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ABSTRACT 

FABRICATION OF NANOCOMPOSITE MEMBRANES 

AND THEIR APPLICATIONS IN OILY WASTEWATER 

TREATMENT 

 

Seda Saki 

MSc. in Advanced Materials and Nanotechnology 

Supervisor: Assoc. Prof. Dr. Nigmet Uzal  

 

July, 2017 

 

Industrial oily wastewaters are generated by various industries such as steel, food, 

textile, leather, petrochemical and metal milling and should be treated before 

discharging natural environment due to its serious environmental problems. With this 

view, membrane separation processes have promote a significant development of novel 

and green technology for oily wastewater treatment due to its clear advantages, for 

instance, ease in operation, efficient separation, low energy consumption and cost. 

Specially microfiltration (MF) and ultrafiltration (UF) membranes are playing a more 

prominent role in the oily wastewater treatments because of many advantages like as 

stable effluent quality, small area requirement, no chemicals addition, high chemical 

oxygen demand (COD) removal and low energy need. But the main drawback of 

membrane processes is the fouling problem. To overcome this problem, many 

researchers effort fabrication of high performance of membrane with higher 

hydrophilicity and antifouling properties. In this study, flat-sheet PSF/PEI 

nanocomposite membranes using Al2O3 and CaCO3 nanoparticles were prepared by 

phase inversion method. The effect of Al2O3 and CaCO3 nanoparticles were 

investigated on the structural properties and filtration performance of the 

nanocomposite membranes. Prepared membranes were characterized with scanning 

electron microscopy (SEM), fourier transform infrared spectroscopy (FT-IR), contact 

angle, porosity, water flux, thermogravimetric analysis (TGA), atomic force microscope 
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(AFM), X-ray diffraction (XRD), BSA rejection, tensile strength, and viscosity 

measurements. Membrane permeability performance and antifouling properties towards 

oil water emulsion separation of these new generation nanocomposite membranes were 

evaluated for synthetic and real industrial oily wastewater. The results showed that there 

is a great potential to use these nanocomposite membranes for oily water treatment with 

higher permeability and antifouling capacity. All Al2O3 and CaCO3 nanocomposite 

membranes reached higher oil rejection ratios over 90%.  

 

 

 

Keywords: nanocomposite membrane, Al2O3 and CaCO3 nanoparticles, oil rejection, 

industrial oily wastewater 
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ÖZET 

NANOKOMPOZİT MEMBRAN ÜRETİMİ VE YAĞ 

İÇEREN ATIKSULARIN ARITIMINDA UYGULANMASI 

 

Seda Saki 

İleri Malzemeler ve Nanoteknoloji Yüksek Lisans Pogramı 

Tez Yöneticisi:  Doç. Dr.Niğmet Uzal 

Temmuz - 2017 

 

Endüstriyel yağlı atıksular çelik, gıda, tekstil, deri, petrokimya ve metal gibi çeşitli 

endüstriler tarafından üretilmekte ve ciddi çevre sorunlarına sebep olmaları nedeniyle 

alıcı ortama deşarj edilmeden önce arıtılmaları gerekmektedir. Bu bağlamda; membran 

ayırma süreçlerinin kullanım kolaylığı, etkin ayırma kapasitesi, düşük enerji tüketimi ve 

maliyet gibi avantajları nedeniyle yağlı atık su arıtımında yeni ve yeşil bir teknoloji 

olarak gelişim göstermektedir.  Özellikle mikrofiltrasyon (MF) ve ultrafiltrasyon (UF) 

membranları, stabil su kalitesi, küçük alan gereksinimi, kimyasal ilavesine gerek 

olmaması, yüksek kimyasal oksijen ihtiyacı (KOİ) giderimi ve düşük enerji gereksinimi 

gibi avantajlarından dolayı yağlı atık su arıtımlarında önemli bir rol oynamaktadır. 

Fakat membran proseslerin en büyük sorunu tıkanma problemidir. Bu sorunun 

üstesinden gelmek için, birçok araştırmacı daha yüksek hidrofiliklik ve tıkanma direnci 

özelliklerine sahip yüksek performanslı membran üretimi konusunda araştırmalarını 

yoğunlaştırmıştır. Bu çalışmada, Al2O3 ve CaCO3 nanoparçacıkların kullanıldığı düz 

tabaka PSF/PEI nanokompozit membranlar faz dönüşümü yöntemi ile üretilmiştir. 

Üretilen anokompozit membranların yapısal özellikleri ve filtrasyon performansı 

üzerine Al2O3 ve CaCO3 nanoparçacıklarının etkisi, araştırılmıştır. Üretilen yeni nesil 

nanokompozit membranlar taramalı elektron mikroskobu (SEM), Fourier dönüşümlü 

kızılötesi spektrometre (FTIR), temas açısı, gözeneklilik, su akısı, termogravimetrik 

analiz (TGA), atomik kuvvet mikroskopu (AFM), X-ışını kırınımı (XRD) , BSA reddi, 

gerilme mukavemeti ve viskozite ölçümleri ile karakterize edilmiştir. Yeni nesil 

nanokompozit membranların yağ/su emülsiyon ayrımına karşı membran geçirgenlik 

performansı ve tıkanmaya direnç özellikleri, sentetik ve gerçek sanayi yağlı atıksu için 

değerlendirilmiştir. Sonuçlar, yüksek permeabilite ve tıkanma direnci nedeni ile yağlı su 
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arıtımı için bu çalışmada üretilen nanokompozit membranların büyük bir potansiyeli 

olduğunu göstermiştir. Tüm Al2O3 ve CaCO3 nanokompozit membranlar ile %90'ın 

üzerinde yağ giderimi elde edilmiştir. 

 

 

Anahtar kelimeler: nanokompozit membran, Al2O3 ve CaCO3 nanomalzemeler, yağ 

giderimi, endüstriyel yağlı atıksu 
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Chapter 1 

1. INTRODUCTION  
 

Oily wastewaters are mainly produced from the food, leather, metallurgical, 

petrochemical and cosmetic industries, and petroleum refineries [1-4], in the typical 

range of 100–1000 mg/L oil in effluent which lead to serious environmental problems 

[5-7]. Furthermore it needs to be reduced to the environmental standards of 10–15 mg/L 

for safely discharge to receiving water bodies [5, 8, 9]. Gravitational separation [10], 

coagulation/flocculation [11], electric field [12], and air flotation are the conventional 

technologies used to remove oil from wastewtaters. However, these methods can not 

treate stable oil/water (O/W) emulsions (size≤20 μm) effectively [13, 14]. With this 

view, membrane separation have promote a significant development of novel and green 

technology for oily wastewater treatment due to its clear advantages, for instance, ease 

in operation, efficient separation, low energy consumption and sustention cost [15-17].  

 

Among all membrane methods, ultrafiltration (UF) process, which has pore sizes of 2–

50 nm range, has gradually become an attractive technology for oil removal [18-20]. 

Polymeric membranes were widely used to produce UF membranes such as polysulfone 

(PSF) [21], polyethersulfone (PES) [22], polyvinylidene fluoride (PVDF) [23] and 

polyacrylonitrile (PAN) in the application of oily water treatment.  

 

PSF is commonly used to fabricate membranes and preferred due to its mechanical 

robustness, structural and chemical stability, large range of solubility, and thermal 

resistance [24, 25]. Besides the advantages of PSF, it needs to be modified to reduce its 

hydrophobic characteristics and increase its permeability and antifouling capacity for 

treating oily wastewaters [26-29]. Fouling is the major problem of the membranes, 

which is caused by deposition and adsorption of foulants on the membrane surfaces or 

within pore channels, results in flux and rejection decline [30-32]. Membrane 

hydrophilicity effect membrane fouling directly, i.e. the higher hydrophilicity generally 

shows the more antifouling capacity [33, 34]. To enhance antifouling property, 

hydrophilic additives such as hydrophilic polymers as cellulose acetate (CA) [35], and 
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polyvinyl alcohol (PVA) [36], polyethylenimine  (PEI) [37], polyethyleneglycol (PEG) 

[38], and polyvinylpyrrolidone (PVP) [39]; and inorganic nanoparticles as Fe2O3 [40], 

TiO2 [41], Al2O3[42], SiO2 [43], ZnO2 [44], bentonite and CaCO3 [45] have been 

performed.  

 

Among these additives, PEI is shown to be a favorable polymeric amine with special 

features, and it is mostly used as a macrovoid formation agent [46, 47]. However, the 

addition of hydrophilic polymers, including PEI, can decrease the mechanical strength, 

stability, and selectivity of the membrane [48]. To overcome these problems, blending 

the polymer with inorganic nano-additives has also become a popular approach for the 

design of new PSF membranes with desirable properties [49, 50]. PSF membranes with 

inorganic nano-additives have better permeability, selectivity, and mechanical strength 

than pure PSF membranes. The incorporation of nano-additives in the polymer matrix 

also enhances the membrane’s permeability, selectivity, tensile strength, and thermal 

and chemical resistance [51-54]. 

This study focuses on fabricating PSF/PEI nanocomposite membranes using two 

different particle sizes of Al2O3 nanoparticles (20 and 80 nm) and one size of CaCO3 

(100 nm) via the phase inversion method. To the best of our knowledge, there are no 

reported data on using a PSF/PEI/Al2O3 and PSF/PEI/CaCO3 blended substrate to 

fabricate polymeric nanocomposite membranes for treating oily wastewater, and the 

effect of the Al2O3 and CaCO3 nanoparticles on PSF/PEI membranes has not been 

examined. The effects of the nanoparticle size and concentration on the performance of 

membranes were thus investigated. The membrane properties were evaluated by 

scanning electron microscopy (SEM), fourier transform infrared spectroscopy (FT-IR), 

contact angle, porosity, water flux, thermogravimetric analysis (TGA), atomic force 

microscope (AFM), X-ray diffraction (XRD), BSA rejection, tensile strength, and 

viscosity measurements. To examine the membrane permeability performance and 

antifouling properties towards O/W emulsion separation, and industrial wastewater 

filtration experiment was also carried out accordingly. The findings provide new insight 

that may contribute to the development of better nanocomposite membranes for water-

based filtration applications. 
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Chapter 2 

2.LITERATURE REVIEW 
 

2.1. Membrane Technology 
 

Membranes have gained an important role in many technically and commercially 

relevant separation processes including sea and brackish water desalination, separation 

of gases and vapors and energy conversion and storage systems [55-57]. Membranes 

simply defined as selective barriers between two phases that feed and permeate can 

control transport mechanism of solution between the two compartments [58-60] (Fig. 

2.1).  

 

   

Feed Retenteate 

 

 

 

 

Permeate 

Figure 2.1.Schematic illustration of membrane separation 

 

In membrane seperation systems there are two types of filtration processes; dead-end 

and cross-flow filtrations. Dead-end applications are the most basic form, which is the 

liquid, filtered directly through the membrane surface, so that the filtered solution is 

 

 

 



 

4 

 

accumulated on the surface of the membrane. Although this accumulation is known as a 

fouling of dead-end filtration, can be effective technique for concentrating compounds to 

be removed is low or the packing tendency [61, 62]. On the other hand, high 

concentrations of particles or macromolecules will rapidly compact on the membrane 

surface to excess unacceptable level in a dead-end filtration. A cross-flow system 

contributes the means to maintain stable filtration rates. With cross-flow filtration a flow 

along the membrane which prevents the accumulation of solution on the membrane 

surface [63-65]. In cross-flow filtration, feed passes tangentially through the membrane 

surface. Hovewer the smaller components than the pores pass the membrane; larger 

components than the filter pores are retained and run through the membrane surface and 

flowing back to the feed tank when pressure applied. Dead-end and cross-flow filtrations 

schematic illustration was given in Fig.2.2.  

 

  

 

 

 

  

 

  

Figure 2.2.Schematic illustration of (a) dead-end and (b) cross-flow filtration 

 

First use of membranes in clean water was at the end of World War II. US Army 

sponsored the significant research effort to develop of membranes. In the early 1960s, 

membrane separation system was discovered in academia and industry [66]. During the 

1960s–1970s, different membrane based separation processes have been developed 

[67]. Since 1960s, increasing trend of membrane developments are listed Table 2.1. 

 

(a) Feed  
(b) Feed  

Permeate Permeate 
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Table 2.1.Development of membrane technology since 1960s  [13]  

  

Year Applications 

1960s Reproducible membranes development  

Development of anisotropic reverse osmosis (RO) membrane  

1970s Membrane materials improvement (CA, PSF) 

Module design  

Thin film nanocomposite membrane fabrication 

Propose of  pressure-retarded osmosis (PRO) process  

1980s Membrane system hardware improvement commercial inorganic 

(ceramic) membranes development 

Development of the mixed-matrix membranes 

1990s 

 

 

 

Improvement of hydrodynamics of microfiltration membranes  

Functionalized membranes (ion exchange) 

Forward osmosis (FO) membrane fabrication 

Pilot-scale FO  

 

 

 

The transport through of membranes is provided by driving forces like as chemical 

potential, temperature gradient, pressure, or electrical field [68, 69]. Membrane 

technology has attracted growing attention because of their high selectivity, low energy 

consumption, do not need additives, simplicity of operation, performed at low 

temperatues in many application areas (Table 2.2) [68, 70]. And also, membrane 

processes can be easily intagrated into other separation or reaction processes. 
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Table 2.2.Membrane process, their driving force, mass transfer mechanism and applications [17]

 Membrane 

process 
Driving force 

Mass transfer 

mechanism 
Applications 

Microfiltration Pressure Convection Clarification 

Ultrafiltration Pressure Convection Concentration/fractionation 

Nanofiltration Pressure Convection/diffusion Concetration/purification 

Reverse osmosis Pressure Diffusion/solubilization Concentartion/desalination 

Electrodialysis 
Electrical 

potential 
Ion exchange 

Ions and non ionic solutes 

seperation 

Pervaporation Concentration Diffusion/absorbtion Volatile liquids seperation 

Membrane 

distilattion 

Partial 

pressure 
Diffusion/evaporation Desalination/concentration 

 

Pressure-driven membrane processes as reverse osmosis (RO), nanofiltration (NF) 

ultrafiltration (UF) and microfiltration (MF) are used in water and wastewater treatment 

[71, 72]. These membranes generally used in pressure driven processes and show 

different pore sizes ranges from 1 nm for NF and 0.1 to 10 μm for MF. MF is used for 

turbidity decreasing and contaminants removal such as particles and bacteria which are 

the lowest energy consuming filtration process [28, 73, 74]. UF is promising process for 

macromolecule concentration and fractionation in many industrial processes [75-77]. 

