 

30 sec, then 100 μL of the bacterial suspension was taken and their serial dilutions 

with PBS were prepared and spread onto Muller-Hilton II agar plates. Before 

colonies were counted, the agar media was waited at 37 °C for 24 h and the bacterial 

reduction was determined as logarithmic.  

3.3 Results and Discussion  

Characterization of the new synthesized polymers  3.3.1 

The synthesized polymers structures were confirmed by NMR and FTIR analyses. 

The primary evidence for the polymer formations is the absence of the vinyl proton 

signals between 5.5 and 6.5 ppm. For the P(HA-co-NTBAAm), the signals at 1.25 

ppm, 7.89 ppm, 10.63 ppm can be attributed to the protons of the methyl groups and 

the protons of hydantoin ring amide and imide groups, respectively. 
1
H NMR 

spectrum of the P(HA-co-NTBAAm) was given in Figure 3.2. 
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Figure 3.2 : 
1
H NMR spectrum of the P(HA-co-NTBAAm) (solvent: DMSO-d6) 

In the spectrum of the P(HA-co-NIPAAm), two new signals appeared at around 3.84 

and 1.04 ppm, owing to the methanetriyl and methyl groups of the NIPAAm 

comonomer, respectively. 
1
H NMR spectrum of the P(HA-co-NIPAAm) was given 

in Figure 3.3. 

 

Figure 3.3 : 
1
H NMR spectrum of the P(HA-co-NIPAAm) (solvent: DMSO-d6) 

1
H NMR spectrum of the P(HA-co-NNDMAAm) was given in Figure 3.4. The new 

signal at 2.80 ppm in the P(HA-co-NNDMAAM) originated from the protons of the 

methyl groups bonded to the nitrogen atom in the comonomer structure.  
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Figure 3.4 : 
1
H NMR spectrum of the P(HA-co-NNDMAAm) (solvent: DMSO-d6) 

FTIR spectra of the synthesized copolymers (7:3 mmol) of HA with NTBAAm, 

NIPAAm, and NNDMAAm were given with the homopolymer of HA (HP) to 

confirm the copolymer formations. As seen in Figure 3.5, the signals at 2973, 2928, 

1458, and 1367 cm
-1

 being characteristic for the methyl group, confirming the 

occurrence of NTBAAm in the copolymer structure. Besides, the aromatic stretching 

of C-C band at 1407 cm
-1

 was overlapped by 1393 cm
-1

 band of the symmetrical C-H 

bending vibration of the methyl group in the comonomer structure. 

 

Figure 3.5 : FTIR spectra of the HP, P(HA-co-NTBAAm), and NTBAAm 
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FTIR spectra of the HP, its copolymer with the NIPAAm (P(HA-co-NIPAAm)), and 

NIPAAm monomer were given in Figure 3.6. As seen in the figure, similar to the   

P(HA-co-NTBAAm) spectrum with addition of NIPAAm to the polymer structure 

the intensities of 2973 and 2928 cm
-1

 bands were increased. The intensity of the band 

at 1540 cm
-1

 being characteristic for the N-H bending, increased with the addition of 

NIPAAm to the polymer structure. Besides, the addition of NIPAAm to the polymer 

structure caused the appearance of two new bands at 1392 and 1132 cm
-1

 being 

corresponding to the C-H bending of methyl group and asymmetric stretching of C-

N-C, respectively. 

 

Figure 3.6 : FTIR spectra of the HP, P(HA-co-NIPAAm), and NIPAAm 

FTIR spectra of the synthesized HP, its copolymer with NNDMAAm (P(HA-co-

NNDMAAm)-7), and NNDMAAm were given in Figure 3.7. Similar to the other 

two copolymers spectrums, the band intensities at 2973 and 2928 cm
-1

 being 

characteristic to methyl group, increased with the addition of NNDMAAm in the 

polymer structure. The additional band at 1614 cm
-1

 in the copolymer spectrum was 

corresponding to the tertiary amide –C=O group of the comonomer. 
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Figure 3.7 : FTIR spectra of the HP, P(HA-co-NNDMAAm), and NNDMAAm 

Characterization of the produced membranes  3.3.2 

 Ternary phase diagrams of polymer / NMP / water systems  3.3.2.1

Ternary phase diagrams of the novel synthesized polymers were given in Figure 3.8 

with the ternary phase diagrams of the polymers in the previous section. When the 

SEM images and the ternary phase diagrams of the HP and CP were evaluated 

together, it was observed that with the increase in thermodynamic stability of 

polymer causing delayed demixing according to PVDF, the surface roughness of the 

membrane was increase. To verify this observation, as seen in Figure 3.8, novel 

polymers with higher and lower thermal stability than HP and CP were synthesized. 

It was confirmed that the surface roughness of the membranes directly related to the 

coagulation behavior difference of the PVDF and additive polymer. However, as it 

was evident from both the permeability test results and the SEM images, number and 

size of the pores on the membrane surface are not fully related to the coagulation rate 

difference. As seen in Figure 3.9 ternary phase diagrams of the casting solutions 

including both PVDF and polymers were prepared in order to obtain more 

information about the membrane surface porosity and coagulation behavior of the 

polymers. Even though thermodynamic stability of the P(HA-co-NTBAAm) was the 

lowest, its mixed solution with PVDF gave the highest thermodynamic stability. 