UF membranes are defined by their molecular weight cut-off which knowns to the 

molecular weight solute which is 90% rejected by the membrane. UF can remove the 

contaminants, high removal rate of turbidity, organic matters and virus [78, 79] from the 

drinking water, with low cost [75]. Demineralization and small organic molecules 

concentration are applied by NF membranes [80-82]. NF membrane surface generally 

negatively charged due to Donnan effect to reject multivalent ions. RO membranes are 

nonporous and their separation mechanism depends on the “solution-diffusion” model 

[83]. RO is widely used desalination to overcome disadvantages of conventional 

thermal technology. Commercial RO technology has had many improvements such as 
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developments in membrane materials and module design, energy recovery, lower 

energy consumption [84-86].  

 

2.2. Membrane Materials 
 

Membranes are preffered because of their high permeability and selectivity with 

thermal, chemical and mechanical stabilities. Metals, ceramics, polymers, and glass are 

widely used for membrane preparation in many fields. In practice, usage of membrane 

materials have some limitations depending on their chemical and physical properties 

[71]. Conventionally organic polymers are used in pressure-driven membrane processes. 

Polymeric membranes are widely used because of the advantages of their formation 

ability, elasticity, toughness, high rejection performance and lower cost [87-89].  

 

New types of inorganic membranes can be classified by ceramic membranes and metal 

membranes for gas separation at high temperatures. Ceramic membranes have been 

used for environmental applications because of low cost and high performance. They 

can separate colloidal, suspended particles from water and wastewaters, including clean 

water, industrial solvents and oil economically let to recylling and reusing of these 

solvents and oil. Ceramic membranes have narrow pore size distribution thus; they can 

succesfully to purificate of drinking water sources, higher thermal and harsh chemicals 

stability during membrane cleaning. Ceramic MF, UF and NF membranes are relatively 

novel materials for the treatment of produced water and alumina, zirconia, titania, and 

silica are widely used to fabricate the ceramic membranes [90, 91]. In addition porous 

ceramic membranes, dense ones such as perovskite, bismuth and solid-electrolyte, have 

been improved and commercialized [92].  

 

Metal membranes are used to seperate of hydrogen from gas mixtures. Metal 

membranes generally form dense structure with palladium-based material at a thickness 

greater than 0.1 mm and use in electronic, metallurgic and chemical industries. Metal 

membranes have some limitation because of their cost, low permability chemical 

stability [93, 94]. Metallic membranes have been attractive during the last few years for 

MF application.  MF metal membranes generally fabricate by sintering method with a 

diameter between 1.5 and 80 µm. These membranes have higher termal and chemical 
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stability in wide range of environments, and their robustness provide longer lifetimes 

than the conventional polymeric or ceramic membranes. However, metallic membranes 

cost is much more than polymeric or ceramic membranes [95]. 

 

Furthermore, membrane materials, synthetic membranes can be divided in four groups:  

(1) porous films,  

(2) homogeneous solid films,  

(3) barriers carrying electrical charges,  

(4) liquid or solid films containing selective carriers. 

    

Moreover, membranes come in two typical structural configurations: their structure can 

be symmetric or asymmetric. The schematic drawing of Fig. 2.3 shows the membrane 

morphology and materials of synthetic membranes.  

 

 

Figure 2.3. Schematic illutsration of the membrane materials and their structures  [19] 
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2.2.1. Polymeric membranes 

 

Polymeric membranes are used in many fields of water and wastewater treatment due to 

their permeability and selectivity properites for the effective seperations [96-98]. They 

generally include selective layer, which controls the separation capabilities, and a 

support layer which response for the mechanical stability. 

 

Various polymeric materials such as CA, PSF, PVDF, PAN and PES are used in 

membrane fabrication. PSF has excellent properties such as solubility in a large range 

solvents, high thermal, chemical and mechanical resistance. PSF polymer has phenylene 

rings repeating units which provide to high degree of seperation capacity, high rigidity, 

and three dimensional stability and hence widely used in many applications. However, 

PSF polymer has limitations due to its hydrophobicity which results in lower water 

permeability and serious membrane fouling. It can be improved by modification 

methods, through blending and surface modification with hyrdophilic polymers and 

inorganic nanoparticles [24, 25]. In this view, PSF membranes were prepared with 

different concentration (1, 5, 10 wt%) of high molecular weight PVP additives to reduce 

the miscibility of casting solutions and thermodynamic enhancement. Also PVP 

increases the solution viscosity, which causes kinetic limitation during phase separation. 

At 5 wt.% PVP concentration, althogh macrovoid structure enlarge and membrane 

permeability increases, further increment of PVP shows that the thermodynamic 

enhancement is reached by the rheological limitations in demixing of the solution [99]. 

Similarly, for a different polymer, PAN, UF membranes were prepared to investigate 

crucial parameters like as polymer concentration, solvent and additives in membrane 

matrix. To get better combination of flux and rejection, N-methyl pyrrolidone (NMP) 

was determined as optimal solvent. Increasing the polymer concentration does not 

siginificanlty effect the membrane pore sizes [100].  

 

UF membranes made by CA were modified with PEG to improve chemical, mechanical 

and thermal resistance. It is found that the CA concentration and hydrophilic PEG 
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additives changed the porosity and pore size of membranes. When increasing PEG 

concentration, permeate flux as well as percentage protein rejection ratio, thermal 

stability were developed. Prepared membrane which was including 21.25% CA and 

6.25% PEG offered maximum rejection of bovine serum albumin (BSA) and pepsin at 

about 77% and 49%, respectively. However; CA degradation started at 260 °C, with 

PEG addition thermal degradation started at as high as 300°C [101]. Phelane et al. [52] 

prepared and characterize PSF nanocomposite membranes incorperated with silver, 

cobalt and nickel nanoparticles. Characterization results showed that unmodified PSF 

membranes contact angle values were decreased from 87.5º to 50º with the addition 

metal nanoparticles. Depending on electro-chemical impedance spectroscopy, low 

frequency and low potential values supplied more than 50% improvement in fouling 

performance [102]. In another study, Esfahani et al. [103] fabricated PSF membranes 

via phase inversion process to improve antifouling capacity using adsorption isotherms, 

flux declines and flux recovery ratio (FRR). Humic acid (HA) and BSA protein were 

used a foulnats and their concentrations affects were determined on membranes fouling 

behaviors. For both HA and BSA, fouling was effected by filtration time considerably at 

low concentrations compared to high concentrations, whereas FRR and flux decline and 

pore blocking were certainly occurring [103]. 

 

2.2.2. Polymeric nanocomposite membranes 

 

Nanocomposite membranes enhanced as emerging alternative membranes, which offer 

higher permeability, hyropilicity, chemical, thermal, and fouling resistance. 

Nanocomposite membrane materials combined via blending nanoparticles and organic 

materials are remarkable for the preparation new generation of composites and 

nanocomposite materials with new or enhanced properties [104-107].  

 

In water and wastewater treatment applications conventional nanocomposite and thin-

film nanocomposite (TFN) membranes found more common areas [108]. Phase 

inversion (PI) method is mostly used to fabricate of conventional nanocomposite 

membranes that blend nanomaterial in polymer solution, and generally be prepared in 

flat sheet or hollow fiber types (Fig.2.4). Membrane pore size and porosity are 

determined by permeability and rejection in pressure-driven processes [109, 110]. In 
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addition, surface hydrophilicity and roughness commonly are controlled by membrane 

fouling characteristics. Incorporation of nanomaterials in polymer matrix is changing 

the membrane structural and morphological properties. Also hydrophilic nanomaterials 

presence in dope solution cause solvent and non-solvent exchange to form more porous 

structure. This porous structure enhances surface hydrophilicity, porosity and pore size 

of membranes, permeability and solute rejection. In addition porous structure, 

nanomaterials contribute membrane mechanical, thermal and chemical stability due to 

good compatibility between fillers and polymer [41, 111, 112].  

 

 

Figure 2.4.Fabrication of conventional nanocomposite membranes 

 

Besides conventional nanocomposite membrane, TFN membranes are also gathering 

more attention in membrane fabrication. TFNs consist of an ultra-thin top layer and a 

more porous supporting layer. TFN membranes are widely used in desalination, 

removal of heavy metals, organic pollutants and pharmaceutically active compounds 

[113, 114]. Soon after the development of FO/PRO processes have required 

enhancement of TFC membranes to generate electricity. Many studies have been 

devoted to develop TFC membranes properties. New generation of nanocomposite 

membranes has been developed based on dispersing nanomaterials which including Ag, 

TiO2, zeolites, CNTs, silica into the ultra-thin top layer to improve membrane 

performance for seperation [113, 115]. The in-situ interfacial polymerization (IP) 

process occurs between aqueous m-phenylenediamine (MPD) and trimesoyl chloride 

(TMC) organic solution. Dipersion of nanoparticles either in aqueous or in organic 

phase increases membrane hydrophilicity and based on the solution-diffusion theory 
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[116, 117], mass transfer through the membrane to increase water flux [118]. Besides 

lower contact angle, thinner top layer thickness and lower degree of cross-linking result 

high permeability and salt rejection [119]. Loading of nanoparticle into the polyamide 

(PA) layer leads to reduce the cross-linking due to decreasing reaction potential 

between amine groups and acyl chloride groups. Incoperation of hydrophilic 

nanoparticle into the PA layer decreases contact angle value and enhance antifouling 

and anti-biofouling capacity. Furthermore, the amide connection in PA TFC membranes 

supply chlorine resistane [120, 121]. 

 

Reecntly, nanoparticle blended membranes is getting more and more popularity on 

creating synergistic effect or functionality corparation nanoparticless into polymeric 

matrix [122, 123]. The superior properties of nanomaterials compared to bulk particles 

have many specific advantages due to their specific functional groups, which is 

backbone with polymer chain. Generally functional groups of nanoparticles are an ionic 

form or have lone-pair electrons [124]. The incorporation of nanomaterials with 

conventional polymers not only changed structural and morphological properties (e.g. 

hydrophilicity, porosity, thermal, and mechanical stability) which are Al2O3, TiO2, 

SiO2, CaCO3, nanoclay and zeolite of membranes, but also gain unique functionalities 

(e.g. antibacterial property and photocatalytic capability) which are nano-Ag, CNTs and  

bi-metallic nanoparticles into the membranes [125, 126].  

 

Many studies have examined the effect of metal oxide nano additives to provide 

immense changes in the performance of polymeric nanocomposite membranes. 

Particularly, Al2O3 is one of the most suitable nano-additives for altering the 

hydrophilicity and mechanical resistance, and it is non-toxic [127]. Hydrophilic Al2O3 

nanoparticles exhibit desirable compatibility with a polymer matrix, controllable design, 

and minimal aggregation at different particle sizes and concentrations [128, 129]. The 

use of inorganic nanoparticles in a membrane matrix could provide synergistic effects 

on the membrane performance [130-133]. Wide range of inorganic nanoparticles used, 

CaCO3 is also often studied in academic and industrial research studies because of its 

manageable operation and reactivity and well-known chemical properties. CaCO3 

nanomaterial is used in many industries like as plastics, paints, paper, medicine and 

food [134] because of their superior properties: easier synthesis, cheaper, hydrophilic, 
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super mechanical properties and high thermal stability and compatibility with polymer 

matrix [135-137]. 

 

Maximous et al. [24] embedded Al2O3  nanoparticle in PES UF to apply activated 

sludge filtration and to observe fouling resistance. As well as membrane performance, 

solvent evaporation time and polymer concentration were identified as the most 

important parameter for fitting membrane properties. The results showed the 18% 

polymer concentration and 15 s solvent evaporation time were optimum. Al2O3 addition 

improved membrane porosity and the decreasing interaction between the membrane 

surface and foulants. Also, 0.05 wt % Al2O3 loading showed better antifouling stability 

in MBR application. 

The presence of Al2O3 nanoparticles alters the phase inversion process and affects the 

structure and performance of the obtained nanocomposite membrane with a threshold 

value for Al2O3 nanoparticles. Yan et al. [138] studied the effect of 10-nm Al2O3 

nanoparticles on the performance of PVDF ultrafiltration membranes. They 

demonstrated that the addition of 2 wt% Al2O3 nanoparticles to the PVDF polymer 

matrix significantly improved the hydrophilicity, water flux, and mechanical stability of 

the membranes. Although an excessive amount of inorganic Al2O3 particles in the 

casting solution (3-4 wt%) caused the membrane elasticity and flux to decline, it did not 

affect the hydrophilicity and porosity. Homayoonfal et al. [139] fabricated Al2O3/PSF 

nanocomposite membranes via phase inversion method with the aim of reducing 

biofouling in membrane bioreactors. Al2O3 nanoparticle improved membrane 

hydrophilicity, roughness and reduced the biofilm formation. Nanoparticle presence 

resulted much higher flux and 83% reduction in biofouling. 0.03 wt % Al2O3 

concentration in polymer matrix showed higher membrane performance with 2075 

L/m2h water flux, 91% dye rejection, 90% COD reduction and 12 L/m2h permeation 

flux in MBR application. Mojtahedi et al. [140] were investigated the effect of coating 

and blending fabrication methods of PSF/PEG/Al2O3 nanocomposite membrane in 

terms of filtration performance. Blending method modified membrane had higher dye 

rejection, while coating method modified membrane illustrated higher dye flux. Dai et 

al. [141] investigated the preparation of PVDF/polyurethane (PU)/Al2O3 nanocomposite 

membrane via the thermally induced phase separation method. PVDF/PU/Al2O3 

nanocomposite membrane had lower roughness with attributed lower fouling resistance 
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than pure PVDF membeanes and pure water flux and tensile strength were increased 

from 846 to 1028 L/m2h and from 5.5 to 7.8 N, repectively. 