López-Pérez et al. (2010) explained that lower NTBAAm added copolymers 

demonstrated a sharp macroscopic phase separation. Although this sharp phase 

separation cannot be observed during the formation of P(HA-co- NTBBAm) ternary 
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phase diagram, it caused a clear gelation in the ternary phase diagram of PVDF-

P(HA-co-NTBAAm) mixture containing very low amount of NTBAAm. This rapid 

macroscopic phase separation caused an increase the number and size of the pores on 

the membrane surface. While a small amount of gelation was also observed during 

the formation of P(HA-co-NIPAAm) containing mixture phase diagram, the P(HA-

co-NDMAAm) formed the most compatible mixture with PVDF. As a result, the 

P(HA-co-NNDMAAm) added membranes formed the lowest number and smallest 

sized pores compared to the other copolymers incorporated membranes. 

 

Figure 3.8 : Ternary phase diagram of Polymer / NMP / Water systems at 30 °C 

 

 

Figure 3.9 : Ternary phase diagram of polymer incorporated PVDF / NMP / Water 

systems at 30 °C 
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 Filtration and BSA rejection performances of the produced membranes 3.3.2.2

Membranes were tested both before and after chlorination since chlorinated 

backwashing was applied on membranes in industrial applications. On the other hand 

these backwashings also will provide re-chlorination of the N-halamine for biocidal 

activity. The pure water flux of the unchlorinated and chlorinated membranes at 1, 3, 

and 5 bar pressures were given in Figure 3.10 and Figure 3.11, respectively. The pure 

water flux of the membranes increased with chlorination due to the cleaning of the 

membrane surfaces. The water flux of the membranes increased with addition of the 

synthesized polymers, P(HA-co-NTBAAm), P(HA-co-NIPAAm), and P(HA-co-

NNDMMAm). The addition of PVP to the membrane structure with the synthesized 

polymers both increase the pore size, pore size distribution and water flux of the 

membranes especially at high pressures. But, as seen in Figure 3.12, there was a huge 

decrease of BSA rejection performance of the membranes with PVP addition. An 

increase in the membrane flux without addition of PVP could be increase the lifetime 

of membranes as mentioned in the previous section.  

While M-P(HA-co-NTBAAm) exhibits the highest water flux performance, its BSA 

rejection performance was even lower than M-0. On the other hand, M-P(HA-co-

NNDMMA) exhibited the highest BSA rejection with 94%, while its water flux 

performance was very low even at 5 bar. The water flux and BSA rejection 

performances of the membranes were in good accordance with their SEM images. 

 

Figure 3.10 : Pure water flux performances of the unchlorinated membranes 
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*Chlorinated membranes 

Figure 3.11 : Pure water flux performances of the chlorinated membranes 

 
*Chlorinated membranes 

Figure 3.12 : BSA rejection performances of the produced membranes 

 FTIR and XPS characterization of the produced membranes  3.3.2.3

FTIR spectra of the produced membranes both for chlorinated and unchlorinated 

were given in Figure 3.13, with full scale spectrum between 400 cm
-1

 and 4000 cm
-1 

wavenumbers and with an inlet focusing on the region between 1500 cm
-1

 and 1900 

cm
-1

 wavenumbers. As seen more clearly in the P(HA-co-NTBAAm),                     
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P(HA-co-NIPAAm) and P(HA-co-NNDMAAm) added membranes inlet spectra, the 

additional bands at 1653 cm
-1

, 1717 cm
-1

, and 1760 cm
-1

 showed the presence of the 

copolymers in the membrane structure. While the band at 1653 cm
-1

 was 

characteristic for the aliphatic amide carbonyl stretching mode, other two bands were 

corresponding to the carbonyl stretching of amide and imide groups on hydantoin 

ring, respectively. The bond between N-H converts to N-Cl with chlorination and 

that cause disruption of hydrogen bonding (N-H...O=C). This bond breakage caused 

by chlorination was also clearly seen in Figure 3.10 by the shift of the bands at 1717  

cm
-1

 to 1734 cm
-1

 and 1760 cm
-1

 to 1790 cm
-1

. 

 
*Chlorinated membranes 

Figure 3.13 : FTIR spectra of the synthesized polymers added membranes 

The bond conversion of N-H to N-Cl was also confirmed by XPS measurement as 

seen in Figure 3.14. There was a new Cl2p peak appeared at 200 eV in the 

copolymer added and chlorinated membranes. Moreover, in contrast to M-0, the 

copolymer added membranes exhibited a more intensive peak of N1s at 400 eV 

originating from the amide groups appearing in the copolymer structure. And, this 

increase in peak intensity was indicating the copolymer presence in the membrane 

structure. 
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*Chlorinated membranes 

Figure 3.14 : XPS spectra of the synthesized polymers added membranes  

 Morphology of the produced membranes  3.3.2.4

The top surface and cross-section images of the produced membranes were analyzed 

by SEM micrographs as seen in Figure 3.15. While the surface images of the 

chlorinated and unchlorinated membranes were given with 50,000x magnifications, 

the cross-section images of the produced membranes were given with both 800x and 

3,000x magnifications. It can be observed from the top surface images, the surface of 

the membranes were cleaned with chlorination so that the pores become more 

visible. The pure water flux of the membranes was also increased with chlorination 

which is also confirming the cleaning on the membrane surface similar to findings in 

the previous section. The top surface micrographs indicated that the quantity of the 

pores in the M-0 was evidently less than the other produced membranes. It could be 

seen clearly from the Figure 3.15, PVP addition with the synthesized polymers to the 

membrane structure dramatically increase the pore size and porosity of the 
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membrane surface. On the other hand, these membranes had a wider pore size 

distribution and some cracks on the surfaces of the membranes.  

 
*Chlorinated membranes 

Figure 3.15 : The surface and cross-section SEM images of the produced 

membranes 
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The membrane surface homogeneity is very important to membrane filtration 

process, as seen in filtration results even though the membranes included both PVP 

and the synthesized polymers had high pure water flux; they had lower BSA 

rejection performance than the solely synthesized polymers added ones. This 

inhomogeneous membrane surface could be attributed to microphase separation 

between PVP and synthesized polymers.  It was observed that while the P(HA-co-

NTBAAM) added membrane had the lowest membrane surface roughness, the   

P(HA-co-NNDMAAm) added one has the highest membrane roughness. This 

observation was also consistent with the thermodynamic stabilities of the polymers 

which were ranked in the order of P(HA-co-NTBAAm) < P(HA-co-NIPAAm) < 

P(HA-co-NNDMMAm). However, the number and size of the pores on the 

membrane surface decreased with the same order. 

All membranes exhibited asymmetric cross-section morphology with a thin skin 

layer on finger-like porous voids and a sponge layer at bottom of the membrane. As 

seen in ternary phase diagram the binodal curves of the synthesized polymers   

P(HA-co-NTBAAm), P(HA-co-NIPAAm), and P(HA-co-NNDMAAm) were at 

more right than PVDF causing a delayed demixing. The decrease in the demixing 

rate in the phase inversion process tended to suppress the formation of finger like 

structure (Stratmann et al., 1975). However, unexpectedly with the addition of 

synthesized polymers in the membrane structure, the width and the depth of the 

finger like voids increased. This could be related with the molecular weight of the 

additives, similar results were obtained in literature for PVP (Chakrabaty et al., 2008; 

Yoo et al., 2004;). 

 Biocidal performance of the produced membranes  3.3.2.5

In order to determine the biocidal effectiveness of the produced membranes against 

the biofilm formation on their surfaces, disk diffusion tests were applied with 

S.aureus and E.coli bacteria. Since the activation mechanism of N-halamine required 

a direct contact of agent with the bacterial cell to transfer of oxidative halogen to the 

cell, the membranes were removed from the agar disks after incubation (for 24 h, at 

37 °C) and the areas under the membranes were observed. Figure 3.16 and Figure 

3.17 indicated the biocidal performances of the produced membranes at 10
5
 CFU/mL 

and 10
8
 CFU/mL bacterial concentrations, respectively. The images in Figure 3.16 
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were taken immediately after the membranes were removed from the agar, but the 

images in Figure 3.17 were taken two weeks later than removal of the membranes 

from the agar. While the M0, M0*, M-P(HA-co-NTBAAm), M-P(HA-co-NIPAAm), 

and M-P(HA-co-NNDMAAm) did not show any inhibition effect against S.aureus 

and E.coli, the synthesized polymers added and chlorinated membranes showed clear 

surfaces at both bacteria concentrations. As seen in Figure 3.17, the                         

M-P(HA-co-NTBAAm)*, M-P(HA-co-NIPAAm)* and M-P(HA-co-NNDMAAm)* 

did not lose their biocidal effectiveness up to two weeks even at 10
8
 CFU/mL 

bacterial concentration.  

 

Figure 3.16 : Results of the biocidal tests by using agar diffusion method with 10
5
 

CFU/mL bacterial concentrations. (Chlorine loading on the chlorinated samples of 

M-0, M-P(HA-co-NTBAAm), M-P(HA-co-NIPAAm), and M-P(HA-co-

NNDMAAm) were 0%, 0.144%, 0.135%, and 0.123%, respectively.) 
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Figure 3.17 : Results of the biocidal tests by using agar diffusion method with 10
8
 

CFU/mL bacterial concentrations. (Chlorine loading on the chlorinated samples of 

M-0, M-P(HA-co-NTBAAm), M-P(HA-co-NIPAAm), and M-P(HA-co-

NNDMAAm) were 0%, 0.144%, 0.135%, and 0.123%, respectively.) 

After the efficacy of the membrane against biofilm formation on the membrane 

surface and the duration of biocidal activity were determined by the agar diffusion 

test, the speed of the antibacterial effectiveness of the membranes were deterined 

with a countable test method. Approximately 10
5 

CFU/mL E.coli was filtered 

through the membrane and then the membranes were divided into four parts to detect 

the biociadal effectiveness for various contact times as 5 min, 10 min, and 15 min. 

As seen in Figure 3.18, while the M-0* did not show any inactivation, all of the new 

synthesized polymers added and chlorinated membranes exhibited complete 
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inactivation against E.coli even at 5 min contact time. The test was repeated four 

times. 

 
aThe inoculum concentration was 5.58 log for E.coli (ATCC 35218). 