 

Hou et al. [142] prepared PVDF membranes for membrane distillation with hydrophilic 

polyester nonwoven fabric support. To investigate the effects of CaCO3 on membrane 

property in terms of pore size and distribution, hydrophobicity, porosity, thermal 

properties and permeability. CaCO3 addition enlarged pore size and enhanced 

membrane surface roughness and hyrdophilicity. Nonetheless, membrane structure 

deteriorated and porosity and pore size reduced at the nanoparticle loading excess 4.5 

wt%. During the membrane distillation, for 35 g/L sodium chloride feed solution 

permeate flux was 49.37 kg/m2h at 83 ºC. Fujihara et al. [143] reported that, 

nanocomposite polycaprolactone/CaCO3 nanofibers has high tensile strength and 

osteoblast was attachment succesfully.  

 

Gao et al. [137] were fabricated, waterborne polyurethane (WPU)/CaCO3 

nanocomposites via in situ polymerization to enhance the dispersion and increase the 

compatibility between nanoparticles and WPU matrix. CaCO3 was modified with oleic 

acid (OA). Experimental results showed that, modified OA/CaCO3 was well dispersed 

in WPU matrix, WPU thermal stability was improved significantly and also the tensile 

strength was enhanced from 3.6 MPa to 10 MPa. Zhi et al. [144] prepared 

PVDF/poly(acrylicacid)/CaCO3 composite membranes by mineralization method. The 

mineralization condition was optimized and membranes performance evaluated. 

Although pure PVDF contact angle was about 92°, after the mineralization it decreased 

20°. Moreover, for the mineralzied membranes pure water fluxes were improved three 

times and they exhibited high dye rejection (99.85%). 

 

2.3. Membrane Fabrication 
 

There are several ways for the fabrication of polymeric membranes, like as sintering, 

interfacial polymerization, track etching, electrospinning and phase inversion methods.  
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2.3.1. Interfacial polymerization 

 

Interfacial polymerization (IP) is the most common process for produced of TFC RO 

and NF membranes. Cadotte et al. [145] fabricated and performed the first IP TFC RO 

membrane. The main methodolgy of IP includes immersing a microporous polymer 

support in a polymeric amine solution and then the amine impregnated membrane 

soaking into a solution of a di-isocyanate in hexane. Amine and di-isocyanate cross-

linkange was provide by heat-treatment between 70 -110 °C [145]. After development 

of IP technique, the TFC membranes have better rejection ratios than asymmetric 

membranes with high water fluxes [80]. Most of NF and RO membranes, which have 

PA thin layer on top of the membrane support, were fabricated by IP method. MPD and 

TMC widely used as a active monomers to form functional PA layer in RO/NF 

membranes (Fig. 2.5). Other amine monomers for production of TFC PA membranes 

include: p-phenylenediamine [146], piperazine [147], triethylenetetramine [148], and 

poly(ethyleneimine) [149]. These monomers functional or polar groups make the 

prepared membranes smoother or hydrophilic, which is advantageous on membrane 

permeability and antifouling capacity. Monomer concentrations, solvent type, reaction 

time and post-treatment conditions affect the structure and composition of membrane 

layer [150, 151]. Because of the superiority of IP technique membrane selective and 

support layer can be preapered independently so that the novel TFC membranes skin 

layer and microporous substrate layer have been successfully improved [116, 152]. 

 

 

Figure 2.5.Schematic illustration of IP process  [104] 
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2.3.2. Stretching 

 

Since 1970s, stretching technique has been used generally in microporous membranes 

fabrication. Celgard® is known as commercial producer of polyetilene (PE) and 

polypropilene (PP) based membranes to use energy storage equipments [153]. This 

technique consist of polymer heating over the melting temperature and then extruded 

into thin sheet forms followed by stretching to occur porous structure [154, 155]. 

Stretching technique is solvent free process, which provides protection of crystalline 

regions of the polymer. Stretching method follows cold stretching which nucleate the 

micropores in the precursor film and then the hot stretching which increase pore 

structure. In this process, material's physical properties (like crystallinity, melting point, 

tensile strength etc.) and the applied processing parameters tailor the sample porous 

structure and properties of the membranes (Fig.2.6) [154].  

 

 

Figure 2.6.Schematic illustration of streching process  [108] 

 

2.3.3. Track-etching 

 

Track-etch membranes used in industrial applications and offer definite benefite over 

conventional membranes because of their controlled structure. Depending on transport 

and retention characteristics, track-etch membranes pore size, shape and density can be 

determined. The nanoscale structures superior properties (electronic, optical, magnetic, 

mechanical, smaller size) present significant potential in variable areas due to their 
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flexibility to produce nanowires with a different composition [156]. A nonporous 

polymeric film forms irradition of energetic heavy nuclei such as californium or 

uranium [157] (Fig. 2.7). Exposing a uranium converter to a neutron flux from a nuclear 

reactor starts the fission of 235U. The other method is to fabricate track-etching 

membrane based on the use of ion beams from accelerators. These techniques are 

available to control pore size, pore size distribution and pore density, which is related 

water transport properties. The membrane pore size is determined by the duration of 

irradiation and temperature [158]. 

 

 

 

Figure 2.7.Schematic illustration of track-etching process  [112] 

 

2.3.4. Electrospinning 

 

Electrospinning has recently attracted a great deal of attention in many areas due to their 

potential use in many applications such as protective clothing, advanced composites, 

sensors, tissue engineering, pharmaceutical industries and air filters [159-161]. A high 

potential voltage is applied between the polymer solution and the collector. Membrane 

structural parameter like as porosity, hydrophobicity and morphology can be controled 

by applied voltage and the distance of the needle tip to collector (Fig.2.8) [162]. Due to 

the superior properties, electrospun fibrous membranes have been used for filtration and 

membrane distillation purposes [163, 164]. Zong et al. [165] demostrated that applied 

potential strength, polymer solution viscosity, solution feed rate and conductivity of 

solution have significant effects on the fiber diameter and nanostructured morphology 

of fibers. Optimum potential difference was reported between 12 to 20 kV to form a 

stable jet. Potential difference can be changed and depend on feed rate, polymer 

solution concentration and distance. Applying high potential above 20 kV causes more 
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beaded structure on the fibers. Viscosity is another important parameter to get bead free 

smooth fibers. The optimum viscosity values provide with the selection of polymers and 

its molecular weights and salt addition. The most important problem of electrospun 

nanofiber membranes is low mechanical strength that it is difficult to handle. To 

overcome this problem, the thickness of the electrospin membrane could be increased 

with additional support to contribute mechanical strength, unlike conventional cast 

membranes. Thus, today much of the applications of electrospnning nanofiber 

membranes in membrane separation technology are based on hybrid systems which are 

prepared mix matrix membrane via electrospin coating.  In Burmann et al. [166] study, 

inorganic and organic-inorganic types of fillers with different pore size and structure, 

were embedded in PSF matrix via spin coating to test H2/CH4 and O2/N2 mixed gas 

separations. Optimal parameters were adjusted and metal-organic material with 0.34 nm 

pore size coated membrane achieved higher than 60% H2/CH4 and O2/N2 separations. 

An the another metal-organic material with 0.75 nm pore size coated membrane 

increased permeability from 12.7 to 51.4 Barrer for H2, and from 2.0 to 6.1 Barrer for 

O2.  

 

Figure 2.8.Schematic illustration of electrospinning process  [121] 
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2.3.5. Phase inversion 

 

The phase inversion process is generally used for preparing asymmetric polymeric 

membranes, which have a dense top layer and a porous or nonporous sublayer [167-

169]. Membrane substrate immerses in a coagulation bath and solvent-nonsolvent 

exchanged occurs. In phase separation processes, a liquid polymer solution is 

precipitated two phases. Polymer-rich, solid phase forms the membrane matrix and the 

other polymer-poor phase forms the membrane pores (Fig.2.9). The membrane 

formation has many variables such as dope solutions composition, coagulation bath 

temperature and additives [170-172].  

 

For phase inversion process, the ideal polymer is an amorphous, tought but not brittle, 

thermo plastic, higher molecular weights, soluble in water or solvent. CA, PSF, PVDF 

polyetherimide, and aromatic PA are some of the polymer which has these 

specifications [172-175]. Moreover polymer casting solution concentration is the other 

parameter and generally porous UF membranes are in the range of 15–20 wt%, RO 

membranes are avarge 25 wt%, and spin membranes are about 35 wt% [173]. The 

casting solution solvents such as dimethyl formamide (DMF), NMP, and dimethyl 

acetamide (DMAc) are used to dissolve a wide range of polymers [176, 177]. These 

solvents provide rapid precipitatation of casting solutions in coagulation bath to give 

porous, asymmetric membranes. Low-soluble solvents, such as tetrahydrofuran, 

acetone, dioxane, and ethyl formate cause slow precipitation to give nonporous 

membranes that causes lower porosity and flux. For the effect of membrane structure 

precipitation medium composition changes can be an alternative. Although the water is 

a typical coagulation bath, some organic solvents like as methanol or isopropanol could 

be added in water to get denser, less anisotropic membranes because of slow pore 

formation. Also temperature of the coagulation bath is important. Low temperature 

precipitation make membrane denser, cold water is used for preparation of RO 

membranes. During the fabrication of asymmetric membranes, small amounts of 

modifiers, which can be 5–10 wt%, are used to improve membrane properties 

significantly [178, 179]. Salt such as zinc chloride and lithium chloride and hydrophilic 

polymer as commonly PVP [180] or PEG [69] addition provide more porous 

membranes. Although a portion of additives are removed in precipitation and cleaning 

of the membrane, the final membrane would be more hydrophilic and often less brittle. 
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Figure 2.9.Schematic drawing illustrating of phase inversion process  [136] 

 

Han [181] prepared PSF membranes by phase inversion method with 75% relative 

humidity. Propionic acid was used to improve precipitation rate, and resulted in 

enhancement in water permeate flux was obtained. The overall results explained that in 

the optimum PSF concentration of 15 wt%, the propionic acid added in the casting 

solution works as a remarkable pore former in the phase inversion process. Musale et 

al. [182] fabricated chitosan composite UF and NF membrane on PAN by phase 

inversion. PAN poor solubility in various solvents which not allow the reduction of the 

pore size. So that, the pore size of the PAN membrane cannot be reduced significantly 

by the phase inversion process.  

In another study, additive and solvent affect on membrane performance was 

investigated. PSF/NMP/PEG casting solutions were characterized to optimize PEG and 

NMP ratios by SEM images, water flux, viscosity and PEG (12 000 and 35 000 g/mol) 

rejection tests. It is reported that, increasing PEG and NMP ratios, casting solution was 

thermodynamically less stable because of higher porosity and bigger pore sizes formed 

on membrane surface. Besides this, increasing PEG and NMP ratios increased 

membrane flux but PEG rejection ratios decreased [183]. Kim and Lee [184] fabricated 

asymmetric PSF membranes with 1,4-dioxane, diethylene glycol dimethyl ether 
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(DGDE), acetone, and γ-butyrolactone (GBL) as additives by soaking coagulation bath. 

Experiment results demostrated that, because low miscibility of 1,4-dioxane, DGDE, 

and acetone, membrane pore sizes decreased. However, GBL loading increased the 

membrane pore size because of its higher miscibility. Additives did not change the 

cross-section of membrane; however, the top surface formed very packed and closed 

structure. 

2.4. Membrane Separation Processes for Oily 

Wastewater Treatment  
 

Steel, food, textile, leather, petrochemical and metal industries produce high oil 

containing wastewaters. Industrial wastewaters containing high oil should be treated 

before discharging through receving environments due to its serious environmental 

problems. Regulations that govern the accaptable discharge of oily water municipal 

treatment plants and surface waters are becoming increasingly thight. In these 

wastewaters besides high oil content there are serious pollutants such as organic 

matters, total suspended solids, total phosphorus and total nitrogen. In the treatment of 

these wastewaters application of conventional physicochemical treatment methods is 

limited due to low separation efficiencies, secondary pollutants, high energy and 

operating costs. These disadvantages necessitated the development of new processes for 

the treatment of oily wastewaters. Limitations of traditional methods changes and varies 

in permeate quality, huge volume of sludge, high chemical required and operational 

cost, large footprint. To overcome these disadvantages, membrane separation processes 

have been promoted for oily wastewater treatment [185-187]. In recent years, 

membrane-based separation technologies such as MF and UF have been used for 

various applications due to low energy requirements, continuous operation, low space 

requirements, low additional chemical requirements and high chemical oxygen demand 

(COD) removal efficiencies.  

Membrane science has been developed and adapted to purification of oily water. With 

different pore sizes, membranes provide alternative method to separate stable emulsions 

and dissolved oil. Nevertheless, membrane fouling is a major problem which decreases 

the selectivity and efficiency. Commercial membranes can not seperate emulsions 

effectively and required some modifications such as coating, etching, freze drying, self 
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assembly etc. And many experimets have focused on enhancement of commercial 

membrane properties. Commercial MF PVDF membrane was modified by surface-

initiated atom transfer radical polymerization (SI-ATRP) technique for oily water 

treatment. A zwitterionic polyelectrolyte was used a modifier agent and make 

membrane surface superhydrophic. Modified membranes removed oil with ultrahigh 

efficiency with higher antifouling performance [188]. Yang et al [145] modified 

polypropylene microfiltration membrane (PPMM) via co-deposition of mussel-inspired 

polydopamine (PDA) and PEI. However, PDA coating was improved the membrane 

hydrophilicity significantly, PDA/PEI deposition showed high water permeability under 

low pressure and better stability in alkaline enviroment [189]. Reuse the enhancement 

of oil water separation, novel approach has developed with high separation capacity, 

high selectivity and stable performance to supply growing demands.  

The production of membranes, which has a key role in membrane processes, is of great 

importance to separate oily water treatment to meet the requirement of discharging 

limit. Special membranes can be designed and prepared with polymeric materials and 

inorganic nanoparticles to enhance oil seperation performance.  