*Chlorinated membranes 

Figure 3.18 : Biocidal test results of membranes after microorganism solution 

filtration. (Chlorine loading on the chlorinated samples of M-0, M-P(HA-co-

NTBAAm), M-P(HA-co-NIPAAm), and M-P(HA-co-NNDMAAm) were 0%, 

0.144%, 0.135%, and 0.123%, respectively.) 

3.4 Conclusion  

Three novel N-halamine copolymers were designed and synthesized to improve the 

membrane flux performances. The synthesized polymers were characterized with 

FTIR and NMR analyses. Then the membranes were produced with the addition of 

these polymers. Ternary phase diagrams of the synthesized polymers with NMP and 

water were formed and compared with ternary phase diagrams of HP and CP. The 

ternary phase diagrams of the polymers and SEM images of the membranes were 

examined together and it was confirmed that as the binadol curve of the polymer 

move away from the binodal curve of PVDF, the deterioration on membrane surface 

increases. However, filtration test results and SEM images showed that the porosity 

on the membrane surface was not directly related to the thermodynamic stability of 

the polymer systems. Therefore, ternary phase diagrams of dope solutions including 

both PVDF and the synthesized copolymers were also formed. As a result, the 

importance of the compatibility of the additive polymer with PVDF was 

demonstrated and the findings were confirmed by the filtration test results and SEM 

images of the membranes. Similar to the previous section, the presence of the 

additive polymers in the membrane structure has been proven by FTIR and XPS 
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analyses. In particular, while the BSA rejection performances were similar, the flux 

values of the M-P(HA-co-NIPAAm) were approximately 10 times higher at 1 bar 

pressure, 7 times higher at 3 bar pressure, 2 times higher at 5 bar pressure than the 

M-HP1. Besides, while the water flux performances of the M-P(HA-co-

NNDMAAm) and the M-HP1 were approximately same, the BSA rejection 

performance of the M-P(HA-co-NNDMAAm) was 16% higher than the M-HP1. On 

the other hand, the biocidal performances of the produced membranes were tested 

with two different test methods and it was shown that all the polymer added 

membranes provided a rapid and long-term antibacterial activity against S.aureus and 

E.coli bacteria at both 10
5
 and 10

8
 CFU/mL bacterial concentrations. All these results 

indicated that the correct polymer structures were designed in accordance with the 

results obtained in the previous section and these polymers were successfully 

synthesized and incorporated into the membrane structure.  
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4.  ESTABLISHMENT OF A HOLLOW FIBER SPINNING UNIT AND 

PRODUCTION OF HOLLOW FIBER MEMBRANES WITH ADDITION OF 

ANTIBACTERIAL N-HALAMINE COPOLYMERS 

4.1 Introduction 

Membrane separation technologies are very fast developing systems; especially 

HFMs have been subject of research because they are used in industrially important 

areas such as drinking water treatment, wastewater treatment, gas separation, and 

liquid filtration (Feng et al., 2013). In this part of the study, firstly, a hollow fiber 

spinning system was designed and established to produce HFMs having intensive use 

in water treatment industry.  

Hollow fiber structures are very advantageous because of their high surface area, low 

pressure loss, high material transfer rate, easy production and the ability to process 

liquids in the same bed (Peng et al., 2012). In the majority of the membrane water 

filtration systems, HFM modules are used. Therefore, the novel N-halamine 

copolymers synthesized and incorporated into the flat-sheet membranes in the third 

section were targeted to add into the HFMs in this section. Between the synthesized 

three copolymers, P(HA-co-NIPAAm) and P(HA-co-NNDMAAm) highly improved 

the water flux and BSA rejection performances of the flat-sheet membranes, 

respectively, were used in this section. In addition, the air gap effect on the 

membrane structure was also investigated. The hypothesis of this section of the thesis 

is “Direct incorporation of P(HA-co-NIPAAm) and P(HA-co-NNDMAAm) into 

hollow fibers would exhibit performances similar to the flat sheet membranes as 

investigated in the previous section”. 

After production of hollow fibers, fibers were packed into modules to perform the 

permeability tests. Modules were designed to allow outside-in flow as used in 

industrial water treatment applications. The effects of the copolymers addition and 

air gap distances to the membrane morphology were determined with SEM analyses. 

Lastly, the biocidal performances of the hollow fibers were tested. 
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4.2 Experimental 

Materials  4.2.1 

Polyvinylidenefluoride (PVDF) (Alfa Aesar) and N-Methyl-2-pyrrolidone (NMP) 

was used as based polymer and solvent in HFM spinning solution, respectively. 

P(HA-co-NIPAAm) and P(HA-co-NNDMAAm) copolymers synthesized in the 

previous section were used as additive in the hollow fiber spinning dope solutions. 

Disodium phosphate (Na2HPO4.2H2O) (Merck) and sodium dihydrogen phosphate 

(NaH2PO4) (Merck) were used for the preparation of protein feed solution. Bovine 

Serum Albumin (BSA) (Fisher Scientific) was used for the estimation of the protein 

rejection performance of the membranes.  

Design and production of the hollow fiber spinning spinneret  4.2.2 

As seen in Figure 4.1, a two-part spinneret was designed for hollow fiber spinning. 

Aluminum was chosen as the spinneret material. The two-parts were fixed with four 

bolts being around the bore liquid spinning hole. As shown clearly in the cross-

section view of the spinneret, the inner solvent spinning hole (D = 6.6 mm) was 

designed to be inserted into a syringe needle. By inserting a needle into the spinneret, 

a spinneret with 1.5 mm outer diameter and 0.5 mm inner diameter was obtained. As 

shown in the Figure 4.1a, a 2 mm hole was drilled at the side face of the lower part, 

which was compatible with syringe. The spinneret was produced as inclined to apply 

shear force to the polymer dope solution (Figure 4.1b). The technical drawings of the 

spinneret were attached in the Appendix A. 

 

Figure 4.1 : Schematic view of the spinneret; (a) isometric, (b) cross-section 

Bore liquid 

spinning hole 

Dope solvent 

spinning hole  

Upper part 

Lower part   

(a)   (b)   
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Design and establishment of the hollow fiber spinning unit  4.2.3 

Two baths were prepared in the size of 500 x 150 x 150 mm and 200 x 150 x 150 

mm (l x w x h) for coagulation and winding, respectively. Feed and drain valves 

were fitted to these baths for water circulation, which is important to remove all 

residual solvent in the fiber structure. Fiber spinning devices including wheels and 

belts were designed and manufactured (Figure 4.2). The technical drawings of the 

spinning device were attached in the Appendix B. As seen in the Figure 4.2, the 

spinning devices were designed to be easily installed to the coagulation and winding 

baths. DC motors and controllers, which were supplied from Robotus Corp., were 

adjusted on the fiber spinning devices. 

 

Figure 4.2 : Schematic view of the (a) designed spinning device, (b) spinning device 

with coagulation bath 

Two NEW ERA-NE300 syringe pumps were used to pump the bore solvent and 

spinning dope solution. A general view of the installed hollow fiber spinning system 

was given in Figure 4.3.  

 

Figure 4.3 : General view of the hollow fiber spinning system 

(a) (b) 
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Preparation of the dope solutions  4.2.4 

Pristine PVDF (HFM-0) and synthesized polymers added (HFM-P(HA-co-NIPAAm) 

and HFM-P(HA-co-NNDMAAm)) membranes were prepared as seen in Table 4.1. 

While preparing membrane dope solutions, firstly, P(HA-co-NIPAAm) or P(HA-co-

NNDMAAm) was dissolved in NMP by stirring at 60 °C for 2 h, then PVDF 

addition was made and stirring was continued for an extra 4 h, and the mixture was 

stirred overnight at 40 °C to obtain a homogeneous solution. 

Table 4.1 : Dope solution compositions of the HFM. 

Membranes 

Component Compositions 

PVDF     

(wt%) 

P(HA-co-NIPAAm) 

(wt%) 

P(HA-co-NNDMAAm) 

(wt%) 

NMP           

(wt%) 

HFM-0 18.00 - - 82.00 

HFM-P(HA-co-NIPAAm) 17.82 0.18 - 82.00 

HFM-P(HA-co-NNDMAAm) 17.82 - 0.18 82.00 

Spinning of the HFMs  4.2.5 

HFMs were produced with established spinning line by phase inversion method. The 

polymer dope and bore liquid solutions were pumped into the spinneret by the help 

of syringe pumps. Distilled water was used as liquid dope solution. The pumping 

speeds of the polymer dope and bore liquid solutions were 2 mm/min and 0.33 

mm/min, respectively. Three different air gap distances (50 mm, 100 mm, and 150 

mm) between the spinneret and coagulation bath were used. After the fiber entered 

the coagulation bath (tap water), it was passed through the six spinning wheels (with 

30 mm diameter), and wrapped around a perforated drum (with 61 mm diameter) in 

the winding bath. The fibers were kept in winding bath for 2 h in order to remove all 

solvent in the fiber structure, and then the produced HFMs were kept in distilled 

water. The spinning conditions of the produced HFMs were given in Table 4.2. As 

seen in the table, while the all other parameters were kept constant, the change in the 

membrane morphology with addition of the synthesized polymers and air gap 

distances were investigated.  
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Table 4.2 : Spinning conditions of the HFMs 

Dope composition (wt %)  PVDF/synthesized polymers/NMP 

Bore fluid component  Distilled water 

External coagulant  Tap water  

Dope flow rate (mL/min) 2.00 

Bore fluid flow rate (mL/min) 0.33 

Air gap distances (cm) 5 – 10 – 15  

Spinneret outer diameter/inner diameter (mm) 1.55 / 0.55 

Spinning velocity (cm/min)  175 

Take-up velocity (cm/min)  185 

Chlorination of the HFMs  4.2.6 

A 10% aqueous solution of 6% sodium hypochlorite (household bleach) was 

prepared and the pH of the solution was adjusted to 7 with 6 N HCl. After the 

produced HFMs were waited in this solution for 1h, the unbonded chlorine on the 

membrane was removed by washing with tap and distilled water, and 1 h drying at 

45 °C. Iodometric/thiosulfate titration was applied to determine the loaded chlorine 

concentration onto the samples (Kocer et al., 2010). A solution of ethanol with 0.1 N 

acetic acid (90/10; v/v) was prepared and 0.25 g potassium iodide was dissolved in 

this solution, then the dried membrane sample was added to the solution. Titration 

was made with 0.005 N sodium thiosulfate solution until the color of the solution is 

yellow to clear. The weight percent of the loaded chlorine (Cl
+
) on the membrane 

samples were calculated according to the equation 2.1. 