Yang et al. [190] showed that the performance of PSF UF membranes modified by TiO2 

nanoparticles for oily water treatment. Their results revealed the effectivity of TiO2 

nanomaterials in improving membrane properties in terms of water permeate flux, 

hydrophilicity as well as mechanical strength and fouling resistance. Yi et al. [16] 

fabricated PVDF UF membrane incoperated with nano-sized TiO2/Al2O3 to improve 

antifoluing capacity. Their results showed that TiO2/Al2O3 addition supply better 

antifouling capacity and hydrophilicity and also desirable flux recovery after washing. 

On the other hand, Yuliwati and Ismail [41, 191] prepared PVDF UF membrane 

incorporated with hydrophobic TiO2 nanoparticles to evaluate the performance of oily 

wastewater purification. The effect of TiO2 nanoparticles concentration was 

investigated on spinning dope and their experimental findings showed that the 

concentration of TiO2 at around 1.95 wt% showed 98.8% oil removal with the highest 

permeability of 82.5 L/m2 h bar. 

In another study, Zhang et al. [192] used PSF membranes with Zr-doped hybrid silica 

particles (SZP particles) for oily wastewater treatment. SZP particles improved the PSF 

membrane hydrophilicity, anti-fouling capacity and mechanical strength significantly. 
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The contact angle of the membrane decreased from 78.0° to 45.5°. Also oil retention 

was 92% with 116 L/m2h flux value at 0.1 MPa. Similarly, Zhang et al. [193]  

conducted a study that focused on enhancement the hydrophilic and antifouling 

capability of PSF membranes assisted with sulfated zirconia particles for treating oily 

wastewater. Experiments showed that the permation oil concentration decreased from 

80 mg/L to 0.67 mg/L, which satisfies the recycle standards.  

 

In another study, functionalized SiO2 nanoparticles with PSF mixed matrix membrane 

was prepared for the separation of O/W emulsion. Modified membrane with SiO2 

nanoparticles showed 17.32 L/m2h1 permeate flux when compared to unmodified PSF 

membranes with a flux of 1.08 L/m2h1. With SiO2 nanoparticles addition, water flux, 

hydrophilicity and antifouling properties were improved with the formation of larger 

pores [194]. Vatanpour et al. [195] fabricated PES membranes incorporated with coated 

multiwalled carbon nanotubes (MWCNTs) by TiO2 and oxidized MWCNTs for oily 

wastewater treatment. TiO2 coated MWCNTs membrane showed better anti-biofouling, 

hydrophilicity and pure water flux then oxidized MWCNTs blended membranes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

24 

 

 

Chapter 3 

 

3.EXPERIMENTAL 
 

3.1. Materials  
 

PSF with a weight average molecular weight of 60,000 was purchased from Acros 

Organics. An aqueous solution of branched PEI with a weight-average molecular 

weight of 25,000 was obtained from Sigma-Aldrich and used as a modifying agent. 

Chemical structure of PSF and PEI were given Fig.3.1. DMF (Merck, anhydrous, 

99.8%) and NMP (Merck) were used as solvents. Hydrophilic Al2O3 nanoparticles with 

sizes of 20 and 80 nm and CaCO3 nanoparticles with 100 nm were supplied from 

Nanografi, Turkey, and used as additives for the PSF/PEI solutions. BSA was used as a 

foulant and supplied from Amresco Inc. (USA). Sodium dodecylsulfate (SDS) was used 

a emulsifier and was purchased from Serva. Vacuum pump oil (G-19) was purchased 

from Edwards (UK). Hexane was used for industrial oily wastewater analysis and was 

purchased from Merck. All of the organic and inorganic reagents were of analytical 

grade and used as standard. 

 

Figure 3.1.Chemical structure of (a) PSF and (b) PEI polymers [202] [203] 
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3.2. Preparation of Membranes 
 

For the fabrication of the membranes, the 20 nm and 80 nm and Al2O3 were first 

dissolved in an NMP solution at three different concentrations of 0.2, 1, 5 wt% Al2O3. 

The mixture was then sonicated for 2 hours. Next, the Al2O3 nanoparticles were added 

to the mixture containing 15 wt% PSF and 1 wt% PEI polymer prepared in DMF and 

NMP. The final solution was mixed for one day at 400 rpm using a magnetic stirrer to 

make it homogeneous. The polymer suspension was then sonicated for at least 2 hours 

at 25°C. The details of the casting solution compositions are shown in Table 3.1. 

 

Table 3.1.Casting solution compositions of Al2O3 membranes 

 

All casting solutions were allowed to stand for 1 hour to remove all air bubbles, and 

then they were cast onto a clean glass plate (20-30 cm) with a steel casting knife. The 

fixed thickness of the cast film was 350±20 µm. The film was immediately immersed in 

a coagulation bath for 2 min to remove the residual solvents and for solidification. 

Schematic diagram of PSF/PEI/Al2O3 membranes preparation procedure was given in 

Fig.3.2. All prepared membranes were stored in a bottle of DI water at 4°C. 

 

Substrate PSF 

(wt%) 

PEI 

(wt%) 
20 nm Al2O3 (wt%) 80 nm Al2O3 (wt%) 

M201 15 1 0.2 - 

M202 15 1 1 - 

M203 15 1 5 - 

M801 15 1 - 0.2 

M802 15 1 - 1 

M803 15 1 - 5 
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Figure 3.2.Schematic diagram for the preparation of PSF/PEI/Al2O3 membranes 

 

CaCO3 (100 nm) were first dissolved in an NMP solution at three different 

concentrations of 1, 2, 5 and 10 wt% CaCO3. The mixture was then sonicated for 2 

hours. Next, the CaCO3 nanoparticles were dissolved with 20 wt% PSF and 2 wt% PEI 

in DMF and NMP mixture to form casting solutions. The final solution was than mixed 

for one day at 400 rpm using a magnetic stirrer to make the solution homogeneous. The 

polymer suspension was then sonicated for at least 2 hours. The details of the casting 

solution compositions are shown in Table 3.2. 

 

Table 3.2.Casting solution compositions of CaCO3 membranes 

 

 

 

 

 

 

Substrate PSF (wt%) PEI (wt%) CaCO3 (wt%) 

PSF 20 0 0 

PSF/PEI 20 2 0 

C1 20 2 1 

C2 20 2 2 

C5 20 2 5 

C10 20 2 10 
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All casting solutions were allowed to stand for 1 hour to remove all air bubbles, and 

then they were cast onto a clean glass plate (20-30 cm) with a steel-casting knife. The 

fixed thickness of the cast film was 75±5 µm. The film was immediately immersed in a 

distilled water bath for 2 min to remove the residual solvents and for solidification. 

Schematic diagram of PSF/PEI/CaCO3 membranes preparation procedure was given in 

Fig.3.3. All prepared membranes were stored in a bottle of DI water at 4°C. 

 

Figure 3.3.Schematic diagram for the preparation of and PSF/PEI/CaCO3 

 

3.3. Membrane Characterization  
 

3.3.1. SEM 

 

SEM affords the optical information of the membrane morphology in terms of pore 

structure, distribution and density. The top-surface and cross-section morphologies of 

the membranes were observed using a Zeiss Evo LS10 scanning electron microscope. 

The membranes were carefully sectioned with an avarage 0.5 mm width and 3 mm 

length and then mounted onto the SEM grid. Before the analysis, each sample was 

coated with platinum, and the samples were analyzed at 10 kV. 
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3.3.2. Water contact angle 

 

Membrane hydrophilicity directly relate with membrane permeability and fouling. 

Hydrophilicity can be characterized by contact angle experiments generally with sessile 

drop method. Hydrophilic membrane indicates with less than 90° of contact angle and 

hydrophobic is over 90°. Smaller contact angle causes more hydrophilic membrane. The 

Fig. 3.4 demonstrates the difference between hydrophobicity and hydrophilicity. 

 

 

Figure 3.4.Hydrophobic surface (left) and hydrophilic surface (right), figures adapted from 

Chemistry LibreTexts [204]Fig. 3.5 represents the instrument used in contact angle 

measurements. The principle of this instrument that water is dropled on the membrane 

surface and a camera records an image of water droplet. Then the angles between 

surface and droplets are determined. Contact angle can be measurement several times 

on the different points of membrane surface and then mean value of the contact angles 

are calculated.  

 

 

Figure 3.5.Optical contact angle and surface tension meter 
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The surface hydrophilicity of the membranes was measured using a contact angle meter 

(Attention-Theta Lite, Biolin Scientific, Finland). DI water was used to compare the 

hydrophilicity of the pure PSF, PSF/PEI, PSF/PEI/Al2O3 and PSF/PEI/CaCO3 

membranes. For each measurement, at least three readings from different surface 

locations were taken, and the reported contact angles are the average values. All of the 

membranes were fully dried before measuring the contact angle to avoid issues with 

water interaction. 

3.3.3. Water filtration tests 

 

A dead-end stirred cell filtration system (Sterlitech, HP4750) was used to determine the 

membranes’ intrinsic separation properties (i.e., water flux and rejection). Filtration cell 

connected with a nitrogen gas cylinder and consisted of a filtration cell with a volume of 

300 mL. The effective membrane area for the system was 14.6 cm2. The feed side of the 

system was presurrized by nitrogen gas (Fig.3.6). In the water filtration test, 3 different 

transmembrane pressures (TMP) were applied (2, 4, and 6 bar) for PSF/PEI/Al2O3 

membranes and 2 bar constant TMP for PSF/PEI/CaCO3 membranes, stirring speed 

were carried out at 300 rpm and the temperature was kept at room temperature 

(25±3ºC). The water fluxes of the prepared membranes were calculated using Eq. 1: 

 

  J =
V

A×t
                                                                                                            (1) 

 

where, J is the water flux (L/m2h), V is the permeate volume (L), A is the effective 

membrane area (m2), and t is time (h). In the second step, O/W emulsion refilled the 

stirred cell reservoir. The flux for O/W emulsion J1 (L/m2 h) was measured based on the 

pure water flux calculation. 
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Figure 3.6.Dead-end filtration set-up 

 

3.3.4. BSA removal experiments 

The rejection experiments were carried out at 2 bar TMP in the dead-end filtration 

module. The membranes’ BSA rejection performance was determined using aqueous 

solutions containing 2.5 g/L of BSA [196]. The solutions were prepared using DI water 

at room temperature. BSA concentrations were analyzed using UV-visible spectroscopy 

(UV-1800, Shimadzu, China) at a wavelength of 280 nm. The BSA and oil rejections 

(R) were calculated by Eq. 2: 

 %𝑅 = 1 −
Cp

Cf
× 100                                                                                            (2) 

where Cp is the concentration of BSA in the permeate, and Cf is the concentration of  

BSA in the feed solution. The volume reduction ratio (VRR) is calculated using the 

following formula:  

VRR =
V0

VR
                     (3) 

where, V0 and VR are the initial feed volume and retentate volume, respectively. 
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3.3.5. Oil removal experiments  

The vacuum pump oil (G-19) was used for preparation synthetic O/W emulsion. The oil 

rejection tests were carried out at 2 bar TMP in the dead-end filtration module. The 

emulsion were combined with oil and surfactant SDS in a ratio of 9:1 (w/w), and then 

added to 500 mL DI water by mixing for 30 min to homogenous. The emulsion was 

stored at room temperature. After UF of O/W emulsion, the membranes were cleaned 

with DI water 20 min, then the water flux of cleaned membranes J2 (L/m2 h) was 

measured again synthetic oily water concentrations were analyzed using UV-visible 

spectroscopy (UV-1800, Shimadzu, China) at a wavelength of 283 nm, and UV 

analyzer as shown in Fig. 3.7.  

The oil rejections (R) were calculated same as BSA rejection by Eq. 2. and where Cp is 

the concentration of oil in the permeate, and Cf is the concentration of oil in the feed 

solution. The volume reduction ratio (VRR) is calculated using the Eq 3.  

 

Figure 3.7.UV-visible spectroscopy 

Fouling resistance of membranes was evaluated by oil water emulsion flux decay ratio 

(DR) and flux recovery ratio (FRR) and was calculated using the following equations 

[35, 197]:  
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𝐷𝑅 =
J−J1

J
× 100                                                                                                       (4)          

 𝐹𝑅𝑅 =
J2

𝐽1
× 100                                                                                                       (5)     

The lower DR and higher FRR values mean that better antifouling capacity of the 

membrane in oil water emulsion filtration efficiency. 

Industrial wastewater was obtained from a tank containing a mixture of oily solutions at 

a metal equipment producing industry in Kayseri with aproximately 500-700 m3 of 

wastewater per day. COD was analyzed by Hach DR 6000 spectrophotometer.  

3.3.6. Porosity 

For the porosity measurements, dry membranes were immersed in ethanol for 2 hours, 

and the liquid on the surfaces of the membranes was removed using filter paper. The 

membrane porosity (ε) was calculated using Eq. 6 [198]: 

 ε =
(ω1−ω2)/dω

ω1−ω2

dω
+ω2 /dp

                                                                                                        (6) 

where ω1 is the weight of the wet membrane (g), ω2 the weight of the dry membrane (g), 

dω is the density of pure water (0.998 g/cm3) ,and dp is the polymer density (1.24 

g/cm3). 

3.3.7. FT-IR 

The FT-IR spectroscopy has provided easy method to determine of the relative amounts 

of different polymeric membrane with time-resolution down to nanoseconds.  The 

spectrum changes represent the average composition of membrane layers, therefore 

structural changes after in modified and non-modified membranes. FT-IR spectra were 

employed for functional identification of PEI, Al2O3 and CaCO3 nanoparticles using an 

FT-IR spectrometer (Thermo Nicolet Avatar 370) and the instrument used in 

measurements was given in Fig 3.8. Prior to the FT-IR measurements, the samples were 

dried in a drying oven for 15 minutes at 120°C. 
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Figure 3.8. FT-IR spectra 

 

3.3.8. Mechanical strength 

Mechanical properties of polymeric nanocomposite membranes are related to their 

structure which dispersion of additives in the polymer matrix. Better dispersion of the 

nanoparticles without any aggregation in the polymer matrix generally improve 

mechanical strength, but significantly reduced ductility of pure polymer [199]. The 

mechanical strength of the prepared membranes was measured using an AGS-J tensile 

testing machine (Shimadzu, Japan) and the instrument used in mechanical tests was 

given in Fig. 3.9. The measurements were carried out according to the ASTM D 882 

standard by applying a 500-N load at a crosshead speed of 1 mm/min. All the samples 

were sectioned with dimensions of 6×2 cm2. The sample thicknesses were measured 

with an electronic micrometer with ±0.1 μm precision (No. 293-561, Mitutoyo, Japan). 