Preparation of the hollow fiber test modules  4.2.7 

Preparation of the hollow fiber test modules was given step by step in Figure 4.4. A 

hollow fiber bundle was created with 6 fibers. The bundle was wrapped with a paste 

and placed in a syringe as seen in the Figure 4.4a and b, respectively. Then, the 

syringe was filled with water in order to prevent drying of the fibers. After that, as 

seen in the Figure 4.4c, epoxy was poured on the paste and waited until the epoxy 

resin was cured. SR 8100 epoxy resin (Sicomin) and SD 882x hardener (Sicomin) 



70 

were used with a ratio of 100/22 (wt/wt). Modules were made ready to outside-in 

type dead-end filtration test by cutting the fibers from the ends.   

 

Figure 4.4 : Preparation of the HFM test modules 

Permeability tests of the HFMs  4.2.8 

Dead-end filtration test method with outside-in flow was used to determine water 

flux performances of the HFMs. The installed dead-end filtration system with 

HP4750 Sterlitech stirred cell was modified for HFM module tests as seen in Figure 

4.5. The HFM modules were connected to the stirred cell with help of a hose. The 

effective membrane filtration area was calculated for each module separately. Water 

filtration experiments were performed under two different constant pressures of 1 

and 2 bars. The pure water fluxes (L/m
2
h) of the produced membranes were 

calculated according to the equation 2.2.  

A phosphate buffer solution (0.1 M, pH 7) containing 1 g/L BSA was prepared to 

perform BSA rejection tests. The protein content in filtrated solution after one hour 

filtration was determined with UV-Visible spectrophotometer at 280 nm wavelength. 

Scinco-NEOSYS200 UV-Visible spectrophotometer was used for analysis and the 

rejection ratios of the produced membranes were calculated according to the equation 

2.3. For the pure water flux and BSA rejection performances, two test modules were 

a) b) 

c) d) 
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prepared and tested, then the results were given as mean value along with the 

standard deviations. 

 

Figure 4.5 : HFM module filtration test system  

Characterization of the HFMs  4.2.9 

FTIR and XPS analyses were not applied to HFMs since the presence of the 

synthesized polymers (P(HA-co-NIPAAm) and P(HA-co-NNDMAAm)) in the 

membrane structure had been proven in the section 3.  

The surface morphology and cross-section of the HFMs were characterized with FEI, 

QUANTA 200F Field Emission scanning electron microscope. Images of gold-

palladium coated (10 nm) membranes were obtained at 175x and 600x 

magnifications for cross-section, 5,000x and 50,000x magnifications for surface. 

Biocidal performances of the HFMs were determined according to the ASTM E 

2149. Staphylococcus aureus (ATCC 6538) and Escherichia coli (ATCC 35218) 

bacteria were used for tests. Bacteria suspension with 5.80x10
5
 CFU/mL 

concentration were treated to the chlorinated (M*) and unchlorinated membrane 

samples. The 1 g of membrane samples were put in 50 mL bacteria suspension and 

shaken for three different contact times as 15 min, 30 min, and 60 min. Then serial 

dilutions with PBS were prepared and spread onto Muller-Hilton II agar plates. 

Before colonies were counted, the agar media was waited at 37 °C for 24 h and the 

bacterial reduction was determined as logarithmic. 
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4.3 Results and Discussion  

Morphologies of the produced HFMs  4.3.1 

SEM surface images of the HFMs produced with the copolymer additions and 

different air-gaps (a.g.) were given in Figure 4.6 with 5,000x and 50,000x 

magnifications. As seen in the Figure 4.6a the surface roughness of the HFMs were 

increase with the increase in air gap distance from 5 cm to 10 cm. When the air gap 

was further inceased, the surface roughness was again decreased. For 5 cm air gap 

distance, the polymer chains entered the coagulation bath without finding time to be 

oriented. The membrane surface formation occurred like flat sheet membranes for 5 

cm air gap distance. When the air gap distance increased to 10 cm, the elongational 

stress on the fiber also increased due to the gravity force. This increased stress on the 

fiber cause polymer chain orientation. The increase in the surface roughness of the 

fibers (produced with 10 cm  air gap distance) could be caused by the water entering 

between the partially oriented polymer chains. On the other hand, when the air gap 

distance was increased to 15 cm, the polymer chains were more oriented with the 

increasing elongational force and formed a more stronger outer surface before 

entering the coagulation bath. As the coagulation fluid (tap water) could not easily 

penetrate between the polymer chains, the membrane surface roughness reduced with 

the increase air gap distance.  