The average values of mechanical strength were obtained from the results of three 

measurements. 
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Figure 3.9. Tensile testing equipment 

3.3.9. Viscosity measurements 

The average viscosity of the dope solution was measured with a Rapid Visco Analyzer 

(Pertem, RVA 4500) and the instrument used for viscosity measurements was shown in 

Fig 3.10. The viscosity was measured at room temperature (25±3°C). To ensure 

complete uniformity of the samples to be analyzed, the rotation of the RVA was set to 

60 rpm for 120 seconds.  

 

Figure 3.10. Rotational viscometer with variable temperature and shear capabilities 
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3.3.10. Thermal stability 

 

The thermal stability of the membranes was determined by thermogravimetric analysis 

(TGA) (DTG-60H, Shimadzu) and the instrument was given in Fig. 3.11. TGA 

measures the amount of weight change of a material depending on temperature 

increasing under nitrogen gas. Sample pan is supported by a precision balance and it is 

heated during the experiment and weight loss of the sample is monitored during the 

experiment. In order to remove the residual solvent from the membranes, 5–10 mg 

membrane samples were kept at 50°C for 12 hours under vacuum and then heated under 

N2 atmosphere from 30 to 700°C at 10°C min−1.  

 

Figure 3.11. Thermogravimetric Analyzer 

 

3.3.11. AFM analysis 

 

AFM is important analysis to determine surface roughness (Ra, Rq, and Rmax) at the 

nanoscale. AFM tip scan membrane surface and when tip closers the surface, force will 

occur between the surface and the tip which cause the cantilever to deflect towards the 

surface. Membrane surface roughness was characterized by MultiMode 8-HR, Veeco 

operated in tapping mode (Model: RTESP-300). The membranes were dried overnight 

at 80°C to evaporate of liquid completely from the membrane surfaces and pores. The 

analysis was performed using a 5 µm ×5 µm image size, a 3.4 Hz scan rate. The 
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roughness parameters of each membrane are reported as the average of at least three 

measurements on membranes.  

 

3.3.12. XRD analysis 
 

The XRD analysis were carried out by using XRD Bruker D8 advance with a 40kV 

scaled copper tube as source and a graphite crystal as monochromator. Diffraction 

angles were 2θ, 5-90°. Through this analysis it is possible to show the evidence of 

structural changes caused by the blending PEI and Al2O3 and CaCO3 nanoparticles on 

the PSF membrane. 
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Chapter 4 

 

4. RESULTS AND DISCUSSIONS 
 

Fabrication and characterization of nanocomposite membranes with pore former and 

nanoparticles and the examination of these membranes in oily wastewater treatment 

were investigated. In this context, the experiments were performed at five stages. 

Firstly, the polymer concentration of membrane was optimized using PSF polymer. 

Secondly, the concentration of PEI as a pore former in membrane dope solutions was 

optimized. Thirdly, the concentrations of two different nanoparticles CaCO3 and Al2O3 

in nanocomposite membrane dope solutions were optimized. In the fourth stage all 

fabricated nanocomposite membranes were characterized in terms of viscosity, 

membrane morphology (SEM, AFM), porosity, chemical structure (FTIR, XRD), water 

contact angle, thermal properties (TGA) and mechanical strength. Finally, performances 

of fabricated PSF/PEI/Al2O3 and PSF/PEI/CaCO3 nanocomposite membranes were 

filtred at dead end system using pure water, BSA and oily wastewater. 

 

4.1. The Effect of PSF Polymer Concentration 
 

Polymer concentration is one of the most important parameters of membranes and has a 

significant effect on membrane performance. The effect of PSF polymer concentration 

was investigated for three different concentrations of 15 wt%, 20 wt %, 25 wt% PSF. 

The effect of PSF polymer concentration is analyzed in terms of pure water flux and 

SEM analysis. Although 15 wt% and 20 wt % PSF membrane had 20 and 3 L/m2h pure 

water flux, no flux value was not observed in 25 wt% PSF membrane at 2 bar. As the 

polymer dosage increased the membrane structure became more and more dense and 

can be seen clearly from Fig. 4.1. Lohokare et al. [200] has investigated the effect of 

membrane preparation conditions on membrane morphology and filtration performance. 

They obtained that increasing of polymer concentration in dope solution resulted higher 

selectivity but lower pure water flux. 25 wt% polymer concentration were more brittle, 
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but 5-10 wt% PSF were transparent and very sensitive to pressure; they shrank very 

easily upon drying. Therefore, higher polymer concentration can be caused lower water 

permeation and any flux value could not observed 25 wt% PSF membrane. A denser 

and thicker membrane structure as soon as showed well porous structure. According to 

these results; 15 wt% and 20 wt% PSF polymer concentrations were chosen as 

concentrations for Al2O3 and CaCO3 membranes to get UF/MF and tight UF 

membranes, respectively.  

 

 

Figure 4.1.SEM images of top surface of; (a) 15 wt% PSF membrane, (b) 20 wt% PSF membrane 

and (c) 25wt% PSF membrane 

 

4.2. The Effect of PEI Concentration in PSF 

Membrane Matrix 
 

Phase inversion of symmetric and asymmetric polymeric membrane characteristics 

depended on many factors and pore former addition in polymer matrix is one of the 

major factors to adjust formation of membrane structure by macrovoid formation, 

porosity and hydrophilicity. The frequently used additives as pore formers are organic 

polymer such as PVP, PEG, polyethylene oxide (PEO) and PEI. PEI is generally 

a 

c 

b 
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preferred in membrane fabrication due to branched structure and water-solubility 

properties [201]. Besides this, PEI can develop connection between pores on the surface 

and porous layer of the asymmetric structure during the phase inversion [202].  

 

The effect of PEI concentration on the performance of PSF membrane was also 

investigated. In this context, four different concentrations of PEI (0.2, 0.5, 1, 2 and 3 

wt%) was blended in 15 wt % PSF membrane matrix and three different concentrations 

of PEI (2, 4 and 6 wt%) was blended in 20 wt % PSF membrane matrix.  

 

In membrane fabrication with phase inversion process, DMF/NMP solvent mixture flow 

out of polymer-rich body and PEI flow in solvent-rich body. The polymer-rich part 

would rapidly solidify into the membrane surface while the solvent-rich phase would 

dissolve in non-solvent and develop the macrovoids in the membrane sub-layer. In 

addition, PEI would also increase the hydrophilicity of PSF membrane because of their 

hydroxyl groups [203]. The effect of PEI polymer concentration is analyzed interms of 

pure water flux and hydrophilicity. The results of membrane hydrophilicity and pure 

water fluxes were given in Table 4.1. As shown in Table 4.1, pure water fluxes of 

membranes increased with PEI loading due to more macrovoids formations. Although, 

increasing PEI in membrane matrix improve hydrophilicity of membranes up to 1 wt%, 

above this concentration no significant change has been obtained on membrane 

hydrophilicity. This can be explained with pore former threshold limit for surface 

location. 

Table 4.1.Contact angle and water flux values of 15 wt% PSF incorpareted with different 

concentrations of PEI  

Substrate (PEI) 0.2 wt% 0.5 wt% 1 wt% 2 wt% 3 wt% 

Water flux (L/m2h) 80 144 317 1220 1761 

Contact angle (°) 75 71 64 67 69 

 

Cross-section SEM images of 15 wt% PSF membranes containing different 

concentrations PEI are given in Fig. 4.2. However; increasing the PEI concentration 

resulted in formation of new pore structures; above 2 wt% PEI concentration, 

membrane deformations were observed.  

 



 

40 

 

 

Figure 4.2.SEM images of 15 wt% PSF membranes cross-section containing PEI with different 

concentrations: (a) 0.2 wt%, (b) 0.5 wt%, (c) 1 wt%, (d) 2 wt% 

 

Like as morphological characteristics, hydrophilicity and water flux directly affect 

membrane performance. Thus, 1 wt% PEI concentration was chosen as additive 

concentration for 15 wt% PSF membrane casting solution because of lowest contact 

angle and acceptable water flux was obtained for this. More than 1 wt% PEI addition; 

membrane structure deformation was also started (Fig.22 d). 

 

Images of the PSF and PSF/PEI (15/1 wt%) membrane surfaces and cross sections are 

shown in Fig. 4.3. As shown in Fig. 4.3a, a uniform surface without nodules was formed 

during the fabrication of the pure 15 wt% PSF membrane. However, the surface was 

completely different and had small pores when 1 wt% PEI was added to the polymer 

matrix (Fig. 4.3b). The PSF membrane exhibited a very dense structure and few 

macrovoids, which results in mechanical support. During the phase inversion process, 

the fast solvent–non-solvent exchange occurs, and repulsive forces between PSF and 

water cause immediate precipitation on the polymer structure (Fig. 4.3c) [204, 205]. 

The addition of PEI to the polymer matrix results in the formation of an asymmetric 
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structure consisting of a thin and dense top layer and a finger-like macroviod structure 

at the bottom layer (Fig. 4.3d) [206]. 

 

 

Figure 4.3.SEM images of PSF and PSF/PEI (15/1 wt%) membranes: (a) PSF surface, (b) PSF/PEI 

surface, (c) PSF cross section, (d) PSF/PEI cross section. 

 

For the 20 wt % PSF membranes, PEI concentrations were increased and the effect of 

three different concentrations of PEI (2, 4 and 6 wt%) on the performance of 

membranes was evaluated. The effect of polymer concentration is analyzed in terms of 

SEM analysis, pure water flux and hydrophilicity parameters. The results of membrane 

hydrophilicity and pure water fluxes were given in Table 4.2. According to the pure 

water flux and contact angle measurements, no significant change has been observed 

with the increase in PEI concentration.  

 

 

a b 

d c 
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Table 4.2.Contact angle and water flux values of 20 wt% PSF incorporated with different 

concentration of PEI 

Substrate (PEI) 2 wt% 4 wt% 6 wt% 

Water flux (L/m2h) 236 214 240 

Contact angle (°) 76 76 78 

 

Fig. 4.4 shows top surface images of 20 wt% PSF and PSF/PEI membrane with 2, 4 and 

6 wt% PEI addition to the polymer matrix. However, 20 wt% PSF has uniform surface 

without nodules (Fig. 4.4a), the surface pore structure was completely changed and had 

small pores when 2 wt% PEI was added to the polymer matrix (Fig. 4.4b). No 

significant change was observed on membrane flux and hydrophilicity for the different 

PEI concentrations tested. It can be also seen in Fig.4.4 when PEI loading reached over 

2 wt%, bigger macrovoids even visible space formed on membrane surface. Depending 

on experimental results obtained, SEM images, flux and contact angle values the lowest 

PEI concentration (2 wt%) was chosen to protect of dense packaging UF structure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4.SEM images of 20 wt% PSF membranes cross-section containing PEI with different 

concentrations: (a) 0 wt%, (b) 2wt%, (c) 4wt%, (d) 6wt% 

 
a b 

d c 
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4.3. PSF/PEI/ Al2O3 Nanocomposite Membranes  
 

Al2O3 nanoparticle is widespread inorganic polymer filler because of its superior 

properties such as hydrophilicity, anti-fouling resistance and improvement of structural 

property of polymeric membranes. Within this context, novel flat sheet PSF 

nanocomposite membranes were prepared by phase inversion method with addition of 

PEI and Al2O3 nanoparticles to increase flux and hydrophilicity and enhance the 

performance of membranes for oily water treatment. Al2O3 nanoparticles were added to 

the membrane matrix to improve permeability, selectivity, mechanical resistance and 

antifouling capacity. Two different sizes of 20 nm and 80 nm Al2O3 nanoparticles were 

used with different weight percentages of 0.2 wt%, 1 wt% and 5 wt%. The effect of size 

and concentration of Al2O3 nanoparticles were investigated on the structural properties 

and filtration performance of the membranes. Compositions of casting solutions were 

demostrated in Table 4.3. 

Table 4.3.Casting solution compositions of PSF, PSF/PEI and PSF/PEI/Al2O3 membranes 

 

4.3.1. Viscosity of membrane dope solutions 

 

Viscosity is one of the most important parameters for membrane fabrication because it 

affects the solvent–non-solvent exchange rate and the final morphology of the formed 

membranes [207]. Fig. 4.5 shows viscosity values of the casting solutions used in 

Substrate PSF 

(wt%) 

PEI  

(wt%) 

Al2O3 (wt%) 

(20 nm) 

Al2O3 (wt%) 

(80 nm) 

M201 15 1 0.2 - 

M202 15 1 1 - 

M203 15 1 5 - 

M801 15 1 - 0.2 

M802 15 1 - 1 

M803 15 1 - 5 
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fabrication of PSF/PEI/Al2O3 nanocomposite membranes. The results show that the 

addition of PEI and Al2O3 increased the viscosity of all solutions and also with 

increasing Al2O3 loading for both sizes of nanoparticles. The addition of 1 wt% PEI 

increased the viscosity from 170 to 278 cp for 15 wt % PSF. Ananth et al. [202] also 

investigated the effect of PEI concentration increase in PES membrane matrix and they 

reported that viscosity of membrane solutions were increased with PEI loading. When 

PEI amount was 5 wt% dope solution viscosity values were increased from 500 cp to 

1600 cp.  