The SEM surface images of the HFMs with 50,000x magnification showed the pore 

size and pore size distribution on the membrane surface more clearly. As seen in the 

Figure 4.6b, the surface porosity of HFMs were increased when the air gap distance 

increase to 10 cm from 5 cm. However, when the air gap distance was further 

increased; the pore number on the HFM-P(HA-co-NIPAAm) surface decreased, the 

porosity of the HFM-0 and HFM-P(HA-co-NNDMAAm) increased. Chung and Hu 

(1997) explained that molecular chains oriented by a high elongational stress create 

porosity.  The porosity changes observed on the membrane surface were confirmed 

by the water flux and BSA rejection performances of the HFMs.  
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Figure 4.6 : Surface SEM images of the produced HFMs with a) 5,000x and 

b)50,000x magnifications 

a) 

b) 



74 

 

Figure 4.7 : Cross-section SEM images of the produced HFMs at 175x and 600x 

magnifications 
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The cross-section images of the produced HFMs were given in Figure 4.7 with 175x 

and 600x magnifications. As can be easily understood from the images, the irregular 

inner shape of the HFMs gained a circular form with increased air gap distance. All 

of the produced HFMs had approximately 1 mm diameter as intended to be similar to 

commercial water treatment HFMs. The hollow fibers produced with 5 cm air gap 

had finger like pores at both inner and outer sides of the fiber. These finger like pore 

formation was caused by the fast phase separation. The coagulation at inner side of 

the fiber began immediately without being affected by the air gap distance. 

Therefore, finger like pores were formed at the inner side of the all hollow fibers. 

However, finger like pore formation at the outer side of the fiber decreased as the air 

gap increased. The stronger outer layer formed by the elongational stress delayed the 

solvent-nonsolvent exchange on the outer surface of the fiber, so the formation of 

sponge like pore began to be observed instead of the finger like pores. An 

inhomogeneity was observed at the outer side pores of the holow fibers produced 

with 10 cm and 15 cm air gap distances. This inhomogeneity could be due to one 

side of the fiber coming into contact with the wheel without being fully coagulated. 

This problem can be eliminated by increasing the length of the coagulation bath.    

Filtration and BSA rejection performances of the HFMs  4.3.2 

The pure water flux performances of the HFMs at 1 and 2 bar pressures were given 

in Figure 4.8. The water flux of the membranes were increased with addition of the 

synthesized polymers, P(HA-co-NIPAAm) and P(HA-co-NNDMMAm). The water 

flux performances of the HFM-0 and HFM-P(HA-co-NNDMAAm) increased with 

increasing air gap distance. However, the water flux performance of the HMF-P(HA-

co-NIPAAm) was firstly increased with increasing air gap distance (from 5 cm to 10 

cm), but then decreased with further increase in air gap distance. These results were 

consistent with the SEM images of the HFMs. 

According to the hypothesis of this section, we expected to see a trend similar to the 

flat sheet membranes in the HFMs with the synthesized copolymers additions. 

However, while the P(HA-co-NIPAAm) added flat sheet membranes showed higher 

water flux performance (73.88 L/m
2
h) than the P(HA-co-NNDMAAm) added 

membranes (21.54 L/m
2
h) at 1 bar pressure, in the HFM form, an opposite trend was 

observed. The HFM-P(HA-co-NNDMAAm) (produced with 15 cm air gap distance) 
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showed 26.52 L/m
2
h at 1 bar being even higher than its flat sheet form. On the other 

hand, the water flux of the HFM-P(HA-co-NIPAAm) (produced with 15 cm air gap) 

was 10.04 L/m
2
h at 1 bar which was lower than the P(HA-co-NNDMAAm) added 

membrane.  

 

Figure 4.8 : Pure water flux performances of the produced HFMs 

The BSA rejection performances of the produced HFMs were given in Figure 4.9. 

The BSA rejection performance of the M-0 was unable to determine due to the very 

low BSA solution flux. As seen in the Figure 4.9, the BSA rejection values of the 

HFMs were also consistent with SEM images similar to the water flux performances.  

 

Figure 4.9 : BSA rejection performances of the produced HFMs 

The BSA rejection performances of the P(HA-co-NIPAAm) and P(HA-co-

NNDMAAm) added HFMs were not as good as their flat sheet analogs. The P(HA-
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co-NNDMAAm) added flat sheet membranes showed the highest BSA rejection 

performance with 94.32%, however, there was a 55% decrease in its HFMs form. On 

the other hand, even the HFM-P(HA-co-NIPAAm) added membrane demonstrated 

the highest BSA rejection performance with 53.88%, it also showed approximately 

20% reduction according to the its flat sheet membrane form. 

Biocidal performances of the produced HFMs 4.3.3 

The biocidal performances of produced HFMs (both chlorinated and unchlorinated 

samples) were tested against S.aureus and E.coli at concentrations of about 10
5
 

CFU/mL, for various contact times as 15 min, 30 min, and 60 min. As seen in Figure 

4.10, the control sample that was not include any membrane, the unchlorinated 

samples, and chlorinated sample of pristine PVDF membrane (HFM-0*) did not 

show inactivation even at the end of the 60 min. All of the synthesized polymers 

added membranes exhibited complete inactivation against S.aureus in a contact time 

of 30 min. But, for inactivation of E.coli more contact time was needed as seen in 

Figure 4.11.  

 
aThe inoculum concentration was 5.74 log for S.aureus (ATCC 6538) 

*Chlorinated membranes 

Figure 4.10 : Biocidal test against S. aureus 
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aThe inoculum concentration was 5.76 log for E.coli (ATCC 35218) 