As shown in Fig. 4.5, increasing the Al2O3 concentration also increased the viscosity 

from 320 cp to 540 cp and from 265cp to 495 cp for the 20 nm and 80 nm particles, 

respectively. The highest viscosity was obtained from the PSF/PEI solution containing 5 

wt% 20 nm Al2O3 nanoparticles as 540 cp. This result can be explained in terms of the 

adsorption between the polymeric chains and the exposed hydroxyl groups at the 

surface of the nanoparticles, which have high specific surface area and surface energy 

[190, 208]. White and Crowder [209] and Taurozzi et al. [210] also reported an increase 

in the viscosity of the solution when the amount of nanoparticles was higher and when 

the nanoparticles were smaller. The effects of the nanoparticle concentration and size 

were contributed to the change in the elastic modulus and recovery of the mixture. The 

results were also correlated with the literature reported that the polymer–nanoparticle 

interfacial surface area is affected by both the amount and the size of the TiO2 

nanoparticles [190]. 

http://www.sciencedirect.com/science/article/pii/S0011916411009635
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Figure 4.5.Viscosity of the casting solutions for the PSF (15 wt %), PSF/PEI (15/1 wt%), and 

PSF/PEI/Al2O3 nanocomposite membranes (20 nm and 80 nm) 

 

4.3.2. Membrane morphology 

 

Morphology analysis is another very important tool for the development of membranes. 

The morphology is influenced by various factors, including the interaction, viscosity, 

and diffusion rate of casting solution [211]. The rates of solidification and coagulation 

of PSF polymer determine the membrane matrix formation [212]. To investigate the 

morphological changes associated with the addition of PEI and Al2O3 nanoparticles, 

images of the top and cross sections of the membranes were obtained by SEM.  

Cross-section images of the PSF/PEI (15/1 wt%) membranes with different 

concentrations of 20 nm Al2O3 (0.2, 1, 5 wt%) are shown in Fig. 26. The membrane 

morphology changed significantly with the increasing nanoparticle concentration. 

Compared to the pure PSF membrane (Fig. 4.5c), the Al2O3 nanoparticles result in the 

development of a long finger-like structure in the cross section. With increasing content 

of Al2O3, the amount of finger-like pores enhanced, and the clear boundary between the 

sub-layer and center of the membrane disappeared with the addition of 5 wt% Al2O3 

(Fig. 4.5c) [213]. 
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Figure 4.6.SEM images of PSF/PEI (15/1 wt%) membranes cross-sections containing 20 nm Al2O3 

with different concentrations: (a) 0.2 wt%, (b) 1 wt%, (c) 5 wt% 

 

Fig. 4.7 compares the cross-section SEM images of the 20 nm and 80 nm Al2O3 at 5 

wt%. The 20 nm Al2O3 was dispersed uniformly in the polymer matrix (Fig. 4.7a), but 

the 80 nm Al2O3 membrane had many short finger-like structures in the center, which 

were covered with dense top and bottom layers. This is attributed to the high loading 

amount of 80 nm nanoparticle resulting in unstable distribution in the PSF/PEI 

membrane matrix (Fig. 4.7b) [105]. This could be explained by the high viscosity of the 

casting solution when the 20 nm Al2O3 is added, as well as the high affinity of the 20 

nm nanoparticles to the polymeric phase [214]. 
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Figure 4.7.Cross-section SEM images of PSF/PEI (15/1 wt%) membrane containing 5 wt% Al2O3 

nanoparticles: (a) 20 nm Al2O3, (b) 80 nm Al2O3 

 

4.3.3. Membrane hydrophilicity 

 

Hydrophilicity is directly related to the flux and antifouling property of a membrane. 

The hydrophilicity of the PSF/PEI/Al2O3 nanocomposite membranes was evaluated by 

the contact angle measurements using the sessile drop method, as shown in Table 4.4. 

The pure PSF membrane’s contact angle was 87°, but PEI addition decreased the 

contact angle to 67º (Table 4.4). The contact angles were 72°, 65°, and 56° for 

membranes with 20 nm Al2O3 nanoparticles at 0.2, 1, and 5 wt % loadings, respectively. 

For 80 nm Al2O3 nanoparticles, the contact angles were 81°, 77°, and 55° for 0.2, 1, and 

5 wt % loadings, respectively. The contact angles of the PSF/PEI/Al2O3 nanocomposite 

membranes were higher than 1, and 5 wt % loadings for 0.2 wt % concentration at both 

sizes of Al2O3 nanoparticles. When the amount was increased to 5 wt%, the contact 

angles decreased for both sizes of Al2O3 nanoparticles blended membranes. This could 

be due to greater migration of nanoparticles to the surface during the phase inversion 

process at high concentration [215, 216]. The membrane hydrophilicity was positively 

affected by increasing the nanoparticle loading, but the particle size had no significant 

effect. 
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Table 4.4.Contact angle, pure water flux (at 4 bar), and porosity of PSF, PSF/PEI (15/1 wt%)  and 

PSF/PEI/Al2O3 (20 nm and 80 nm) nanocomposite membranes  

 

 

 

 

 

 

 

 

 

 

 

 

 

4.3.4. Porosity 

 

In general, membrane porosity is dependent on the mass transfer of the dope solution 

during the phase inversion [217]. The hydrophilic functional groups from the 

nanoparticles speed up the membrane formation process by accelerating the exchange 

rate between the solvent and non-solvent [218]. Al2O3 membranes porosities were given 

in Table 4.4. Consequently, the pore formation process would be enhanced with 

addition nanoparticle to the membrane matrix. As shown in Table 4.4, the porosity of 

membranes increased from 63% for the pure PSF membrane to 79% and 65% for 

membranes with 5 wt% 20 nm and 80 nm Al2O3 nanoparticles, respectively. All the 

blended membranes showed improved porosity, but there was a small decrease for the 

80 nm Al2O3 at 5 wt%. This might have been caused by pore blockage due to the high 

particle size and amount of Al2O3 [219].  

The improvements of the porosity of the nanocomposite membranes were attributed to 

the lower viscosity of the blending solution with the addition of hydrophilic Al2O3, 

which led to a faster occurrance of the phase inversion process. These results may be 

expressed by the slow solution demixing and improved kinetic limitations, which 

increased the viscosity. The increased viscosity caused higher diffusion rate into the cast 

Substrate     CA (o) Water flux (L/m2h) Porosity (%) 

PSF 87±2  20.5 63±3 

PSF/PEI 64±4  317.7 95±4 

M201 72±5  236 71±2 

M202 65±2  1289.1 77±5 

M203 56±3  1336.6 79±6 

M801 81±6  103.2 68±3 

M802 77±3  1027.1 73±2 

M803 55±2  901.3 65±4 
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membrane, resulting in lower porosity [206, 215, 220]. This results are also in 

agreement with findings by Choi et al. [221], who prepared nanocomposite UF 

membranes from PSF casting solutions loaded with different amounts of MWCNTs. 

 

4.3.5. Mechanical properties 

 

Adding the nanoparticles improved the morphological and structural parameters of the 

PSF/PEI/Al2O3 membrane, as well as the mechanical resistance. The tensile strength of 

the Al2O3 membranes is shown in Fig. 4.8. The tensile strength of the pure PSF 

membrane was 3.18 MPa, which decreased to 3.02 MPa with the addition of PEI due to 

the increased pore formation [222]. Incorporating 0.2, 1, and 5 wt% 20 nm Al2O3 

nanoparticles increased the tensile strength to 3.2, 3.7, and 4.1 MPa, respectively. This 

could be explained by the interaction between the nanoparticles and the PSF/PEI matrix. 

Al2O3 could act as a cross-linking point to connect the polymer chains and increase their 

rigidity. Therefore, more energy would be needed to break down the bonds between the 

Al2O3 and PSF, and the tensile strength was improved [223]. With increasing amount of 

Al2O3, the tensile strength values increased slightly. As shown in Fig. 4.8, the tensile 

strength with 0.2 and 1 wt% 80 nm Al2O3 increased but declined for 5 wt% Al2O3.  

When adding 5 wt% 80 nm Al2O3, the tensile strength decreased from 4.7 MPa to 3.2 

MPa. Excessive concentration may cause nanoparticle aggregation and resulted as a 

decrease in tensile strength. Kumar et al. [224] prepared a study on PSF membrane 

containing graphene oxide (GO)–TiO2 nanoparticles by a blending method. They found 

that the tensile strength was enhanced with lower amounts of GO–TiO2 of up to 2 wt%, 

but it decreased when the loading was further increased to 5 wt%.  
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Figure 4.8.Tensile strength of breaking point of PSF, PSF/PEI (15/1 wt%) and PSF/PEI/Al2O3 

nanocomposite membranes 

 

4.3.6. Thermal stability 

 

The thermal stabilities of the membranes were measured by TGA, as shown in Fig. 4.9. 

The thermal decomposition temperatures were in the range of 500-550°C. The TGA 

measurement results confirmed that PSF is a thermally stable polymer due to its fully 

aromatic structure [225]. As shown in the TGA curves, the nanoparticles have no 

significant effect on the thermal decomposition temperature.  
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Figure 4.9.TGA curves of PSF, PSF/PEI (15/1 wt%) and PSF/PEI/Al2O3 nanocomposite 

membranes 

 

The decomposition weight losses of prepared Al2O3 membranes decreased with 

increasing Al2O3 concentration and weight loss of membranes as shown in Table 4.5. 

Although the maximum weight loss ratio was obtained for pure PSF with 67%, adding 5 

wt% 80 nm Al2O3 the minimum weight loss was observed with 47% in the temperature 

range of 500–550 ◦C. This could be arising from the fact that Al2O3 has higher thermal 

stability compared to pure PSF. Similar decrease was observed the decomposition loss 

with nanoparticle addition by Jadav et al.[226]. 

Table 4.5. Weight loss (%) differences of PSF and PSF/PEI/Al2O3 nanocomposite membranes at 

550°C 

Substrate PSF M201 M202 M203 M801 M802 M803 

Weight loss (%) 67 66 64 60 66 62 47 

 

4.3.7. FT-IR  

 

The surface functional groups and chemical composition of the membranes were 

determined by FT-IR spectroscopy, as shown in Fig. 4.10. The characteristic absorption 

peaks of PSF were around 1149 cm-1 and 1168 cm-1 (SO2 symmetrical stretching), 1244 
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cm-1 (aryl-O-aryl C–O stretching), 1582 cm-1 (SO2 asymmetric stretching), 1677 cm-1 

(asymmetric–CH3), and 2151 cm-1 (C=C) for both figures [227, 228].  

 

A new peak occurred at 3700 cm-1 in the spectrum of Al2O3 nanoparticle membranes, 

which is related to the –OH and Al–O functional groups of the Al2O3 nanoparticles 

[213]. This can be attributed to the successful interaction between the base polymer and 

inorganic phases. All of the membranes also had the same basic structure of PSF. 

Comparison between the spectrum of the PSF membrane and nanocomposite membrane 

showed a similar PSF characteristic peak in the area of 1000–3500 cm-1 because of the 

high PSF concentration. Thus, it is assumed that the membrane was successfully 

modified based on the higher peak obtained (Fig 4.10). 

 

Figure 4.10. FT-IR spectrum of PSF, PSF/PEI and PSF/PEI membrane containing 5 wt % Al2O3 

 

4.3.8. Pure water flux 

 

The water fluxes of the membranes were determined at 3 different pressures (2, 4, and 6 

bar), as shown in Fig. 4.11. The pure PSF membrane showed the lowest water flux of 

20.51 L/m2h at 0.4 MPa, and the highest water flux was obtained for the membranes 

with 5 wt% 20 nm Al2O3 nanoparticles as 1336.6 L/m2h at 4 bar. This result could be 

explained by the enhancing potential of Al2O3 nanoparticle in terms of the 

hydrophilicity (Table 4.4) and porosity compared to the pure PSF membranes [108, 

229].  
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Although increasing the amount of 20 nm Al2O3 nanoparticles enhanced the water flux 

of membranes, increasing the amount of 80 nm nanoparticles to 5 wt% adversely 

affected the water flux of membranes. This might be a result of pore blockage by the 

large nanoparticles [50, 230]. Therefore, either agglomeration or the slower exchange of 

solvent and non-solvent could not be prevented during the phase inversion process [108, 

231].  

These findings also might be supported by the porosity data. Higher porosity results in 

higher water flux values [232, 233]. Esfahani et al. [234] reported that the pure water 

flux was increased from 10 to 210 L/m2h at 0.16 MPa by incorporation of 1 wt% multi-

walled CNTs. In our study, the pure water flux increased from 12.6 to 171 L/m2h at 2 

bar by incorporation of 1 wt% Al2O3 (20 nm). Moreover, when the Al2O3 nanoparticle 

concentration increased to 5 wt%, the water flux increased to 850.2 L/m2h at 2 bar 

TMP. These results demonstrate that the Al2O3 nanoparticles have a more remarkable 

effect on the pure water flux than MWCNTs. 

 

Figure 4.11.Water fluxes of PSF, PSF/PEI and PSF/PEI/Al2O3 nanocomposite membranes at 

different pressures. 
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4.3.9.  BSA rejection 

 

BSA filtration experiments were carried out using 2.5 g/L BSA solution was used 

because of its hydrophobic nature and appropriate molecular size to evaluate the 

separation performance. Properties of BSA were adapted from [235] molecular mass is 

average 67.000-69.000 mg/L. BSA rejection performance results are given in Fig. 4.12. 

The BSA rejection values of the pure PSF and PSF/PEI membranes were 83% and 72%, 

respectively. The PSF/PEI membrane had the lowest BSA rejection because of its 

higher porosity and consequently lower selectivity [236]. All of the prepared 

PSF/PEI/Al2O3 nanocomposite membranes rejected more than 90% of the BSA. The 

results are also comparable with literature given by Nair et al. [237], who achieved 

maximum BSA rejections of 88% to 94% using PSF membranes with CaCO3 

nanoparticles. 

 

Figure 4.12.BSA rejection performance of PSF, PSF/PEI (15/1 wt%), and PSF/PEI/Al2O3 

nanocomposite membranes 

 

Figure 4.13 shows the variation of the BSA flux versus VRR at an operating pressure of 

2 bar. As shown in Fig. 4.13, the fouling of the Al2O3 containing membranes were 

significantly reduced compared to pure PSF membranes. The flux reduced fast at the 

beginning of filtration for all membranes, after VRR values reached 1.5 all 
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nanocomposite membranes showed a steady state in the permeation rate. The 

nanocomposite membranes with 5 wt% and 1 wt% 20 nm Al2O3 showed the highest 

flux values.  

 

Figure 4.13. BSA rejection performance of PSF, PSF/PEI (15/1 wt%), and PSF/PEI/Al2O3 

nanocomposite membranes. 

 

4.4. PSF/PEI/CaCO3 Nanocomposite Membranes 
 

CaCO3 has attracted considerable attention in water and wastewater treatment because 

of its non-toxicity, enviromental friendly, commercial availability and low cost, and 

ease of preparation properties [238]. Additionally, CaCO3 surface properties can 

improve membrane hydrophilicity and water permeation due to its carboxylic groups 

[239]. Within this context, PSF/PEI/CaCO3 nanocomposite membranes were prepared 

via phase inversion process with PEI and CaCO3 nanoparticles additives to increase flux 

and hydrophilicity of membranes and improve their performance for oily water 

treatment. 100 nm CaCO3 nanoparticles was used in membrane matrix with different 

weight percentages of 1 wt%, 2 wt% 5 wt% and 10 wt%. The effect of concentration of 

CaCO3 nanoparticle on the structural properties and filtration performance of the 

membranes was investigated. CaCO3 membranes casting solution compositions were 

given in Table 4.6. 
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Table 4.6. Casting solution compositions of PSF, PSF/PEI (20/2 wt%) and PSF/PEI/CaCO3 

membranes 

 

 

 

 

 

 

 

 

 

 

4.4.1. Viscosity of membrane dope solutions 

 

PSF/PEI (20/2 wt%), and PSF/PEI/CaCO3 nanocomposite membranes viscosity values 

were shown in Fig.4.14. The casting solutions viscosity values were increased 

significantly with increasing CaCO3 nanoparticles loading because of higher shear 

stress. As shown in Fig 4.14, increasing the CaCO3 concentration from 1wt% to 10wt 

%, increased the viscosity from 680 to 2530 cp. The highest viscosity was obtained for 

the PSF/PEI solution containing 10 wt% CaCO3 nanoparticles. This result can be 

explained in terms of the adsorption between the polymeric chains and the exposed 

hydroxyl groups at the surface of the nanoparticles, which have high specific surface 

area and surface energy [190, 208]. Nair et al. [237] also showed that the addition of 

CaCO3 nanoparticles in PSF membrane increases the viscosity values from 800 to 1397 

cP. 

Substrate PSF (wt%) PEI (wt%) CaCO3 (wt%) 

PSF 20 0 0 

PSF/PEI 20 2 0 

C1 20 2 1 

C2 20 2 2 

C5 20 2 5 

C10 20 2 10 
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Figure 4.14.The casting solution viscosity values of PSF/PEI (20/2 wt%) and PSF/PEI/CaCO3 

nanocomposite membranes 

 

4.4.2. Membrane morphology 

 

Prepared CaCO3 membrane top and cross-section structures were investigated by SEM. 

Surface images of the PSF/PEI (20/2 wt%) membranes with different concentrations of 

CaCO3 (1, 2, 5, 10 wt%) are shown in Fig. 4.15. As shown in Fig. 4.15, although the 

concentration of CaCO3 nanoparticles was high, agglomeration problem was not 

observed. Chan et al. [240] got similar results when CaCO3 content was lower than 

20 wt% in membrane matrix. However, for 27 wt% CaCO3 loading more aggregates 

were reported on the surface of PP membranes. The membrane morphology also 

changed significantly with the increase in nanoparticle concentration. Compared to the 

pure PSF membrane (Fig. 4.15a), the CaCO3 nanoparticles result in the development 

more porous structure on the membrane surface.  
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Figure 4.15.Surface SEM images of PSF/PEI (20/2 wt%) membrane containing CaCO3 

nanoparticles: (a) 0.2 wt%, (b) 1 wt%, (c) 5 wt%, (d) 10 wt% 

 

Cross-section images of PSF/PEI/CaCO3 nanocomposite membranes were given in 

Fig.4.16. Similar cross-section structure was observed in CaCO3 nanocomposite 

membrane. Higher range of viscosity values between C1 and C10 nanocomposite 

membrane could be caused significant differences because of diffusion kinetic changes 

between components in the phase inversion. As shown in closer magnitutation of 

images (Fig.4.16 a and d), the higher viscosity induces slower exchange between 

solvent and non-solvent for the formation of porous structure, as a result smaller pore 

sizes will be formed. On the other hand, the hydrophilic PEI and CaCO3 content in 

membrane matrix should have resulted in fast exchange because of higher viscosity 

which resulted microporous membranes structure during the phase inversion. [241]. 

Another possibility can be increasing concentration of CaCO3 so that decreasing 

thermodynamic resistance of the membrane solution.  
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Figure 4.16.Cross-section SEM images of PSF/PEI membrane containing CaCO3 nanoparticles: (a) 

0.2 wt%, (b) 1 wt%, (c) 5 wt%, (d) 10 wt% 

 

4.4.3. Membrane hydrophilicity 

 

CaCO3 membranes hydrophilicity was measured by contant angles and results of the 

measurements of different concentrations of CaCO3 are given in Table 4.7. 2 wt% 

incorporation of CaCO3 decreased contact angle from 92° for pure PSF membrane to 

80°. The decrease in contact angle values with addition of CaCO3 nanoparticles, is a 

clear indication of increasing hydrophilicity of the membranes. This hydrophilicity 

improvement can be attributed to the natural hydrophilicity of the CaCO3 nanoparticles 

and also OH groups’ formation on the membrane surface.  
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Table 4.7.Contact angle, pure water flux (at 2 bar) and porosity of PSF, PSF/PEI and 

PSF/PEI/CaCO3 nanocomposite membranes 

 

 

 

    

 

 

  

 

 

CaCO3 lead to hydroxylated to form Ca–OH groups with water; this may result  in a 

increasing of hydrophilicity [239]. And also, Fig. 4.17 illustrated the images of water 

droplets in contact with the surface of PSF/PEI/CaCO3 nanocomposite membranes. 

 

Figure 4.17.Contact angle images of PSF/PEI membrane containing CaCO3 nanoparticles: (a) 0.2 

wt%, (b) 1 wt%, (c) 5 wt%, (d) 10 wt% 

 

 

Substrate CA (°) Water flux (L/m2h) Porosity (%) 

PSF 92±5 3.3±0.2 27±3 

PSF/PEI 85±4 236±13 58±5 

C1 87±7 85.5±12 74±8 

C2 86±5 52.3±8 76±3 

C5 80±6 103±26 75±6 

C10 84±8 197±21 70±2 
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4.4.4. Porosity 

 

In PSF/PEI/CaCO3 membranes CaCO3 is well dispersed with different weight ratios in 

membrane structure and porous CaCO3 exhibits distinct porosity that are very promising 

for water treatment [242, 243]. It can be seen that in Table 4.7, porosity significantly 

increases with CaCO3 loading when compared to the PSF and PSF/PEI membranes. 

PSF and PSF/PEI (20/2 wt%) dense structure causes the lowest porosity with 27% and 

58%, respectively. However, all nanocomposite membranes have similar porosity 

values; the maximum porosity was observed 76% at 2 wt% of CaCO3 content.  

 

4.4.5. Mechanical properties 

 

Hydrophilic CaCO3 addition in polymer matrix could enhance membrane morphology 

as well as mechanical properties especially tensile strength. CaCO3 has been used as an 

important filler in polymeric materials [244]. The mechanical properties of the 

polymeric materials can be developed significantly and this will improve the 

compatibility between the filler and polymer [240].  Fig. 4.18 illustrated strain-stress 

curve of of PSF and PSF/PEI/CaCO3 membranes. Tensile stress increased with CaCO3 

addition, when the CaCO3 content is at 10 wt %, the tensile strength increased 7.8 MPa. 

Moreover, the tensile strength of pure PSF is 4.1 MPa.  
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Figure 4.18. Strain-stress curve of PSF and PSF/PEI/CaCO3 membranes 

 

4.4.6. FT-IR 

 

The surface chemical compositions of PSF/PEI/CaCO3 nanocomposite membranes were 

determined by FT-IR spectroscopy, as shown in Fig. 4.19. The PSF characteristic peaks 

were around 1149 cm-1 and 1168 cm-1 (SO2 symmetrical stretching), 1244 cm-1 (aryl-O-

aryl C–O stretching), 1582 cm-1 (SO2 asymmetric stretching), 1677 cm-1 (asymmetric–

CH3), and 2151 cm-1 (C=C)  [227, 228]. After CaCO3 addition, the peak intensities of 

871 cm−1 and 1408 cm−1 increase because these two peaks are also described to the 

characteristic vibration of CaCO3 (asymmetric stretching vibration and out-of-plane 

bending vibration of carbonate group). At the same time, a shoulder peak near 

1408 cm−1 is corresponding to amorphous. In addition, the peak at 1664 cm−1 is 

assigned to the vibration of water molecules bounded on the CaCO3 particles [142, 144, 

245]. Very important, in order to demonstrate the presence of CaCO3 in nanocomposite 

membranes, are the peaks at 869 and 704 cm−1 [246]. As the concentration of 

CaCO3 increases from 5 wt% to 10 wt% the merged peaks became more obvious, this is 

evident the successful linkage of CaCO3 in PSF.  
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Figure 4.19.FT-IR spectrum of PSF and PSF/PEI/CaCO3 nanocomposite membranes 

 

4.4.7. AFM 

 

The three-dimensional images of AFM analysis are shown in Fig. 4.20 and clearly 

observed from AFM images PSF smoother structure changed significantly addition with 

CaCO3 nanoparticles.   
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Figure 4.20.AFM images of (a) PSF (20 wt%), (b) PSF/PEI (20/2 wt%) and PSF/PEI/CaCO3 

nanocomposite membranes containing (c) 1 wt% CaCO3 nanoparticles, (d) 2 wt% CaCO3 

nanoparticles, (e) 5 wt% CaCO3 nanoparticles, (f) 10 wt% CaCO3 nanoparticles 

 

The roughness parameters, Rq, Ra and Rmax are given in Table 4.8 shows and its 

increase with the CaCO3 nanoparticles loading. PSF/PEI/5wt% CaCO3 exhibited Ra 

value as high as 97 nm in comparison to 9 nm shown by PSF membrane and this results 

similar with the data given in literature [237]. The surface roughness of the blend 

membranes was apparently higher than that of the pure PSF membrane. Moreover, the 

membrane roughness increased with CaCO3 addition. Although PSF/PEI membrane 

showed higher Ra value than C1 and C2 membranes, this can be explain by PEI could 
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increase the solvent evaporation time during phase inversion and this value is also 

supported by Khayet  et al. [247].The reduction in surface roughness may be assigned to 

the increase in membrane porosity. 

  

Table 4.8.The roughness properties of PSF, PSF/PEI (20/2 wt%) and PSF/PEI/CaCO3 

nanocomposite membranes.  

 Rq (nm) Ra (nm) Rmax (nm) 

PSF 12 9 137 

PSF/PEI 57 40 522 

C1 35 25 316 

C2 24 18 153 

C5 44 97 308 

C10 59 48 386 

 

4.4.8. XRD 

 

The microstructures of PSF and nanocomposite membranes were studied by X-ray 

diffraction analysis. XRD analysis was possible to determine the structural modification 

PSF membrane with PEI and CaCO3 nanoparticle. XRD graph was shown in Fig. 4.21 

which was observed from 2θ range of 5˚ to 80˚ at 40 kV. Fig. 4.21 illustrates a PSF and 

PSF/PEI/10 wt% CaCO3 nanocomposite membranes XRD patterns.  

The PSF is known to be an amorphous polymer with rigid structure. The typical broad 

band of amorphous polymer with slight peak of crystalinity was found for PSF. The 

crystalinity of a PSF membrane peaks changed with the addition of CaCO3 

nanoparticles. Additional diffraction peaks of CaCO3 were observed at 36° and 40° on 

the XRD patterns. According to these results and in agreement with Campos 

observations [248] , it seemed that adding of CaCO3 lead to change of the crystalline the 

PSF polymer matrix [249].  
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Figure 4.21.XRD graphs of PSF and PSF/PEI membrane containing 10 wt% CaCO3 nanoparticle 

 

4.4.9. Pure water flux 

 

The water fluxes of the membranes were determined at 2 bar as shown in Fig. 4.22. The 

pure PSF membrane showed the lowest water flux of 3.3 L/m2h, and the highest water 

flux was obtained for the membranes with 10 wt% CaCO3 nanoparticles (C10) as 197 

L/m2h. This result could be explained by the improvement of the hydrophilicity of 

membranes by addition of CaCO3 and (Table 4.7) and porosity compared to the pure 

PSF membranes [108, 229]. As shown in Fig. 4.22, however; the flux declines of C1, 

C2 and C5 nanocomposite membranes were similar, C10 nanocomposite membrane 

showed a fast decline. 
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Figure 4.22.Pure water flux of PSF/PEI/CaCO3 nanocomposite membranes 

 

4.4.10. BSA rejection 

 

The BSA flux, BSA rejection and thickness values of prepared PSF/PEI/CaCO3 

membranes were given Table 4.9. The BSA rejection values of the pure PSF and 

PSF/PEI membranes were 94% and 97% with 0.9 and 20.2 L/m2h BSA flux, 

respectively. The PSF/PEI membrane had higher BSA rejection than pure PSF; it can be 

explained by because of PEI hydrophilic and BSA hydrophobic characteristics. All of 

the prepared CaCO3 nanocomposite membranes rejected more than 90% of the BSA 

protein and as a result CaCO3 membranes showed UF membrane characteristics. 
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Table 4.9.The BSA flux, BSA rejection and thickness of PSF (20 wt%), PSF/PEI (20/2 wt%) and 

PSF/PEI/CaCO3 nanocomposite membranes. 