*Chlorinated membranes 

Figure 4.11 : Biocidal test against E. coli 

4.4 Conclusion  

A hollow fiber spinning line and a spinneret were designed and produced in this 

section of the study. HFMs were successfully produced with addition of the P(HA-

co-NIPAAm) and P(HA-co-NNDMAAm) which showed the better water flux and 

BSA rejection performance in the previous section, respectively. The effects of the 

synthesized polymers addition and the air gap distance on the HFMs morphology 

was investigated with SEM images. It was found that both the polymers addition and 

the air gap distance caused a huge change on membrane morphology. With the 

increase in air gap distance irregular inner structure of the fiber changed to circular 

form. Also, the increase in air gap distance increase the elongational stress on the 

fiber causing orientation of the polymer chains and decreasing the coagulation rate of 

the membrane outer surface.  

Since, the dead-end outside-in flow modules are used in the industrial water 

treatment applications; HFM modules were prepared which allow to the outside-in 

flow. Water filtration and BSA rejection performances of the HFMs were tested with 

the help of prepared modules. To check the accuracy of our hypothesis, the water 

flux and BSA rejection performances of the synthesized polymers added HFMs were 

compared with their flat sheet forms. The results showed that the additives did not 
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show the same effects in these two membrane forms. It was thought that the different 

effects of the polymers additives on these membrane performances could be resulted 

from the complexity of the HFMs formation according to the flat sheet form. While it 

was easy to explain the coagulation behavior of the flat sheet membranes with 

ternary phase diagram, some fiber spinning parameters such as the air-gap distance 

and take-up speed also affect the thermodynamic stability of the polymer solution in 

the hollow fiber form membrane production.  

Lastly, biocidal effectiveness of the produced HFMs was tested against S.aureus and 

E.coli. Biocidal test results showed that addition of minute amount of the synthesized 

polymers can significantly improve the antibacterial performances of the produced 

HFMs.  
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5.  CONCLUSIONS AND RECOMMENDATIONS 

Ultrafiltration membranes have a large scale application in water treatments. 

Especially HFMs with high surface area to a certain volume are preferred in this 

application area. PVDF has received tremendous attentions in ultrafiltration 

membrane applications due to its good mechanical and film-forming properties, 

strong thermal and hydrolytic stabilities, outstanding anti-oxidation activities, 

excellent chemical resistance, and good solubility in many organic solvents. In 

contrast to all these advantages, the hydrophobic nature of the PVDF restricts its 

usage in water treatments. Even though this restriction is negotiated with hydrophilic 

additions, to overcome the biofouling, production of membranes having antibacterial 

properties is essential.  

In this study, firstly suitable N-halamine polymers, which could be rechlorinated in 

every backwashing cycle, were chosen from literature. It was thought that, with 

addition of these polymers into the membrane, the biofilm formation on membrane 

surface would be reduced and the filtration performance of the membrane would be 

increased without hydrophilic additives. The changes in the membrane structure were 

observed by applying these agents. It was found that the water flux performance of 

the membranes could be improved without hydrophilic additions. The performances 

of the produced membranes were compared with a commercial membrane. While the 

water flux performances of the produced membranes were not as good as the 

commercial membrane, the BSA rejection performances of the M-HP1 was higher 

than the commercial membrane.  

As a result of the observations in the second section, three novel N-halamine 

copolymers were designed to improve the water flux performance of the membrane 

and successfully synthesized in the third section. Between the synthesized three 

polymers, the P(HA-co-NIPAAm) improved the water flux performance of the 

membrane without changing the BSA rejection performance according to the M-

HP1, on the other hand the P(HA-co-NNDMAAm) slightly increased the water flux 

performance of the membrane but caused a huge increase in the BSA rejection 
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performance of the membrane. So these two polymers were chosen to incorporate 

into the HFM structure.  

In the last section, a hollow fiber spinning line and spinneret were designed and 

produced. The chosen two N-halamine copolymers were added into the HFMs and 

the hollow fibers were produced as similar diameter with industrial applications. On 

the other hand, the air gap distances effects on the membrane morphology and 

performance were investigated. For filtration tests, the produced HFMs were packed 

in modules. The water flux performances of the produced HFMs were compared with 

their flat sheet forms and it was shown that due to the spinning parameters effects on 

the thermodynamic stability of the polymer solution in HMF spinning, the additives 

effect on the membrane performances were different for two membrane forms. 

Although this study is expected to make significant contribution to solve membrane 

fouling problems and improve the membrane filtration performances, membrane 

performances can be more improved in future studies. Recommendations about these 

future studies are given below;   

 New copolymers can be designed and synthesized to improve the membrane 

performances.  

 Spinning parameters effects on the membrane morphology and performances 

can be studied.  

 Polymer solution composition can be changed and the effect of the dope 

solution viscosity on HFM structure can be studied.  

 Compositions of the inner fluid and coagulation bath can be changed to 

obtain different membrane morphologies.  

 Coagulation bath length can be increased to obtain homogeneous pore 

structure on the outer side of the HFMs. 

 The effect of the coagulation bath temperature can be studied.  
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Figure A.1 : The technical drawings of the spinning device  
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Figure B.2 : The technical drawings of the spinning device  
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