 

 

 

 

 

 

 

 

Fig. 4.23 shows the variation of PSF/PEI/CaCO3 nanocomposite membranes BSA flux 

values at an operating pressure of 2 bar. As shown in Fig. 4.23, C10 nanocomposite 

membrane showed a fast decline and then all nanocomposite membranes showed 

similar permeation rates. 

 

Figure 4.23.BSA flux of PSF/PEI/CaCO3 nanocomposite membranes 
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Substrate BSA flux (L/m2h) Rejection (%) Thickness (µm) 

PSF 0.9 94 80±5 

PSF/PEI 20.2 97 79±4 

C1 7.3 96 68±6 

C2 18.1 98 75±3 

C5 8.2 95 76±4 

C10 78 92 78±5 
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4.5. Oil Rejection Experiments 
 

To evaluate the oil rejection performance of Al2O3 and CaCO3 nanocomposite 

membranes, synthetic vacuum oil solution (1000 ppm) and metal equipment production 

industry wastewaters were used. Oil seperation experiments were carried using dead-

end filtration cell under 2 bar TMP with nitrogen gas as driving force, at 25±5 °C and at 

stirring speed of 300 rpm for all prepared membranes. 

 

Industrial wastewater is obtained from a tank containing a mixture of oily solutions at a 

metal equipment producing industry in Kayseri with aproximately 500-700 m3of 

wastewater production per day. The composition of the industrial wastewater is shown 

in Table 4.10. 

 

Table 4.10.Wastewater characteristics 

 Conductivity (mS/cm) pH COD (mg/L) 

Raw wastewater 6.94 7.6 8167 

 

 

4.5.1. Oil rejection performance of Al2O3 membranes  

 

PSF/PEI/Al2O3 membranes have demonstrated that there is a great potential to use these 

nanocomposite membranes for oily water treatment with higher permeability, porosity 

and BSA rejection.  

 

4.5.1.1. Oil rejection performance of Al2O3 membranes from 

synthetic wastewater 

 

Vacuum oil solution (1000 ppm) was used to evaluate the separation performance of 

PSF/PEI/Al2O3 nanocomposite membranes. Fig. 4.24 illustrated synthetic oil rejection 

ratio of Al2O3 nanocomposite membranes. As shown, the highest rejection was obtained 

for 96% for the nanocomposite membranes including 5 wt% Al2O3 nanoparticles (80 
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nm). Synthetic oil rejections demonstrated that, acceptable separation performance was 

determined.  

 

Figure 4.24.Oil rejection ratio of BSA flux of PSF/PEI/Al2O3 nanocomposite membranes 

 

The pictures of synthetic oily feed solution and permate was shown in Fig. 4.25. 

Permeate is so clear after filtration and it seems that oil free and visible.  

 

 

Figure 4.25.Synthetic vacuum oily feed solution and filtreted permeate 
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4.5.1.2. Oil rejection performance of Al2O3 membranes from 

industrial oily wastewater  

 

The performance of PSF, PSF/PEI and PSF/PEI/Al2O3 membranes for the removal of 

oil from industrial wastewater were tested at 2 bar. The sample pictures of raw oily 

industrial wastewater and permeates with Al2O3 membranes were shown in Fig. 4.26. It 

is clearly observed that, 0.2 wt% and 1 wt% Al2O3 loading nanocomposite membranes 

were more effective than 5 wt% Al2O3 loading for industrial oil removal performance. 

On the other hand, including 80 nm Al2O3 nanoparticle membranes demonstrated just a 

contrary performance; 80 nm 5 wt% Al2O3 permeate was more clear. In terms of COD 

rejection from industrial oily wastewater, PSF/PEI membrane with 0.2 wt% Al2O3 

reduces COD from 8167 to 6083 (mg/L). 

 

Figure 4.26.Industrial wastewater and filtreted water with Al2O3 nanocomposite membranes at 25 

± 5 °C, TMP: 2 bar 
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pH and conductivity values of permeate are represented in Table 4.11. However, no 

significant changes were not observed in pH and conductivity. Although for all Al2O3 

nanocomposite membranes, permate pH were same, conductivities were decreased with 

increasing Al2O3 loading from industrial oily wastewater. It can be related with; real 

industrial oily wastewater may contain additives such as proteins, inhibitor, heavy 

metals and that can effect the solution conductivity.  

 

Table 4.11.pH and conductivities of the pemeates in filtrations with PSF/PEI and PSF/PEI/Al2O3 

membranes 

 

 

 

 

 

 

 

 

 

 

 

 

 

*N/A: Not acceptable 

 

4.5.2. Oil rejection of CaCO3 membranes  

 

PSF/PEI/CaCO3 membrane characterization results showed that it could be a good 

candidate for oily water treatment with higher permeability and antifouling capacity.  

 

 

 

 

Substrate 
Cond.(mS/cm) pH COD (mg/L) 

Raw 

wastewater 
6.94 7.6 8167 

PSF/PEI 6.7 7.5 6136 

M201 6.7 7.6 6083 

M202 6.8 7.5 6109 

M203 6.8 7.6 N/A* 

M801 6.6 7.6 N/A* 

M802 7.4 7.6 N/A* 

M803 6.7 7.5 7174 
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4.5.2.1. Oil rejection performance of CaCO3 membranes from 

synthetic wastewater 

 

Fig. 4.27 plots the oily water fluxes for the PSF/PEI/CaCO3 membranes. For VRR <1.1, 

synthetic oil water fluxes decreased due to the accumulation on the membrane, which 

shows that water mass transfer limited. In the serial synthetic oily wastewater filtration 

operation, the deposition and re-suspension of oil reached equilibrium on the membrane 

surface, so that a stable flux was obtained. All nanocomposite membrane fluxes reached 

steady state in the permeation rate until VRR >2. The average synthetic oily wastewater 

fluxes were 65.5, 24.6, 52.5 and 146.1 L/m2h at 2 bar for the membranes with 1, 2, 5 

and 10 wt% CaCO3 nanoparticles loading, respectively.  

 

Figure 4.27.Oil rejection ratio of PSF, PSF/PEI and PSF/PEI/CaCO3 membranes of synthetic O/W 

emulsion and ındustrial wastewater 

 

Fig. 4.28 shows the pure water flux measurements before and after synthetic oily 

wastewater filtration and synthetic oily water fluxes of PSF, PSF/PEI and 

PSF/PEI/CaCO3 membranes. The synthetic oily water flux decreased considerably in 

comparison with pure water flux. This flux decline widely resulted in membrane 

fouling. Oil droplets adsorption and deposition of the on membrane surface was builded 

up rapidly, and membrane fouling was caused by the directly. Membranes were claned 

for 20 min and carried pure water. After that, flux recovery property was calculate to 

express the antifouling resistance of the membranes [138].  
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Figure 4.28.Flux changes of PSF, PSF/PEI and PSF/PEI/CaCO3 membranes of pure water, 

synthetic oily water and cleaned membrane fluxes 

 

The FRR is the determined of antifouling capacity of the membranes [250]. PSF, 

PSF/PEI and PSF/PEI/CaCO3 membranes FRR, DR and synthetic oil rejection ratio 

were given in Table 4.12. All CaCO3 nanocomposite membranes showed higher FRR 

values than pure PSF and PSF/PEI membrane. From Table 4.12, the maximum FRR of 

100% was observed incorpareted with 1wt % and 10 wt% of CaCO3 nanoparticles. The 

hydroxylation of CaCO3 on membrane surface could result increasing hydrophilicity 

thereby weakening interactions between synthetic oil and membrane surface. 10 wt% of 

CaCO3 nanoparticles membranes have notable antifouling capacity with the highest 

FRR and lowest DR values. 

 

Table 4.12.Oil rejection ratio (%), FRR (%) and DR (%) values to PSF, PSF/PEI and 

PSF/PEI/CaCO3 membranes of synthetic O/W emulsion filtration 
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 Oil rejection (%) DR (%) FRR (%) 

PSF 88 65 81 

PSF/PEI 99 90 73 

C1 >99.9 38 100 

C2 >99.9 50 96 

C5 >99.9 48 92 

C10 >99.9 17 100 
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4.5.2.2. Oil rejection performance of CaCO3 membranes from 

industrial wastewaters  

 

Oil separation performance of PSF, PSF/PEI and PSF/PEI/CaCO3 membranes from the 

real oily industrial wastewater were tested and filtered with CaCO3 nanocomposite 

membranes were shown in Fig. 4.29. It is clearly observed that, PSF/PEI, 1, 5 and 10 

wt% CaCO3 loading nanocomposite membranes were clearer than 2 wt% CaCO3 

loading after industrial oily wastewater filtration.  

 

 

 

Figure 4.29. Industrial wastewater and filtered water with CaCO3 nanocomposite membranes at 25 

± 5 °C, TMP: 2 bar 

 

Top surface SEM images of PSF/PEI/CaCO3 nanocomposite membranes were shown in 

Fig.4.30. Compare with clean CaCO3 nanocomposite membranes surface SEM images 

and the top surface view membranes of after industrial oily wastewater filtration 

(Fig.4.30); it was clearly observed that membrane surface was fouled. Nanocomposite 

membrane surfaces were covered by a yellow-brown film after industrial oily 

wastewater filtration, which was composed of industrial wastewater. The fouled 

membrane was covered with compact and nonporous gel layer. Consequently, this layer 
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caused increasing TMP during industrial oily water filtration and membrane fouling 

[251]. 

 

 

 Figure 4.30. SEM images of the top surface view fouled membranes of after industrial oily water 

filtration; PSF/PEI membrane containing CaCO3 nanoparticles: (a) 0.2 wt%, (b) 1 wt%, (c) 5 wt%, 

(d) 10 wt% 

 

pH, conductivity and COD values of CaCO3 membranes permeate are given in Table 

4.13. However, pH was not effected significantly, conductivities decreased 50% when 

compared to the raw industrial oily wastewater. The decrease in conductivity can be 

explained by the tight UF structure of CaCO3 membranes. The highest COD removal 

was observed for PSF/PEI permeate, and this result is by celar permeate pictures 

(Fig.4.29) and the lowest FRR value.  
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Table 4.13.pH and conductivities of the feed of industrial wastewater filtrations with PSF/PEI and 

PSF/PEI/CaCO3 membranes 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Cond.(mS/cm) pH COD(mg/L) 

Raw 

wastewater 
6.94 7.6 8167 

PSF/PEI 3.16 7.7 5864 

C1 3.52 7.9 6004 

C2 3.42 8.1 6526 

C5 3.75 7.5 6162 

C10 3.78 7.5 6203 
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Chapter 5 

 

5. CONCLUSIONS 
 

In this thesis, new generation of nanocomposite membranes with improved separation 

performance were developed for oily water treatment. Within thsi context, the flat-sheet 

PSF membranes fabricated with the corporation of PEI. Then, to improve the membrane 

performance, nanoparticles with two different sized of Al2O3 (20 and 80 nm) and one 

sized CaCO3  (100 nm) were added into polymeric membrane matrix. Effects of 

hydrophilic Al2O3 and CaCO3 nanoparticles on membrane structure and 

physicochemical properties were evaluated. The important results obtained for Al2O3 

and CaCO3 embedded nanocomposite membranes are summarized as; 

 

For PSF/PEI/Al2O3 nanocomposite membranes; 

 The hydrophilicity, porosity, viscosity, water flux and tensile strength of the 

PSF/PEI/Al2O3 nanocomposite membranes enhanced as the increase of Al2O3 

content in membrane matrix.  

 The smaller sized Al2O3 nanoparticles (20 nm) were showed better water flux, 

porosity, morphological stability and tensile strength because of the high surface 

area and the higher water adsorption capacity.  

 PSF/PEI/Al2O3 membranes with 20 nm 5 wt% Al2O3 nanoparticles showed 

excellent water flux of 1336.6 L/m2h at 0.4 MPa with a contact angle of 56°, 

porosity of 79% and tensile strength of 4.1 MPa.  

 PSF/PEI/Al2O3 nanocomposite membranes showed the higher BSA rejection of 

over 95%. 
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For PSF/PEI/CaCO3 nanocomposite membranes 

 The hydrophilicity, porosity, viscosity, water flux and tensile strength of the 

nanocomposite membranes improved as the addition of CaCO3 nanoparticle.  

 10 wt% CaCO3 nanoparticles loading exhibited the highest water flux of 197 

L/m2h at 2 bar with a contact angle of 84°, porosity of 70% with 92% BSA 

rejection.  

 

For the oil removal performance of PSF/PEI/CaCO3 and PSF/PEI/Al2O3 nanocomposite 

membranes; 

 All Al2O3 and CaCO3 nanocomposite membranes reached similar oil rejection 

for synthetic wastewater over 90%.  

 In spite of it would be early to decide certain effect of nanocomposite 

membranes in industrial wastewater treatment technology, laboratory-scale 

experiments will be critical in determining the future position of polymeric 

membranes incopareted nanomaterials.   

 In industrial oily wastewater treatment, the maximum COD reduction was 6083 

mg/L for PSF/PEI membrane with 0.2 wt% Al2O3 and 6004 mg/L for PSF/PEI 

membrane with 1 wt% of CaCO3.  

 10 wt% of CaCO3 nanoparticles membranes have notable antifouling capacity 

with the highest FRR and lowest DR values. 

 

These results have demonstrated that there is a great potential to use these 

nanocomposite membranes to use oily water treatment with higher permeability and 

antifouling capacity.  

In conclusion, nanocomposite membranes were promising to mitigate or even overcome 

the intrinsic challenges of current commercial polymeric membranes. The incorporation 

of nanoparticles with conventional membrane polymers could not only modificate 

structure and physicochemical properties in terms of hydrophilicity, porosity, thermal, 

and mechanical stability of membranes, but also introduce unique functionalities into 

the membranes.  

In future work, environmental friendly polymeric membrane fabrication methods and 

hybrid systems could be used for water and wastewater treatments. It is very important 

to develop a cost-effective method for scale up in terms of nanomaterial preparation and 

membrane fabrication, and long-term stability under practical application conditions. 



 

80 

 

And also thin film nanocomposite membrane will fabricated for desalination and enrgy 

production processes. Those studies should be implemented on a case by case basis 

fully considering the environment and the attributes of the system. 
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